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Preface

The development of science and technology is aimed to create a better standard of life
for the benefit of human beings all over the world. Among the various materials used in
present day life, polymers have substituted many of the conventional materials, especially
metals, in various applications due to their advantages. However, for some specific uses,
some mechanical properties, e.g. strength and toughness, of polymer materials are found
to be inadequate. Various approaches have been developed to improve such properties.
In most of these applications, the properties of polymers are modified using fillers and
fibers to suit the high strength/ high modulus requirements. Generally, synthetic fibers
such as carbon, glass, kevlar etc., are used to prepare the polymer composites for high-end
sophisticated applications due to the fact that these materials have high strength and stift-
ness, low density, and high corrosion resistance. Despite having several good properties,
these materials (both the reinforcement and polymer matrices) are now facing problems
due to their shortcomings especially related to health and biodegradability. Moreover, these
fibers are not easy to degrade and results in environmental pollution. On the economic
side, making a product from synthetic fiber reinforced polymer composites is a high cost
activity associated with both manufacturing process and the material itself. The products
engineered with petroleum-based fibers and polymers suffer severely when their service
life meets the end. The non-biodegradable nature of these materials has imposed a serious
threat to the environment when ecological balance is concerned. These are some of the
issues which have led to the reduced utilization of petroleum-based non-biodegradable
composites and the development of bio-based composite materials in which at least one
component is from biorenewable resources.

Indeed, the concerns about the environment and the increasing awareness around
sustainability issues are driving the push for developing new materials that incorporate
renewable sustainable resources. Researchers all around the globe have been prompted
to develop more environmentally-friendly and sustainable materials as a result of the
rising environmental awareness and changes in the regulatory environment. These
environmentally-friendly products include biodegradable and bio-based materials based
on annually renewable agricultural and biomass feedstock, which in turn do not contribute
to the shortage of petroleum sources. Biocomposites, which represents a group of biobased
products, are produced by embedding lignocellulosic natural fibers into polymer matrices
and in these composites at least one component (most frequently lignocellulosic natural
fibers as the reinforcement) is from green biorenewable resources. For the last two decades,
lignocellulosic natural fibers have started to be considered as alternatives to conventional
man-made fibers in the academic as well as commercial arena, for a number of areas
including transportation, construction, and packaging applications. The use of lignocellu-
losic fibers and their components as raw material in the production of polymer composites

Xix
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has been considered as technological progress in the context of sustainable development.
The interest in lignocellulosic polymer composites is mainly driven by the low cost of lig-
nocellulosic natural fibers, as well for their other unique advantages, such as the lower
environmental pollution due to their bio-degradability, renewability, high specific proper-
ties, low density, lower specific gravity, reduced tool wear, better end-of-life characteristics,
acceptable specific strength and the control of carbon dioxide emissions.

Keeping in mind the advantages of lignocellulosic polymers, this book primarily focuses
on the processing, characterization and properties of lignocellulosic polymer composites.
Several critical issues and suggestions for future work are comprehensively discussed in
this book with the hope that the book will provide a deep insight into the state-of-the-art
of lignocellulosic polymer composites. The principal credit of this goes to the authors of the
chapters for summarizing the science and technology in the exciting area of lignocellulosic
materials. I would also like to thank Martin Scrivener of Scrivener Publishing along with
Dr. Srikanth Pilla (Series Editor) for their invaluable help in the organisation of the editing
process.

Finally, I would like to thank my parents and wife Manju for their continuous encourage-
ment and support.

Vijay Kumar Thakur, Ph.D.
Washington State University, U.S.A.
August 5, 2014
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Abstract

Due to their environmental friendliness and several inherent characteristics, lignocellulosic nat-
ural fibers offer a number of advantages over synthetic fibers such as glass, carbon, aramid
and nylon fibers. Some of the advantages of lignocellulosic natural fibers over synthetic fibers
include biodegradability; low cost; neutrality to CO, emission; easy processing; less leisure; easy
availability; no health risks; acceptable specific properties and excellent insulating/noise absorp-
tion properties. Due to these advantageous properties, different kinds of lignocellulosic natural
fibers are being explored as indispensable components for reinforcement in the preparation of
green polymer composites. With these different advantageous properties in mind, this chapter
provides a brief overview of different lignocellulosic natural fibers and their structure and pro-
cessing, along with their applications in different fields.

Keywords: Lignocellulosic natural fibers, structure, processing and applications

1.1 Introduction

Different kinds of materials play an imperative role in the advancement of human life.
Among various materials used in present day life, polymers have been substituted for
many conventional materials, especially metals, in various applications due to their
advantages over conventional materials [1, 2]. Polymer-based materials are frequently
used in many applications because they are easy to process, exhibit high productiv-
ity, low cost and flexibility [3]. To meet the end user requisitions, the properties of
polymers are modified using fillers and fibers to suit the high strength/high modulus
requirements [4]. Generally synthetic fibers such as carbon, glass, kevlar, etc., are used
to prepare polymer composites for high-end, sophisticated applications due to the fact
that these materials have high strength and stiffness, low density and high corrosion
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resistance [5]. Fiber-reinforced polymer composites have already replaced many com-
ponents of automobiles, aircrafts and spacecrafts which were earlier used to be made
by metals and alloys [6]. Despite having several good properties, these materials (both
the reinforcement and polymer matrices) are now facing problems due to their short-
comings especially related to health and biodegradability [7]. As an example, synthetic
fibers such as glass and carbon fiber can cause acute irritation of the skin, eyes, and
upper respiratory tract [8]. It is suspected that long-term exposure to these fibers causes
lung scarring (i.e., pulmonary fibrosis) and cancer. Moreover, these fiber are not easy
to degrade and results in environmental pollution [9]. On the economic side, mak-
ing a product from synthetic fiber-reinforced polymer composites is a high cost activ-
ity associated with both the manufacturing process and the material itself [10]. The
products engineered with petroleum-based fibers and polymers suffer severely when
their service life meets their end [11]. The non-biodegradable nature of these materi-
als has imposed a serious threat for the environment where ecological balance is con-
cerned [12]. Depletion of fossil resources, release of toxic gases, and the volume of waste
increases with the use of petroleum-based materials [13]. These are some issues which
have led to the reduced utilization of petroleum-based non-biodegradable composites
and development of biobased composite materials in which at least one component is
from biorenewable resources [14].

Biobased composites are generally produced by embedding lignocellulosic natural
fibers into polymer matrices, and in these composites at least one component (most fre-
quently natural fibers as the reinforcement) is from green biorenewable resources [15].
This book is primarily focused on the effective utilization of lignocellulosic natural
fibers as an indispensable component in polymer composites. The book consists of
twenty-three chapters and each chapter gives an overview of a particular lignocellu-
losic polymer composite material. Chapter 2 focuses on natural fiber-based composites,
which are the oldest types of composite materials and are the most frequently used.
The book has been divided into three parts, namely: (1) Lignocellulosic natural poly-
mer-based composites, (2) Chemical modification of cellulosic materials for advanced
composites, and (3) Physico-chemical and mechanical behavior of cellulose/polymer
composites. In the following section a brief overview of lignocellulosic fibers/polymer
composites will be presented.

1.2 Lignocellulosic Polymers: Source, Classification and
Processing

Different kinds of biobased polymeric materials are available all around the globe.
These biobased materials are procured from different biorenewable resources. Chapters
2-10 primarily focus on the use of different types of lignocellulosic fiber-reinforced
composites, starting from wood fibers to hybrid fiber-reinforced polymer composites.
Chapter 3 summarizes some of the recent research on different lignocellulosic fiber-
reinforced polymer composites in the Southeast region of the world, while Chapter
6 summarizes the research on some typical Brazilian lignocellulosic fiber compos-
ites. The polymers obtained from biopolymers are frequently referred to as biobased
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Biobased Biorenewable Polymers
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Figure 1.1 (a) Classification of biobased polymers [11, 13, 16].
Reinforcement
Synthetic Fibers Natural Fibers
Carbon Fibers E!axllizi.t;)ers
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Glass Fibers Ine ribers
Grewia Optiva
Hemp Fibers

Figure 1.1 (b) Types of fiber reinforcement used in the preparation of polymer composites[11, 13, 16].

biorenewable polymers and can be classified into different categories depending upon
their prime sources of origin/production. Figure 1.1(a) shows the general classification
of biobased biorenewable polymers [11, 13, 16].

For the preparation of polymer composites, generally two types of fibers, namely
synthetic and natural fibers, are used as reinforcement. Figure 1.1(b) shows differ-
ent types of natural/synthetic fibers frequently used as reinforcement in the polymer
matrix composites.

Natural fibers can further be divided into two types: plant fibers and animal fibers.
Figure 1.2 shows the detailed classification of the different plant fibers. These plant
fibers are frequently referred to as lignocellulosic fibers.

Among biorenewable natural fibers, lignocellulosic natural fibers are of much
importance due to their inherent advantages such as: biodegradability, low cost, envi-
ronmental friendliness, ease of separation, recyclability, non-irritation to the skin,
acceptable specific strength, low density, high toughness, good thermal properties,
reduced tool wear, enhanced energy recovery, etc. [11,13,16,17]. Different kinds of lig-
nocellulosic materials are available all around the world. These lignocellulosic materials
are procured from different biorenewable resources. The properties of the lignocellu-
losic materials depend upon different factors and growing conditions. Lignocellulosic
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Figure 1.2 Classification of natural fibers [11, 13, 16].

Table 1.1 Factors effecting fiber quality at various stages of natural fiber production.
Reprinted with permission from [18]. Copyright 2012 Elsevier.

Stage Factors effecting fiber quality

Plant growth Species of plant

Crop cultivation

Crop location

Fiber location in plant

Local climate

Harvesting stage Fiber ripeness, which effects:

— Cell wall thickness

— Coarseness of fibers

— Adherence between fibers and surrounding structure

Fiber extraction stage | Decortication process

Type of retting method

Supply stage Transportation conditions

Storage conditions
Age of fiber

natural fibers are generally harvested from different parts of the plant such as stem,
leaves, or seeds. [18]. A number of factors influence the overall properties of the ligno-
cellulosic fibers. Table 1.1 summarizes some of the factors affecting the overall proper-
ties of lignocellulosic fibers. The plant species, the crop production, the location, and
the climate in which the plant is grown significantly affect the overall properties of the
lignocellulosic fibers [18].

The properties and cost of lignocellulosic natural fibers vary significantly with fiber
type. Figure 1.3(a-c) shows the comparison of potential specific modulus values of
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Figure 1.3 (a) Comparison of potential specific modulus values and ranges between natural fibers and
glass fibers. Reprinted with permission from [18]. Copyright 2012 Elsevier.
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Figure 1.3 (b) Cost per weight comparison between glass and natural fibers. Reprinted with
permission from [18]. Copyright 2012 Elsevier.

natural fibers/glass fibers; cost per weight comparison between natural fibers and glass
and cost per unit length respectively.

Chapters 2-10 discuss in detail the different properties of natural lignocellulosic
fibers, their processing and fabrication of polymer composites. Chapter 11 summa-
rizes the structure, chemistry and properties of different agro-residual fibers such as
wheat straw; corn stalk, cob and husks; okra stem; banana stem, leaf, bunch; reed stalk;
nettle; pineapple leaf; sugarcane; oil palm bunch and coconut husk; along with their
processing.
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US Dollars / m for amount of fibers able to resist tensile
load of T00kN
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Figure 1.3 (c) Cost per unit length (capable of resisting 100 KN load) comparison between glass and
natural fibers. Reprinted with permission from [18]. Copyright 2012 Elsevier.
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Figure 1.4 (a). Chemical structure of cellulose. Reprinted with permission from [19]. Copyright 2011
Elsevier.

1.3 Lignocellulosic Natural Fibers: Structure, Chemical
Composition and Properties

Lignocellulosic natural fibers are primarily composed of three components, namely
cellulose, hemicellulose and lignin. Figure 1.4 (a, b) shows the structure of cel-
lulose and lignin. Cellulose contains chains of variable length of 1-4 linked B-d-
anhydroglucopyranose units and is a non-branched macromolecule[19]. As opposed
to the structure of cellulose, lignin exhibits a highly branched polymeric structure [17-
19]. Lignin serves as the matrix material to embed cellulose fibers along with hemicel-
lulose, and protects the cellulose/hemicellulose from harsh environmental conditions
[1, 13, 16]. Chapter 11 discusses in detail the chemical composition of lignocellulosic
natural fibers.

The plant cell wall is the most important part of lignocellulosic natural fibers. Figure
1.4(c) shows the schematic representation of the natural plant cell wall [19]. The cell
wall of lignocellulosic natural fibers primarily consists of a hollow tube with four differ-
ent layers [19]. The first layer is called the primary cell wall, the other three, the second-
ary cell walls, while an open channel in the center of the microfibrils is called the lumen



LigNOCELLULOSIC POLYMER COMPOSITES: A BRIEF OVERVIEW 9

HO HO HO.
/ / /
OCH; ¢ OCH,
OH OH OH

Figure 1.4 (b) Structure of Lignin [1, 13, 16].
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Figure 1.4 (c) Schematic picture of cell wall of the natural plants. Reprinted with permission from [19].
Copyright 2011 Elsevier.

[1, 13, 16]. These layers are composed of cellulose embedded in a matrix of hemicel-
lulose and lignin. In lignocellulosic natural fibers, cellulose components provide the
strength and stiffness to the fibers via hydrogen bonds and other linkages. On the other
hand, hemicellulose has been found to be responsible for moisture absorption, biodeg-
radation, and thermal degradation of the fibers [1, 13, 16].

Table 1.2 summarizes some of the advantages/disadvantages of lignocellulosic natu-
ral fibers[20].

Chapter 5 summarizes the investigation of lignocellulosic flax fiber-based reinforce-
ment requirements to obtain structural and complex shape polymer composites. This
chapter discusses in detail the possibility of forming complex shape structural com-
posites which are highly desirable for advanced applications. Chapter 7 focuses on the
structure and properties of cellulose-based starch polymer composites, while Chapter
8 focuses on the spectroscopic analysis of rice husk and wheat gluten husk-based poly-
mer composites using computational chemistry. Chapter 9 summarizes the processing,
characterization and properties of oil palm fiber-reinforced polymer composites. In
this chapter, the use of oil palm as reinforcement in different polymer matrices such
as natural rubber, polypropylene, polyurethane, polyvinyl chloride, polyester, phenol
formaldehyde, polystyrene, epoxy and LLDPE is discussed. Chapter 10 also focuses on



10 LiGNOCELLULOSIC POLYMER COMPOSITES

Table 1.2 Advantage and disadvantages of natural fibers cellulosic/synthetic fiber-reinforced
polymer hybrid composites [20]. Copyright 2011 Elsevier.

Advantages Disadvantages

Low specific weight results in a higher spe- | Lower strength especially impact strength
cific strength and stiffness than glass

Renewable resources, production require lit- | Variable quality, influence by weather
tleenergy and low CO, emission

Production with low investment at low cost | Poor moisture resistant which causes swell-
ing of the fibers

Friendly processing, no wear of tools andno | Restricted maximum processing temperature
skin irritation

High electrical resistant Lower durability
Good thermal and acoustic insulating Poor fire resistant
properties
Biodegradable Poor fiber/matrix adhesion
Thermal recycling is possible Price fluctuation by harvest results or

the processing and characterization of oil palm- and pine apple-reinforced polymer
composites.

1.4 Lignocellulosic Polymer Composites: Classification and
Applications

Lignocellulosic polymer composites refer to the engineering materials in which poly-
mers (procured from natural/petroleum resources) serve as the matrix while the lig-
nocellulosic fibers act as the reinforcement to provide the desired characteristics in
the resulting composite material. Polymer composites are primarily classified into two
types: (a) fiber-reinforced polymer composites and (b) particle-reinforced polymer
composites. Figure 1.5 (a) shows the classification of polymer composites depending
upon the type of reinforcement.

Depending upon the final application perspectives of the polymer composite mate-
rials, both the fibers as well as particle can be used as reinforcement in the polymer
matrix.

Polymer composites are also classified into renewable/nonrenewable polymer com-
posites depending upon the nature of the polymer/matrix [1, 13, 16]. Figure 1.5 (b)
show the classification of polymer composites depending upon the renewable/nonre-
newable nature. Polymer composites in which both components are obtained from bio-
renewable resources are referred to as 100% renewable composites, while composites in
which at least one component is from a biorenewable resource are referred to as partly
renewable polymer composites[1, 13, 16]. Chapter 4 of the book presents a review on
the state-of-the-art of partly renewable polymer composites with a particular focus on
the hybrid vegetable/glass fiber composites. This chapter summarizes the hybridiza-
tion effect on the properties of the final thermoplastic and thermoset polymer matrices
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Figure 1.5 (a) Classification of polymer composites, depending upon the reinforcement type [1, 13, 16].
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Figure 1.5 (b) Classification of polymer composites depending upon both the polymer matrix and
reinforcement type [1, 13, 16].

composites. On the other hand, the polymer composites in which none of the parts are
from biorenewable resources are referred to as nonrenewable composites.

Although lignocellulosic natural fibers and their respective polymer composites
offer a number of advantages over their synthetic counterparts, these lignocellulosic
fibers/polymer composites also suffer from a few drawbacks [21][22][23]. One of the
biggest drawbacks of these fibers and their composites is their sensitivity towards the
moisture and water, which ultimately deteriorates the overall properties of these mate-
rials [24][25][26]. These lignocellulosic fiber/polymer composites also show a poor
chemical resistance [27-29]. In addition to these drawbacks, another main disadvantage
encountered during the addition of lignocellulosic natural fibers into a polymer matrix,
is the lack of good interfacial adhesion between the two components [2][14][19][30].
Chapter 2 primarily focuses on the adhesion aspects of natural fiber-based polymer
composites. Different characterization techniques for the evaluation of the interfacial
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properties of the polymer composites are described in this chapter. The hydroxyl groups
present on the lignocellulosic fibers are also incompatible with most of the matrices,
especially the thermoplastic polymer matrices [2][14] [19][30]. A number of methods
are presently being explored to improve the surface characteristics of these lignocellu-
losic fibers. Some of the most common techniques used to increase the physico-chem-
ical characteristics of the lignocellulosic natural fibers include mercerization, silane
treatment and graft copolymerization [9][12][31-35].

Chapters 11-14 of this book focus solely on the different chemical modification tech-
niques used to improve the physico-chemical properties of the lignocellulosic fibers. In
addition to these chapters, other chapters also briefly focus on some selected chemical
modification techniques. For example, Chapter 10 briefly discusses the effect of alkali
treatment on the properties of oil palm- and pine apple-reinforced polymer composites.
Chapter 11 discusses the effect of both the physical and chemical modification tech-
niques on the properties of lignocellulosic polymer composites. The chemical modifica-
tion techniques summarized in this chapter include alkalization treatment, acetylation,
silane treatment, bleaching, enzyme treatment, sulfonation and graft copolymerization.
Chapter 12 also focuses on the different chemical treatments for cellulosic fibers carried
out during the primary processing of polymer composites. Chapter 13 summarizes the
effect of mercerization and benzoylation on different physico-chemical properties of the
lignocellulosic Grewia optiva fiber-reinforced polymer composites. Chapter 14 focuses
on the effect of chemical treatments, namely alkali treatment, benzene diazonium salt
treatment, o-hydroxybenzene diazonium salt treatment, succinic anhydride treatment,
acrylonitrile treatment, maleic anhydride treatment, and nanoclay treatment; along
with several other chemical treatments on different cellulosic fibers.

Chapters 15-18 focus on the weathering/mechanical study of lignocellulosic fiber-
reinforced polymer composites. The effect of different environmental conditions on the
physico-chemical and mechanical properties of the polymer composites is discussed in
detail in these chapters. Chapter 15 mainly focuses on the effect of weathering condi-
tions on the properties of lignocellulosic polymer composites. Most of the focus of this
chapter is the effect of UV radiation on different properties of composites. Chapter 16
describes the effect of layering pattern on the physical, mechanical and acoustic prop-
erties of luffa/coir fiber-reinforced epoxy novolac hybrid composites, and Chapter 17
summarizes the fracture mechanism of wood plastic composites. Chapter 18 focuses on
the mechanical behavior of biocomposites under different environmental conditions.

Lignocellulosic polymer composites are mainly fabricated using the following pro-
cesses: (a) Compression Molding, (b) Injection Molding, (c¢) EXPRESS Process (extru-
sion-compression molding), and (d) Structural Reaction Injection Molding (S-RIM).
Among these processes, compression molding is most frequently used and sometime
combined with the hand lay-up method.

The use of natural fiber-reinforced composites is increasing very rapidly for a num-
ber of applications ranging from automotive to aerospace. Chapters 19-23 describe the
different applications of lignocellulosic polymer composites. Chapter 19 focuses on the
applications of lignocellulosic fibers in construction, while Chapter 20 summarizes the
use of lignocellulosic jute fibers for next generation applications. Chapter 21 discusses
in detail the use of cellulosic composites for packaging applications. Lignocellulosic
fiber-reinforced polymer composites are seriously being considered as alternatives to
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Figure 1.6 Potential Applications of lignocellulosic polymer composites.

synthetic fiber-reinforced composites as a result of growing environmental awareness.
Figure 1.6 summarizes some of the recent applications of lignocellulosic natural fiber-
reinforced polymer composites in different fields.

1.5 Conclusions

Among different composite materials, lignocellulosic polymer composites have a bright
future for several applications due to their inherent eco-friendliness and other advan-
tages. The effective utilization of different lignocellulosic fibers as one of the compo-
nents in the polymer composites have immense scope for future development in this
field. For the successful development of low-cost, advanced composites from different
lignocellulosic materials, comprehensive research on how to overcome the drawbacks
of lignocellulosic polymer composites, along with seeking new routes to effectively uti-
lize these composites, is of utmost importance.
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Abstract

Concerns about the environment and increasing awareness about sustainability issues are driving
the push for developing new materials that incorporate renewable sustainable resources. This has
resulted in the use of natural fibers for developing natural fiber-reinforced polymer composites
(NFRPCs). A fundamental understanding of the fiber-fiber and fiber-matrix interface is critical
to the design and manufacture of polymer composite materials because stress transfer between
load-bearing fibers can occur at the both of these interfaces. Efficient stress transfer from the
matrix to the fiber will result in polymer composites exhibiting suitable mechanical and thermal
performance. The development of new techniques has facilitated a better understanding of the
governing forces that occur at the interface between matrix and natural fiber. The use of sur-
face modification is seen as a critical processing parameter for developing new materials, and
plasma-based modification techniques are gaining more prominence from an environmental
point of view, as well as a practical approach.

Keywords: Natural fibers, biocomposites, interfacial adhesion, impact strength, morphology,
atomic force microscopy

2.1 Introduction

In order to develop natural fiber-reinforced polymer composites, the primary focus
should be given to the nature of the interface between the natural fiber and the polymer
matrix. A fundamental understanding of fiber-fiber and fiber-matrix interface is criti-
cal to the design and manufacture of polymer composite materials because stress trans-
fer between load-bearing fibers can occur at the fiber-fiber interface and fiber-matrix
interface. In wood-polymer composite systems there are two interfaces that exist,
one between the wood surface and the interphase and one between the polymer and
interphase [1]. Therefore, failure in a composite or bonded laminate can occur as fol-
lows; (i) adhesive failure in the wood-interphase interface, (ii) the interphase-polymer
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interface, or (iii) cohesive failure of the interphase. The major role of fibers is to facilitate
the efficient transfer of stress from broken fibers to unbroken fibers by the shear defor-
mation of the resin at the interface. Therefore, the degree of mechanical performance in
natural fiber composites is dictated entirely by the efficiency of stress transfer through
the interface. In general, increased fiber-matrix interactions will result in a composite
with greater tensile strength and stiffness, while the impact properties of the composite
will be reduced. The final properties of the composite will entirely be controlled by the
nature of the interface. The interfacial shear strength (IFSS) in fiber-reinforced com-
posites is controlled primarily by mechanical and chemical factors, as well as surface
energetics. The mechanical factors include thermal expansion mismatch between the
fibers and the resin, surface roughness and resulting interlocking of the fiber in the
resin, post-debonding fiber resin friction, specific surface area, and resin microvoid
concentration adjacent to the fibers. Most fiber-reinforced composites are processed
above room temperature, so as the composites cool down following processing, differ-
ences in the coeflicient of thermal expansion of the fiber and resin will result in resin
shrinkage, causing circumferential compressive forces acting on the fiber, resulting in
a strong grip by the resin on the fiber. Fiber surface roughness also improves the IFSS
since the surface roughness can increase mechanical interlocking between well-aligned
fibers and polymer matrix.

The nature of the interface/interphase in polymer composites incorporating natural
fibers is still not well understood. Most natural fibers consist of cellulose, hemicellu-
loses, lignin and other low molecular weight compounds [2]. The properties of natural
fibers are dictated by their growing circumstances and processing. The heterogeneous
nature of natural fibers can lead to composites with variations in interfacial interac-
tions, which can impact negatively or positively on the mechanical and thermal per-
formance of the resulting final composites. Therefore, the aim of the research in this
chapter will be to attempt to address this issue and provide insight into the surface
and adhesion properties of polymer composite systems incorporating natural fibers
and biopolymers as well as conventional polymers. Special attention will be given to
Poly(lactic acid)-based composites, as this is the subject of ongoing research by the
authors of this chapter [3, 4].

2.2 PLA-Based Wood-Flour Composites

Polymer composites incorporating natural fibers can result in materials with improved
mechanical and impact performance, which is well-documented [5-7], and is of par-
ticular interest for enhancing the properties of biodegradable polymeric materials such
as PLA [8-10]. The benefits of using natural fiber instead of conventional reinforcing
agents, such as glass fibers, talc, or carbon fibers, for improving the performance of
biodegradable polymers include the retention of the biodegradability of the composite,
as well as lower density and improved performance. Furthermore, these natural fibrous
fillers are also usually lower cost because they are typically industrial bio-waste, for
example wood-flour byproduct from the timber industry.

PLA composites incorporating a range of cellulosic fibers have been reported, and
include the use of flax [11], sisal [12], bamboo [13], short abaca [14], jute [15], lyocell
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[16, 17], paper and pulp [18, 19], and microcrystalline cellulose [20]. The extent of par-
ticle-matrix interactions in polymer composites comprising natural polymeric fillers
strongly influences the mechanical properties of the final composite, with poor interfa-
cial adhesion between the particle and the matrix generally leading to composites hav-
ing inferior mechanical properties [21]. PLA/cellulose-fiber composites containing less
than 30%w/w fiber have been shown to have increased tensile modulus and reduced
tensile strength compared with PLA, and this has been attributed to factors that include
the weak interfacial adhesion between the less polar PLA matrix and the highly polar
surface of the cellulose fibers [22], and lack of fiber dispersion due to a high degree of
fiber agglomeration [21]. According to the literature, the surface tension, (y‘_) of PLA
is typically between 20-30m]J/m?[23] and wood-flour is typically around 40m]J/m2 [24].

In order to improve interfacial properties of PLA based composites incorporating
natural fibers and/or fillers, surface modification techniques can be deployed by (a)
modification of natural fibers using conventional wet-based chemistry techniques or
addition of functional compatibilizers and/or coupling agents or (b) modification of
the matrix through the addition of impact modifiers, with reactive end groups. It is well
known that the use of compatibilizers can improve interfacial adhesion between poly-
mer and natural fiber in polymer composites, and this approach has been reported to
improve the compatibility between PLA and carbohydrate materials such as starch [25,
26]. This improved compatibility is attributed to the introduction of reactive groups
at the interface between the PLA matrix and the surface of the more polar starch par-
ticles, where the formation of this interphase strengthens the chemical and physical
interaction between the polar surface of the starch particles and the less polar PLA host
matrix. The accompanying increase in the overall polarity of the host polymer matrix
resulting from the polar nature of the introduced reactive sites is also likely to promote
more uniform dispersion of the polar starch particles in the host matrix.

Compatibilizers utilized in PLA-based composites include maleic anhydride-poly-
propylene (MAPP) [27, 28] and methylenediphenyl-diisocyanate (MDI). The use of
MDI as a coupling agent in renewable polymer composite materials has been studied
extensively for blends of starch and PLA [29], and has been shown to yield materi-
als having enhanced mechanical properties, as a consequence of the reaction between
isocyanate moieties of MDI and free hydroxyl groups in starch, resulting in the in situ
formation of isocyanate groups on the surface of the starch particles. Free isocyanate
groups can then act to compatibilize the starch and the PLA by reacting with hydroxyl
end groups of PLA. We have demonstrated in a previous paper that MDI has been
shown to compatibilize composites comprising PLA and wood-flour in a similar fash-
ion (see Scheme 2.1).

The use of poly (ethylene-acrylic acid) (PEAA), as toughening agents (also known
as impact modifiers) have shown to improve the flexibility and impact performance
of composites of polyolefins and wood fibers [30-32]. The improved toughness is
attributed to the incorporation of the rubbery polyethylenic chains into the polymer
matrix, which can assist in dissipating or absorbing the energy during crack propaga-
tion. However, since the acrylic acid functionality of PEAA can, in principle, react with
the cellulosic hydroxyl groups located at the surface of wood-flour particles to form
ester linkages, as illustrated in Scheme 2.2, it is possible that enhanced compatibilisa-
tion between the wood-flour particles and PLA, might also be achieved through the
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addition of PEAA. However, in our work on modification of PLA [3], it was found that
the addition of PEAA actually modified the PLA matrix, through the dispersion of fine
rubbery particles within the PLA matrix. Hence, the impact properties of the resulting
composites were improved at the expense of the interfacial adhesion.

2.3 Optimizing Interfacial Adhesion in Wood-Polymer
Composites

Optimization of interfacial adhesion in the development of natural fiber-reinforced
polymer composites has been the subject of extensive research of the past two decades.
Many techniques have been developed and tested and the principal aim of various
modification strategies has been to reduce the fiber-fiber interaction through aiding
improved wetting and dispersion, as well as improving interfacial adhesion and the
resulting stress transfer efficiency from the matrix to the fiber.
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2.3.1 Chemical Modification

Alkaline treatment is one of the most widely used chemical treatments for natural
fibers for use in natural fiber composites. The effect of alkaline treatment on natu-
ral fibers is it disrupts the incidence of hydrogen bonding in the network structure,
giving rise to additional sites for mechanical interlocking, hence promoting surface
roughness and increasing matrix/fiber interpenetration at the interface. During alka-
line treatment of lignocellulosic materials, the alkaline treatment removes a degree of
the lignin, wax and oils which are present, from the external surface of the fiber cell
wall, as well as causing chain scissioning of the polymer backbone, resulting in small
crystallites. The treatment exposes the hydroxyl groups in the cellulose component to
the alkoxide. Beg et al. studied the effect of the pre-treatment of radiate pine fiber with
NaOH and coupling with MAPP in wood fiber-reinforced polypropylene composites.
It was found that fiber pre-treatment with NaOH resulted in an improvement in the
stiffness of the composites (at 60% fiber loading) as a function NaOH concentration,
however at the same time, a decrease was observed in the strength of the compos-
ite [33]. The reason for a reduction in the tensile strength was attributed to a weaken-
ing of the cohesive strength of the fiber as a result of alkali treatment. The use of alkali
treatment in conjunction with MAPP was found to improve the fiber/matrix adhesion.
However, it seems that only small concentrations of NaOH can be used to treat fibers,
otherwise the cohesive strength can be compromised. Ichazo et. al also studied the
addition of alkaline treated wood flour in polypropylene/wood flour composites. It
was shown that alkaline treatment only improved fiber dispersion within the polypro-
pylene matrix, but not the fiber-matrix adhesion. This was attributed to a greater con-
centration of hydroxyl groups present, which increased the hydrophilic nature of the
composites. As a result, no significant improvement was observed in the mechanical
properties of the composites and a reduction in the impact properties [34]. From pre-
vious studies it is shown that the optimal treatment conditions for alkalization must
be investigated further in order to improve mechanical properties. Care must be taken
in selecting the appropriate concentration, treatment time and temperature, since at
certain conditions the tensile properties are severely compromised. Islam et al. stud-
ied the effect of alkali treatment on hemp fibers, which were utilized to produce PLA
biocomposites incorporating hemp fibers. This study showed that crystallinity in PLA
was increased due to the nucleation of hemp fibers following alkaline treatment. The
degree of crystallinity had a positive impact on the mechanical and impact perfor-
mance of the resulting composites with alkaline treated hemp fibers, as opposed to the
composites without treated hemp fibers.

Qian et al. conducted a study on bamboo particles (BP) that were treated with low-
concentrations of alkali solution for various times and used as reinforcements in PLA
based composites [35]. Characteristics of BP by composition analysis, scanning elec-
tron microscopy, Brunauer-Emmett Teller test, and Fourier transform infrared spec-
troscopy, showed that low-concentration alkali treatment had a significant influence
on the microstructure, specific surface area, and chemical groups of BP. PLA/treated-
BP and PLA/untreated-BP composites were both produced with 30 wt% BP content.
Mechanical measurements showed that tensile strength, tensile modulus, and elonga-
tion at break of PLA/BP composites increased when the alkali treatment time reached
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3.0 h with maximal values of 44.21, 406.41MPa, and 6.22%, respectively. The maximum
flexural strength and flexural modulus of 83.85MPa and 4.50 GPa were also found
after 3.0-h alkali treatment. Differential scanning calorimetric analysis illustrated that
PLA/BP composites had a better compatibility and larger PLA crystallinity after 3.0-h
treatment.

Silane coupling agents have been used traditionally in the past in the development
of conventional polymer composites reinforced with glass fibers. Silane is a class of sili-
con hydride with a chemical formula SiH,. Silane coupling agents have the potential to
reduce the incidence of hydroxyl groups in the fiber-matrix interface. In the presence of
moisture, hydrolysable alkoxy groups result in the formation of silanols. Silanols react
with hydroxyl groups of the fiber, forming a stable, covalently-bonded structure with
the cell wall. As a result, the hydrocarbon chains provided by the reaction of the silane
produce a crosslinked network due to covalent bonding between fiber and polymer
matrix. This results in a hydrophobic surface in the fiber, which in turn increases the
compatibility with the polymer matrix. As mentioned earlier, silane coupling agents
have been effective for the treatment of glass fibers for the reinforcement of polypro-
pylene. Silane coupling agents have also been found to be useful for the pre-treatment
of natural fibers in the development of polymer composites. Wu et al. demonstrated
that wood fiber/polypropylene composites containing fibers pre-treated with a vinyl-tri
methoxy silane significantly improved the tensile properties. It was discovered that the
significant improvement in tensile properties was directly related to a strong interfacial
bond caused by the acid/water condition used in the fiber pre-treatment [36].

In a study by Bengtsson et al., the use of silane technology in crosslinking polyeth-
ylene-wood flour composites was investigated [37]. Composites of polyethylene with
wood-flour were reacted in-situ with silanes using a twin screw extruder. The compos-
ites showed improvements in toughness and creep properties and the likely explanation
for this improvement was that part of the silane was grafted onto polyethylene and
wood, which resulted in a crosslinked network structure in the polymer with chemical
bonds occurring at the surface of wood. X-ray microanalysis showed that most of the
silane was found within close proximity to the wood-flour. It is known that silanes can
interact with cellulose through either free radical or condensation reaction but also
through covalent bonding by the reaction of silanol groups and free hydroxyl groups at
the surface of wood, however the exact mechanism could not be ascertained. In a study
by Gonzalez et al. focused on the development of PLA based composites incorporating
untreated and silane treated sisal and kraft cellulose fibers [38]. The tensile properties
of the resulting composites did not present any major statistical difference between
composites with untreated cellulose fibers and silane treated cellulose fibers, which sug-
gested that silane treatment of the cellulose fibers did not contribute to further optimi-
zation in the reinforcing affect of the cellulose fibers. The analysis of the high resolution
Cls spectra (XPS) indicates that for C, (C-C, C-H), the percentage of lignin in the
intreated sisal fibers was higher, in comparison with kraft fibers. But after modification
with silanes, the C, signal decreases for sisal fibers, which shows that attempted graft-
ing with the silane has resulted in removal of lignin and exposed further cellulose. The
higher C, signal reported for kraft fibers suggested some grafting with silane as a result
of the contribution from the alkyl chain of the attached silanol, but no further charac-
terisation was provided to support grafting of silanes to kraft fibers.
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A study by Petinakis et al. focused on the suitability of a peel adhesion test as a
macro-scale, exploratory technique for assessing the effectiveness of chemical modifi-
cation techniques for improving adhesion between PLA film and a model wood sub-
strate [4]. The study was conducted in order to gain insight into the nature of wood
surface following chemical modification and how the resulting adhesion with PLA film
could provide insight into failure mechanisms in PLA based biocomposites wood-flour
as a natural filler. In this study, three different silanes were used to modify the surface of
pine with- and without alkaline pre-treatment, namely 3-aminopropyltriethoxysilane
(APTES), vinyltrimethoxysilane (VTMS) and 3-(Triethoxysilyl)propyl methacrylates
(TESPM), and were compared with alkaline treatment of pine alone. The improvement
observed in the peel fracture energy of the pine-PLA laminate following modification
with APTES was possibly due to the possible reaction of amino-silane groups with the
pine surface, since the results from the XPS study demonstrated that silicon and nitro-
gen atoms were attached to the surface. The bonding mechanism resulting in improved
adhesion can be attributed to the ethoxy group (-CH,CH,) being hydrolysed to pro-
duce silanol groups, and these silanol groups can then react the free hydroxyl groups
on the pine surface [38]. PLA can also bond with the amine group of the amino-silane
treated pine through an acid-base interaction. The XPS of the PLA fracture surface
indicated the presence of trace quantities of nitrogen, which support this mechanism.
The XPS of the peel fracture surfaces followed silane modification with VTMES, indi-
cating that grafting did not occur. XPS showed very little silicon on the surface, which
indicated that silanol groups were not produced for reaction with hydroxyl groups
on the pine surface. This is not uncommon, as previous studies have shown that the
amount of water bound to cellulose fibers is a pre-requisite for silane reactions [38].
The XPS showed that attempted grafting with VTMES actually led to further expo-
sure of the cellulose and increased the surface roughness. Figure 2.1 (b) clearly shows
increased surface roughness following silane modifaction, which supports the argu-
ment that improvement in peel fracture energy achieved with VITMES is not due to
chemical bonding but instead due to exposure of active sites and to negatively charged
OH groups in cellulose that can physically interact with the PLA film.

The improvement in the peel fracture energy observed with TESPM can, however,
be attributed to the formation of silanol groups, which have formed by the hydrolisa-
tion of the ethoxy group (-CH,CH,) in TESPM. The silanol groups can readily react
with free hydroxyl groups associated with the cellulose component attached to the pine
surface. The modified pine surface can then interact favourably with PLA, by molecular
entanglement (interdiffusion) between the methacryl end group of the silane and the
PLA matrix.

Sis et al. prepared composites based on poly (lactic acid) (PLA)/poly (butylene adi-
pate-co-terephthalate) (PBAT)/kenaf fiber using a melt blending method [39]. A PLA/
PBAT blend with the ratio of 90:10 wt%, and the same blend ratio reinforced with
various amounts of kenaf fiber were prepared and characterized. The addition of kenaf
fiber reduced the mechanical properties sharply due to the poor interaction between
the fiber and polymer matrix. Modification of the composite by (3-aminopropyl)tri-
methoxysilane (APTMS) showed improvements in mechanical properties, increasing
up to 42.5, 62.7 and 22.0% for tensile strength, flexural strength and impact strength,
respectively. The composite treated with 2% APTMS successfully exhibited optimum
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Figure 2.1 5000x images of pine surfaces following silane modification (without pre-treatment) with
EDAX spectrums with elemental compositions (a) Pine-1 wt% APTES (b) Pine-1 wt% VTMES and (c)
1 wt% TESPM [4].

tensile strength (52.27 MPa), flexural strength (64.27 MPa) and impact strength
(234.21 J/m). Morphological interpretation through scanning electron microscopy
(SEM) revealed improved interaction and interfacial adhesion between PLA/PBAT
blend and kenaf fiber and the fiber was well distributed. DMA results indicated lower
storage modulus (E') for PLA/PBAT/kenaf fiber blend and an increase after modifica-
tion by 2 wt% APTMS. Conversely, the relative damping properties decreased. Based
on overall results, APTMS can be used as coupling agent for the composite since
APTMS can improve the interaction between hydrophilic natural fibers and non-polar
polymers.

Chemical modification through esterification of natural fibers through reaction
with organic acid anhydrides has also been the subject of ongoing research in the field.
Anhydrides can be classified into two major groups: non-cyclic anhydrides (i.e., Acetic)
and cyclic anhydrides (i.e., Maleic). Of the non-cyclic anhydrides, acetylation with ace-
tic anhydride is the most widely reported [28, 40, 41]. The reaction involves the con-
version of a hydroxyl group to an ester group by virtue of the carboxylic group of the
anhydride, with the free hydroxyl groups in cellulose. Reactions involving non-cyclic
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anhydrides are quite problematic as there are several steps involved during the treat-
ment. These reactions also require the use of strong bases or catalysts to facilitate the
reaction. Although the use of non-cyclic anhydrides can generally lead to good yields,
a large proportion of the treated cellulose can contain free anhydride, which cannot
be easily removed from the treated cellulose. Generally, the modified cellulose may
be comprised of a distinct odor, which suggests the presence of free anhydride. The
other issue with the use of non-cyclic anhydrides is the formation of acid by-products,
which are generally present in the modified cellulose. Pyridine, a catalyst used in the
reaction, acts by swelling the wood and extracting lignin to expose the cellular struc-
ture of the cellulose. This facilitates the exposure of the free hydroxyl groups in cellulose
to the anhydride. However, due to the aggressive nature of pyridine, it can also degrade
and weaken the structure of the cell wall, which may not allow efficient modification.
The effect of esterification on natural fibers is it imparts hydrophobicity, which makes
them more compatible with the polymer matrix.

Tserki et al. investigated the reinforcing effect of lignocellulosic fibers, incorporating
flax, hemp and wood, on the mechanical properties of Bionolle, an aliphatic
polyester [42]. The use of acetic anhydride treatment of the fibers was proven not to
be effective for improving the matrix tensile strength, compared with other techniques
such as compatibilisation; however it did reduce the water absorption of the fibers.
Lower tensile strengths were reported for composites reinforced with wood fiber, com-
pared with flax and hemp. This may be attributed to the nature of the fibers, since flax
and hemp are fibrous, whereas wood fiber is more flake-like in nature, with an irregular
size and shape. The type and nature of lignocellulose fibers (chemical composition and
structure) is of paramount importance in the development of polymer composites. It
is shown that different fibers behave differently depending on treatment. On the other
hand, reactions of cellulose with cyclic anhydrides have also been performed [43].
Reactions involving cyclic anhydrides generally do not result in the formation of by-
products and reactions can be performed with milder solvents, which don’t interfere
with the cell wall structure of cellulose. In order to facilitate reactions of wood flour
with cyclic anhydrides it is important that the wood flour be pre-treated. Pre-treatment
requires immersion of the wood flour in a suitable solvent, such as NaOH. This process
is otherwise known as Mercerization, which is thought to optimize fiber-surface char-
acteristics, by removing natural impurities such as pectin, waxy substances and natural
oils. It is widely reported that the wood alone does not readily react with esterifying
agents, since the hydroxyl groups required for reaction are usually masked by the pres-
ence of these natural impurities.

Gregorova et al. prepared PLA film composites with 30 wt% wood-flour and/or mica
through melt blending and compression molding [44]. Semi-crystalline PLA was plas-
ticized with poly(ethylene glycol) and filled with 30 wt% of wood-flour and mica. The
degree of crystallinity was purposely increased by annealing. The filler/polymer matrix
interface was modified through the addition of 4, 4 - Methylenediphenyl diisocyanate
(MDI). The results showed that the increase in crystallinity had a strong impact on the
mechanical performance of the composites. Another interesting observation was that
MDI had a preference to react first with the plasticising agent and then with the wood-
flour and this has been observed in previous studies where the MDI has not compati-
bilised matrix with filler 29].
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Baltazar-y-Jimenez et al. prepared Poly (D-, L-lactic acid) (PDLA) and PDLA-wood
pulp fiber injection molded composites, which were modified with very small amounts
(< 1 wt%) of N'-(o-phenylene)dimalemide and 2,2'-dithiobis (benzothiazole) by reac-
tive extrusion [45]. The modification produced an increase in the percent crystallinity
(Xc), heat deflection temperature (HDT), impact energy, tensile strength, and modulus
in PDLA. A significant reduction in the melting temperature (Tm) and an increase in
the thermal resistance (Tmax) were also found. Fourier-Transform infrared spectros-
copy (FTIR) suggests the creation of hydrogen bonds, a thiol ester and/or ester bond
during the modification. Reactive extrusion of commercially available poly (lactic acid)
(PLA) by means of N'-(o-phenylene)dimalemide and 2,2'-dithiobis (benzothiazole)
provides a low cost and simple processing method for the enhancement of the proper-
ties of this biopolymer.

Altun et al. studied the effect of surface treatments and wood flour (WF) ratio on
the mechanical, morphological and water absorption properties of poly(lactic acid)
(PLA)-based green composites [46]. WF/PLA interfacial adhesion was promoted
by means of alkaline treatment and pre-impregnation with dilute solution of matrix
material. The mechanical data showed that incorporation of WF without any surface
treatment caused high reduction in tensile strength in spite of incremental increase in
tensile modulus. As the amount of alkaline treated WF increased, both modulus and
tensile strength also increased. Both alkaline treatment and pre-impregnation further
increased the mechanical properties including tensile strength, tensile modulus and
impact strength. According to dynamic mechanical analysis (DMA) test results, the
glass transition temperature of PLA increased with the addition of WF and the highest
increment was obtained when pre-impregnated WF was used. The optimization in the
glass transition temperature due to the addition of pre-impregnated WF was attributed
to the lack of polymer chain motions as a result of interaction with adhered polymer
segments.

Csizmadia et al. reported on the application of a resol type phenolic resin that was
used for the impregnation of wood particles, for the reinforcement of PLA [47]. A
preliminary study showed that the resin penetrates wood with rates depending on
the concentration of the solution and on temperature. Treatment with a solution of
1 wt% resin resulted in a considerable increase of composite strength and decrease
of water absorption. Composite strength improved as a result of increased inher-
ent strength of the wood, but interfacial adhesion might be modified as well. When
wood was treated with resin solutions of greater concentration, the strength of the
composites decreased, first slightly, then drastically to a very small value. A larger
amount of resin results in a thick coating on wood with inferior mechanical proper-
ties. At large resin contents the mechanism of deformation changes; the thick coating
fails very easily leading to the catastrophic failure of the composites at very small
loads. It seems the limiting factor in producing PLA-based natural fiber composites
with superior mechanical properties is the inherent strength of the natural fibers.
Pre-impregnation of natural fibers with a resin may present as a useful approach to
improving the inherent strength of natural fibers, for use as reinforcing elements in
biopolymer composites and could also improve interfacial adhesion with polymer
matrix.



INTERFACIAL ADHESION IN NATURAL FIBER-REINFORCED POLYMER COMPOSITES 27

2.3.2 Physical Modification

Physical methods reported in the literature involve the use of corona or plasma treaters
for modifying cellulose fibers for conventional polymers [48-51]. In recent years the use
of plasma for treatment of natural fibers has gained more prominence as this provides a
“greener” alternative for the treatment of natural fibers for the development of polymer
composites. It is of particular interest to polymer composites incorporating biopoly-
mer matrices, since this technique provides a further impetus to the whole notion of
“green materials. Sustainability and end of life after use are important considerations
when developing polymer composites from renewable resources, as is the toxicity and
environmental impact of using various chemical or physical methods for improving
the properties of these materials. Some chemical techniques may be toxic, e.g., isocya-
nates are carcinogenic, and therefore, the use of such agents may not be appropriate for
the development of polymer composites from renewable resources. Physical methods
involving plasma treatments have the ability to change the surface properties of natural
fibers by the formation of free radical species (ions, electrons) on the surfaces of natu-
ral fibers [52]. During plasma treatment, surfaces of materials are bombarded with a
stream of high energy particles within the stream of plasma. Properties such as wetta-
bility, surface chemistry and surface roughness of material surfaces can be altered with-
out the need for employing solvents or other hazardous substances. Alternative surface
chemistries can be produced with plasmas, by altering the carrier gas and depositing
different reactive species on the surfaces of natural fibers [53]. This can then be further
exploited by grafting monomeric and/or polymeric molecules on to the reactive natural
fiber surface, which can then facilitate compatibilisation with the polymer matrix.

In a study by Morales et al., low energy glow discharge plasma were used to func-
tionalize cellulose fibers for improving interfacial adhesion between the fibers and
polystyrene film [54]. The micro-bond technique was used to study the effect of the
plasma treatment on the fiber matrix interface. The results showed that the adhesion
in the fiber-matrix interface increased as a function of treatment time up to 4 min-
utes, however longer treatment times resulted in degradation of the fibers leading to
poor interfacial adhesion. Baltazar-y-Jimenez et al. conducted a study evaluating the
effect of atmospheric air pressure plasma treatment (AAPP) of lignocellulosic fibers on
the resulting properties and adhesion to cellulose acetate butyrate[51]. The impact of
AAPP treatment on abaca, flax, hemp and sisal fibers was studied by SEM and single
fiber pull-out tests. The results of the study showed that interfacial shear strength (7,
increased marginally for flax, hemp and sisal fibers after 1 minute AAPP, but decreases
with prolonged exposure for abaca and sisal, which may be attributed to the formation
of weak boundary layers (WBL). The reduction in the interfacial shear strength of the
various fibers tested was most likely the result of fiber degradation from exposure to the
AAPP, which resulted from the formation of a mechanical weak boundary layer.

In a study conducted by Yuan et al., argon and air-plasma treatments were used
to modify the surface of wood fibers in order to improve the compatibility between
the wood fibers and a polypropylene matrix [55]. The improvement in the mechanical
properties of the resulting composites, as depicted by SEM, was attributed to an increase
in the surface roughness of the wood fibers following plasma treatment. The increase
in surface roughness can facilitate better mechanical interlocking, but the increase in
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surface roughness can also expose more reactive cellulosic groups, which can interact
favourably with the polymer matrix. The increase in surface roughness and improved
O/C ratio can improve interfacial adhesion, which results in improved mechanical per-
formance of the resulting composites.

Byung-Sun et al. reported on the use of an atmospheric glow discharge (AGD)
plasma for depositing hexamethyl-disiloxane (HMDSO) on wood-flour using helium
as the carrier gas [56]. Contact angles of various monomers were measured by a goni-
ometer to calculate surface energies in order to select the monomer with highest sur-
face energy. The highest surface energy was achieved with hexamethyl-disiloxane and
was used for plasma coating of wood flour to improve its bonding and dispersion with
the polypropylene (PP). The mechanical test results and SEM observations indicated
that good dispersion and positive compatibility between the wood flour and the PP
could be achieved. A similar study was conducted by Kim et al [57].

Plasma induced grafting has been demonstrated as a useful approach to enhance
paper hydrophobicity. Song et al. conducted a study that involved graft polymerisation
of butyl acrylate (BA) and 2-ethylhexyl acrylate (2-EHA) on paper via plasma induced
grafting [58]. Contact angle, FTIR, XPS and SEM were conducted in order to gain
insight into the level of grafting and the morphological changed following the plasma
induced grafting. The results demonstrate that hydrophobicity of the modified paper
sheet could be attained following modification. A similar approach could be used to
modify the surfaces of natural fibers, with a particular emphasis to green chemistry
and modifying the surfaces of natural fibers using green chemicals, which has been
reported previously by Gaiolas et al. [59]. Deposition of green monomers through the
use of plasma-induced surface grafting could present a useful approach for producing
natural fiber-reinforced polymer composites that are completely benign and non-toxic

The authors of this chapter conducted a recent study, which evaluated the efficacy
of plasma treatment on a model wood substrate. In order to understand the effect of
plasma treatment on wood-based fibers, clear pine wood veneers with an identical
chemical composition was used as a model substrate. Plasma treatment was conducted
using a custom built 13.56MHz inductively coupled plasma chamber in continuous
wave mode (CW) and continuous wave mode plus pulse plasma mode [60]. During
continuous wave mode the plasma is always “on’, so the formation of functional groups
is accompanied by their destruction due to the continuous ion bombardment or surface
ablation. During the pulse mode, the plasma source is on for a specific period and the
plasma generated is similar to the continuous wave mode, where the plasma reactive
species interact with the surface of the wood substrate. During the period when the

Table 2.1 Initial plasma treatment conditions conducted on a clear pine wood veneer substrate.

Argon Plasma Oxygen Plasma
CW CwW

Power: 75W Power: 100W
Pressure: 5X107 Pressure: 1x107?
Time: 60sec Time: 120sec
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plasma source is off, the charged particles and UV radiation will disappear, which pre-
vents further ion bombardment and surface ablation[61].

The initial plasma treatment conditions that were trialled are outlined in Table
2.1. Clear pine wood veneer samples were placed directly under the plasma source
and exposed to an argon plasma followed treatment with oxygen (O,) plasma. The
purpose of the initial plasma treatment with argon was performed in order to ablate
the surface of the wood veneer to remove surface impurities and contaminants. The
SEM images of the control and plasma treated clear pine wood veneers surfaces
are shown in Figure 2.2. The control sample (Figure 2.2A) clearly shows evidence
of surface contamination or low molecular weight material that appears crystalline
in nature and the appearance of less pronounced corrugations, which is indicative
of the underlying virgin wood surface. Following plasma treatment (Figure 2.2B),
the wood surface appears cleaner since the surface contaminant layer has been
removed by ablation due to the argon plasma. The surface also appears rougher than
the control surface, which suggests that the oxygen plasma has etched the surface.
Further evidence of the positive effect of plasma treatment can be observed from
the results of the XPS analysis in Figure 2.3. The main effect of plasma treatment
is an increase in the surface oxygen content, specifically in a decrease of the CH_
signal (C 1s at 285 eV) and an increase in the C-O signal (C 1s at 286.5 eV) and the
C = 0, O-C-O signal (C 1s at 288 - 288.5 eV). This is consistent with an increase
in the surface concentration of the main wood components such as cellulose and
lignin, particularly cellulose. A likely mechanism is the removal of hydrocarbon-
based compounds from the surface by plasma oxidation, exposing the underlying
cellulose. Contact angle analysis was also conducted on the pine veneer surface prior
to and after plasma modification and shown in Figure 2.4. The contact angle of the
water droplet on the control surface was around 40-50°, but following plasma modi-
fication instantaneously became zero, which indicated that the effect of plasma has
removed the surface contaminant layer and exposing more reactive surface hydroxyl
groups, which suggests that the surface has been rendered more hydrophilic due to
the removal of the surface contaminant and increase in the surface hydroxyl groups,
as supported by the XPS analysis.

Figure 2.2 SEM images depicting surface morphology of (A) control surface and (B) plasma modified
surface. (Petinakis et al. 2014).
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Figure 2.3 C 1s high resolution spectra for control and plasma treated pine veneer surface (Petinakis
et al. 2014).

Figure 2.4 Water contact angle on (A) control pine veneer and (B) pine veneer following plasma
modification (Petinakis et al. 2014).

2.4 Evaluation of Interfacial Properties

One of the most important focus areas of research in the development of natural fiber-
reinforced polymer composites is characterisation of the fiber-matrix interface, since
the interface alone can have a significant impact on the mechanical performance of the
resulting composite materials, in terms of the strength and toughness. The properties
of all heterogeneous materials are determined by component properties, composition,
structure and interfacial interactions [62]. There have been a variety of methods used
to characterize interfacial properties in natural fiber-reinforced polymer composites,
however, the exact mechanism of the interaction between the natural fiber and the
polymeric matrix has not been clearly studied on a fundamental level and is presently
the major drawback for widespread utilization of such materials. The extent of interfa-
cial adhesion in natural fiber-reinforced polymer composites utilizing PLA as the poly-

mer matrix has been the subject of several recent investigations, hence the focus in this
section will be on PLA-based natural fiber composites.
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Figure 2.5 Effect of modification techniques on interfacial properties (a) wood-flour modification with
MDI and (b) impact modification of PLA matrix with addition of PEAA. (Petinakis et al. 2009).

2.4.1 Microscopic Characterisation
2.4.1.1 Scanning Electron Microscopy

SEM is one of the most widely used techniques to evaluate interfacial properties of
natural fiber-reinforced polymer composites. SEM can provide insight into the fracture
surface morphology in terms of the quality of the fiber-matrix interfacial adhesion.
A good example of how SEM is a useful technique for evaluating the quality of the
interface in PLA-based composites is depicted in Figure 2.5 and Figure 2.6. The frac-
ture surface morphology of a PLA/wood-flour composite produced with the addition
of MDI (Figure 2.5(a)) appears homogeneous with the wood-flour particles not being
clearly visible because they are firmly embedded and coated in the PLA matrix due to
the improved interfacial interaction. The higher magnification image shown in Figure
2.6(a) shows more clearly the substantially increased adhesion at the matrix-particle
interface, with no evidence of the particle deformation or voids that would normally
be associated with poor matrix-particle adhesion. In comparison, the fracture surface
morphology of the PLA-wood-flour composite modified through impact modifica-
tion (Figure 2.5b) shows a higher incidence of particle pull-out and void formation
compared to the composite with MDI-mediated wood flour. The higher magnification
image of the same composite (Figure 2.6b) depicts the fracture surface morphology of
the same composite but on this occasion it shows a gap in the interface between the
matrix and wood-flour particle that is indicative of poor interfacial adhesion.

In a recent study, Le Moigne et al. studied interfacial properties in PLA biocompos-
ites reinforced with flax fibers modified with organosilanes. The origins of the rein-
forcement at the fiber/matrix interface were investigated at the macromolecular and
the microstructural levels by physico-chemical and mechanical cross-analyses. It was
shown that interfacial interaction results from both modified chemical coupling and
mechanical interlocking at the fiber/matrix interface [63]. Dynamic mechanical ther-
mal analysis revealed a decrease in damping for treated biocomposites due to the for-
mation of a layer of immobilized polymer chains resulting from strong interactions at
the interface. In situ observations of crack propagation by scanning electron micros-
copy illustrated clearly that the treated biocomposites show a cohesive interfacial failure
at much higher loads, highlighting the enhanced load transfer from the matrix to the
fibers.



32 LigNOoCELLULOSIC POLYMER COMPOSITES

PLA

/ Matrix—payeinterfac:e

Figure 2.6 Higher magnification images demonstrating (a) good adhesion achieved through chemical
modification of wood-flour and (b) poor adhesion through impact modification (Petinakis et al. 2009).

2.4.1.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a non-destructive imaging technique that can be
used in the development of natural fiber-reinforced polymer composites to evaluate the
efficacy of surface treatment techniques on natural fibers. Avramidis et al. conducted
a study involving plasma treatment at atmospheric pressure using a dielectric barrier
discharge for modifying the hydrophilicity of wood and wood-based materials with a
monomer, such as HMDSO [64]. AFM imaging was carried out on the untreated and
plasma coated wood surfaces in order to investigate the surface topography. The mor-
phology of untreated wood surface appears to be completely covered by the deposited
layer, whereas the macrostructure is still visible. A characteristic feature that can be
observed by the AFM image is the nodule-like fine structure of the layer (Figure 2.7).

The authors of this chapter have recently conducted some work involving applica-
tion of AFM for evaluating surface morphological changes following plasma modifica-
tion of a wood substrate. Due to the heterogeneous nature of wood fibers it was found
more convenient to carry out plasma modification on a model wood veneer substrate
that replicated the chemical composition of wood-flour. Plasma modification was con-
ducted using a combination of a continuous wave and pulse wave mode. The effect of
plasma modification on the wood surface can be observed in the amplitude images
depicted in Figure 2.8. The plasma treated surface (right) exhibits a nodule-like fine
structure on a nanometre scale that is indicative of the resulting surface roughness and
that is not observed in the untreated wood surface (left)

In a recent study Raj et al. presented the first direct study of adhesion forces, by col-
loidal force microscopy, between smooth PLA films representing the polymer matrix,
and a microbead of cellulose that mimics the cellulose material in flax fibers [65].
Normalized adhesion force measurements demonstrated the importance of capillary
forces when experiments were carried out under ambient conditions. Experiments,
conducted under dry air allowed for the deduction of the contribution of pure van der
Waals forces, and the results, through the calculation of the Hamaker constant, show
that these forces, for the PLA/cellulose/air system, were lower than those obtained for
the cellulose/cellulose/air system and hence underlined the importance of optimizing
the interface among these materials. The study demonstrated the capacity of AFM to
probe direct interactions in complex systems by adjusting the nature of the surface and
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Figure 2.7 Atomic force microscopy images of uncoated (left) and plasma coated Beech veneers
(Avramidis et al. 2009).

Figure 2.8 AFM amplitude images of (a) untreated wood (b) plasma treated wood (Petinakis et al. 2014).

the probe to mimic the contacting materials. Furthermore, the technique can be oper-
ated in a variety of environments, consistent with composite making and provides par-
ticular opportunity for testing and improving the properties of biopolymer composites.

2.4.2 Spectroscopic Techniques
2.4.2.1 Acoustic Emission Spectroscopy (AES)

The integrity of the interfacial region is of particular interest in the development of
natural fiber-reinforced polymer composites. The lack of widespread application of nat-
ural fibers in polymer composites has been primarily due to lack of adhesion to most
polymeric matrices. The cornerstone to the successful application of natural fiber-rein-
forced polymer composites in the market is a strong interfacial bond, which can ensure
long term durability of the material [66]. In order to provide insight into the interfacial
charatersitics of natural fiber-reinforced polymer composites, AES can be used for the
detection and localization of fiber failure in polymer composites. In a study conducted
by Finkenstadt et al., a combination of AES and confocal microscopy were used to
evaluate the mechanical properties of plasticized sugar beet pulp (SBP) and PLA green
composites. AES studies showed correlated debonding and fracture mechanisms up
to 20 wt% plasticizer content and uncorrelated debonding and fracture for 30-40 wt%
sorbitol and 30 wt% glycerol in the SBP-PLA composites [67]. Baltazar-y-Jimenez et
al. conducted AES on PLA composites incorporating wood pulp fibers. AES studies
provided insight into the nature of the interface in the composite, which showed that
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strong interaction between PLA and modified wood pulp lead to an increase in the
speed of sound through the composite. In comparison, unmodified wood pulp exhib-
ited poor sound attenuation through the composite [68].

Faludi et al. conducted a study that involved the production PLA biocomposites
were using three corn cob fractions and a wood fiber as a reference [69]. The com-
posites were characterized by tensile testing, scanning electron microscopy (SEM) and
polarization optical microscopy (POM). Micromechanical deformation processes were
followed by acoustic emission measurements. The different strength of the components
were proved by direct measurements. Two consecutive micromechanical deformation
processes were detected in composites containing the heavy fraction of corn cob, which
were attributed to the fracture of soft and hard particles, respectively. The study showed
that the fracture of soft particles did not necesarrily result in the failure of the compos-
ites that is initiated either by the fracture of hard particles or by matrix cracking. Very
large particles debond easily from the matrix resulting in catastrophic failure at very
low stresses. At sufficiently large shear stresses large particles break easily during com-
pounding, thus reinforcement depending on interfacial adhesion was practically the
same in all composites, irrespective of the initial fiber characteristics.

2.4.3 Other Techniques

In a study by Bax et al. the mechanical properties (tensile and impact characteristics)
of injection-molded flax and Cordenka-reinforced polylactide (PLA) composites with
fiber mass fractions between 10 and 30% were evaluated [70]. The results in indicated
that by increasing the fiber content from 10 to 30% resulted in an increase in tensile
characteristics resulted, but it was found that a reinforcement with 10% flax fibers led
to poorer tensile strength as compared to the neat PLA matrix. The poor result achieved
with flax fiber was not anticipated and a recent study by Graupner et al. set out to evalu-
ate this observation. Therefore, test specimens with a fiber content of 10 and 30% were
examined for their fiber orientations and void content. For the investigations, a new
technique involving microcomputer tomography images were created by monochro-
matic synchrotron radiation [71]. Fiber orientation angles of these micrographs were
determined with an adapted measuring mask of the Fiber Shape software. It could be
was demonstrated that the fiber orientation in the composite is dependent on the fiber
mass fraction and the type of fiber. No voids were found in all the composites investi-
gated. The average fiber orientation angle of 10% flax/PLA showed a larger deviation
from the longitudinal axis of the test specimen than the other samples, and is made
primarily responsible for the lower tensile strength of this composite.

2.5 Conclusions

Concerns about the environment and increasing awareness around sustainability issues
are driving the push for developing new materials that incorporate renewable sustain-
able resources. This has resulted in the use of natural fibers for developing all natural
fiber-reinforced polymer composites. A fundamental understanding of fiber-fiber and
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fiber-matrix interface is critical to the design and manufacture of polymer composite
materials because stress transfer between load-bearing fibers can occur at the fiber-
fiber interface and fiber-matrix interface and this is the subject of ongoing investiga-
tions. The development of new techniques has facilitated a better understanding of the
governing forces that occur at the interface between matrix and natural fiber. The use
of surface modification is seen as a critical processing parameter for developing new
materials, and plasma-based modification techniques are gaining more prominence,
from an environmentally point of view, as well as from a practical approach.
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Abstract

Environmental awareness and changes in the regulatory environment have prompted many
researchers to develop more environmentally-friendly and sustainable materials. In this context,
cellulose-based materials are of particular interest. Besides their environmental friendliness,
the advantages of cellulose-based materials include their high availability, renewability and low
density in comparison with synthetic or mineral materials. Additionally, the use of agricultural
products could help reduce social problems in tropical countries, which contribute to agricul-
tural exodus. Nowadays, people tend to go to big cities to look for jobs that are not suitable for
their qualifications or experience. Using agricultural products for cellulose-based polymer com-
posites may help to increase incomes from agriculture, hence leading to people being interested
in working in the agricultural field, thereby reducing agricultural exodus.

In this chapter, the discussion is focused on the research on cellulose-based polymer com-
posites conducted in some tropical countries in Southeast Asia. Southeast Asia is a subregion
of Asia located in the tropical zone, where a variety of plants grow. Hence, there is a high avail-
ability of cellulose-based materials found in this area. This situation enhances the attractiveness
of research on cellulose-based composites. The reported findings of researchers in Southeast
Asia about the processing, properties and application of composites made of commonlyused
cellulose-based fibers such as sisal, flax, hemp, ramie, jute, kenaf, etc., are discussed along with
many kinds of cellulose-based fibers of interest which have not been reported elsewhere. This
chapter is a combination of reviews on some unique cellulose-based polymer composites in
Southeast Asia together with a report on the research conducted by the authors.
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3.1 Introduction

The development of technology is aimed at creating a better standard of living for the
benefit of mankind. Mankind is seeking new products, materials and tools to serve
this purpose. Materials play an important role in the advancement of life. In the past,
the influence of materials was felt, so much so that eras were named after the materi-
als themselves such as Stone Age, Bronze Age, etc. It is difficult to associate the currrent
era with a particular type of material, and if it can be given such a name, it is more
appropriate to call it "the age of various materials or advanced materials." Polymers
have been substituted for many conventional materials, especially metals, in various
applications, due to the advantages of polymers over conventional materials. They are
used in many applications because they are easy to process, are highly productive, low
cost and flexible. However, for some specific uses, some mechanical properties, e.g.,
strength and toughness, of polymer materials, are found to be inadequate. Various
approaches have been developed to improve such properties. In most of these applica-
tions, the properties of polymers are modified using fillers and fibers to suit the high
strength/high modulus requirements. Fiber-reinforced polymers have better specific
properties compared to conventional materials and find applications in diverse fields,
ranging from appliances to spacecraft [1]. Composite materials, or composites, are one
of the major developments in material technology in recent decades. Many authors
define composite materials in different ways. Daniel and Ishai [2] define a composite
as "a material system consisting of two or more phases on a macroscopic scale, whose
mechanical performance and properties are designed to be superior to those of the
constituent materials acting independently.” Meanwhile, Gay and Hoa [3] stated, “a
composite material currently refers to material having strong fibers surrounded by a
weaker matrix material which serves to distribute the fibers and also to transmit the
load to fibers." Composite material is also defined as “a multiphase material that is arti-
ficially made, as opposed to one that occurs or forms naturally, chemically dissimilar
and separated by a distinct interface” [4]
Roesler et al. (2006) characterize composite materials by the following properties:

o A strengthening second phase is embedded in a continuous matrix.

o The strengthening second phase and the matrix are initially separate
materials and are joined during processing—the second phase is thus
not produced by internal processes like precipitation.

o The particles of the second phase have a size of at least several
micrometers.

« The strengthening effect of the second phase is at least partially caused
by load transfer.

o The volume fraction of the strengthening second phase is at least approx-
imately 10%.

These properties, however, cannot be used as a definition for composites in further
developments. Some of the new composites (e.g., in nanotechnology) do not posses
some of these listed properties.
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From all of the definitions, it can be stated that, in general, composite material is
considered to be a material that is composed of at least two physically distinct phases
of materials. The first phase is a continuous material, called matrix, which surrounds
the dispersed phase. The dispersed materials can be in the form of particle as well as
fiber. The fibers and particles usually act as reinforcements to carry load or to control
strain, whereas the matrix acts as a bonding medium to transfer load and to provide
continuity and structural integrity. The matrix also protects the fibers and retains them
in position to form the desired shape for a finished article (Owen, 2000a).

Historically, straw, one of the cellulose-based fibers, was used as reinforcement for
mud to form bricks for building construction. The process of brickmaking was depicted
on ancient Egyptian tomb paintings. However, engineered composites were reported to
be introduced in the 1940s, when glass fiber was used as reinforcement for polymers
in the aerospace, marine and automotive industries. During that period, a majority of
the resins used included epoxy and polyester. Later, in the 1960s, carbon fibers were
introduced as reinforcement for composites, particularly in aerospace and sporting
goods. In these applications, the prime concern was performance rather than cost, and
this was the beginning of the development of advanced composites.

In recent years, it has been found that there are many drawbacks to using glass and
carbon fibers. Glass and carbon fibers can cause acute irritation of the skin, eyes, and
upper respiratory tract. It is suspected that long-term exposure to these fibers causes
lung scarring (i.e., pulmonary fibrosis) and cancer. Moreover, glass fiber is not eas-
ily degradable and results in environmental pollution. On the economic side, making a
product from carbon fiber-reinforced composites is a high cost activity associated with
both the manufacturing process and the material itself. That is why many products
made of carbon fiber are very expensive.

Due to the drawbacks of glass and carbon fiber-reinforced composites, cellulose-
based fiber-reinforced polymer composites have attracted great interest among mate-
rial scientists and engineers. The interest is also affected by the need to develop an
environmentally-friendly material, and partly replacing currently used glass or carbon
fibers in fiber-reinforced composites. The optimum utilization of a renewable resource
will provide a positive image for a sustainable "green" environment. New environmental
regulations and uncertainty about petroleum and timber resources have also triggered
much interest in developing composite materials from cellulose-based fibers. For some
tropical countries like Southeast Asia, the development of composite materials from
cellulose-based fiber may create new employment in the villages and help to attract
people working in the agricultural field, thereby reducing the desire to go to big cities
to look for jobs. Hence, it may reduce one of the social problems, which is agricultural
exodus.

Like other tropical countries, there are areas of biodiversity in Southeast Asian
countries. There is a large variety of species living in the area. Hence, there are many
unique species that cannot be found in other places like four-season countries. This
situation leads to a greater interest of researchers in Southeast Asia to explore many
kinds of natural material resources, including cellulose-based materials. In this chap-
ter, a review of some of the research on unique cellulose-based polymer composites in
Southeast Asian countries is presented. The discussed resources include sugar palm
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(Arenga pinnata), oil palm (Elaeis guineensis), durian (Durio zibethinus), and water
hyacinth (Eichhornia crassipes).

The major challenge in utilizing cellulose-based polymer as reinforcing material in
synthetic polymer composite is the compatibility issue. Due to the presence of hydroxyl
and other polar groups on the surface and throughout the cellulosed-based polymer,
moisture absorption can be high. This leads to poor wettability by the polymers and
weak interfacial bonding between fibers and hydrophobic polymers, as the matrix [5]

3.2 Sugar Palm (Arenga pinnata)

Sugar palm (Arenga pinnata) is called by different names such as kabung, or enau in
Malaysia. Sugar palm fiber is a kind of natural fiber that comes from the Arenga pinnata
plant, a forest plant that can be widely found in Southeast Asia countries like Indonesia
and Malaysia. This fiber seems to have properties like other natural fibers, but the
detailed properties are not yet generally known. Generally, sugar palm has desirable
properties like strength and stiffness, and its traditional applications include paint
brushes, septic tank base filters, clear water filters, doormats, carpets, ropes, chair/sofa
cushions, and for nests to hatch fish eggs. In certain regions, traditional applications
of sugar palm fiber includes handcraft for kupiah (Acehnese typical headgear used in
prayer) and roofing for traditional houses in Mandailing, North Sumatra, Indonesia.
The sugar derived from the sugar palm tree is called palm sugar and it is one of the
local delicacies widely consumed by Asians for making cakes, desserts, food coatings
or to mix with drinks. It is produced by heating the sap derived from the sugar palm
tree [6].

Sugar palm is known as a multipurpose species of palm. From this palm, we can
produce many kinds of products, including food and beverages, timber, fibers, bio-
polymers, biocomposites, and other cellulose-based products [7, 8]. In some places of
Indonesia, there are many old traditions using products based on sugar palm cultiva-
tion [8]. For the purpose of biobased composites, its fiber is of interest. It is a brown
to black fiber with a diameter of 50-800 um [9]. The fiber is called gomuti. A pic-
ture of gomuti is shown in Figure 3.1.

Sastraet al. [10], Leman et al. [11] and Suriani et al. [12] studied the tensile properties
of gomuti-reinforced epoxy composites. They hand layed-up the gomuti with epoxy at
10, 15, and 20 weight percentages with different orientations, including random (long
and chopped) and woven roving. After curing in room temperature (25-30°C), it was
reported that the maximum tensile strength and modulus were achieved by the 10 wt%
woven roving gomuti, which are 52 MPa and 1256 MPa, respectively. The scanning
electron micrograph showed that woven roving gomuti has better fiber-matrix adhe-
sion compared to the others [12].

Bachtiar et al. [13] then continued the study by adding an alkali treatment during
the processing of the composite. They studied the effect of alkaline treatment on the
tensile properties of gomuti/epoxy composites. Although there is an inconsistent result
obtained for tensile strength, it was found that the tensile modulus of treated speci-
men was higher than that of untreated specimen. It is indicated that the treatment is
effective to improve the interfacial bonding between fiber and matrix. The effect of
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Figure 3.1 Sugar palm fiber (gomuti).

alkaline treatment on the impact properties of gomuti/epoxy composites was also stud-
ied. It was reported that the impact properties of gomuti/epoxy composites improved
more than 12% after alkaline treatment at 0.5M NaOH solution with 8 hours soaking
time [14].

Beside an alkaline treatment, an environmental treatment was also studied as
reported by Leman et al.,, in which [15] the surface properties of the gomuti improved
after seawater and freshwater treatments. Treatment with seawater for 30 days increases
the tensile strength of the gomuti/epoxy composites more than 67% as compared to
untreated composites.

In term of aging, the gomuti/epoxy performs with higher tensile strength after aging.
The aging process increases the tensile strength up to 50%. The impact strength, how-
ever, slightly decreases (6.33%) after aging, as reported by Leman et al. [16]. The results
show that the strength of gomuti/epoxy composites increases during aging, while the
ductility decreases. Moreover, as the fiber is hydrophilic, the moisture absorption of
the composites increases with the increase of fiber content [17].

Beside gomuti/epoxy composite, studies on gomuti composites with other matri-
ces were also reported [18]. Razak and Ferdiansyah studied the toughness of gomuti/
cement composite. It is reported that the gomuti/concrete composites performed with
higher toughness in comparison with the plain concrete.

The properties of gomuti itself were studied by Ishak et al. [19] and Bachtiar et al.
[20]. From the studies, it is found that the average tensile strength of the gomuti is 190
Mpa, the Young’s Modulus is 4 GPa, and the strain at failure is 20%. Moreover, the
source of gomuti affected both tensile and thermal properties. Gomutis obtained from
different heights of sugar palm trees were characterized. It has been confirmed that
gomuti obtained from sugar palm trees of lower height has higher tensile properties.
The tensile properties are lower at the higher part of the tree. This result is associated
with the optimum chemical composition, especially cellulose, hemicellulose, and lig-
nin. In terms of thermal stability, fibers from the lower part of the tree perform with
higher thermal stability.
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In order to obtain better propeties from the gomuti, Sapuan et al. [21] impregnated
the fiber with phenol formaldehyde (PF) and unsaturated polyester (UP). The effect
of impregnation time on physical and tensile properties of the gomuti was studied.
As a result, the physical properties were significantly improved, especially after 5 min
impregnation with PE The moisture content and the water absorption of the gomuti
decreased without any significant change in specific gravity. The tensile strength and
toughness improved after 5 min impregnation with UP. A different result is obtained
when the fiber is impregnated with PF. Both tensile strength and toughness of the
composites were brought lower after the impregnation with PE Moreover, there was
no significant difference obtained after the extension of impregnation time.

Beside the mechanical properties, other properties were also studied to explore the
benefit of gomuti. Ismail et al. [22] studied the potential of gomuti as soundproof mate-
rial. They reported that the sound absorption coefficients of Arenga Pinnata were from
2000 Hz to 5000 Hz within the range of 0.75-0.90 and the optimum sound absrop-
tion coefficient was 40 mm. Hence, the gomuti has the potential to be used as a sound
absorbing raw material, together with having other benefits such as being cheap, light-
weight, and biodegradable.

3.3 Oil Palm (Elaeis guineensis)

Oil palm (Elaeis guineensis), also known as African Tree, originates from the tropical
rain forest region of Africa [23]. It is a high-yielding source of edible and technical oils.
Hence, oil palm has been grown as a plantation crop in most tropical countries within
10° of the equator. The international trade of palm oil started in the nineteenth cen-
tury. At that time, Africa led the world in production and export of oil palm. However,
Indonesia and Malaysia surpassed Africa’s total palm oil production by 1966. Moreover,
among the five top oil palm producing nations, three of them are Southeast Asian coun-
tries. They are Indonesia, Malaysia and Thailand.

As in many other agricultural products, oil palm generates abundant amounts of
biomass. Properly used, the biomass is not only able to solve environmental problems,
but also generates a new income since the wastes may turn into more useful products.
On the contrary, if the waste is not used, its disposal may lead to environment problems
[24]. This situation attracted the attention of researchers in oil palm producing coun-
tries to explore the use of the biomass.

The wood flour of oil palm has been studied for use as filler in polypropylene (PP)
[25]. It was found that larger-sized filler obtained higher tensile modulus, tensile
strength and impact strength in comparison with the smaller-sized filler. However,
without any treatment, the mechanical properties of the composites decreases with the
increase of oil palm flour content.

Ismail et al. [26] reported the effects of concentration and modification of surface
in oil palm fiber-reinforced rubber composite. After modification of the fiber surface,
the physical properties of the oil palm fiber/rubber composites increased. Although
the tensile strength decreased with the increase of concentration of oil palm fiber, the
modulus and hardness increased. Moreover, modification of surface improved the
adhesion between fiber and rubber, as observed under scanning electron microscope.
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Similar result were obtained when the oil palm wood flour (OPWF) was mixed
with epoxidized natural rubber (ENR). The increase of OPWF content resulted in the
decrease of tensile strength and elongation at break of the OPWF/ENR composites.
However, it increased tensile modulus, tear strength and hardness. Moreover, the cure
(t,,) and scorch time decreased when the OPWF content increased. Larger particle size
of OPWF resulted in shorter ¢, and scorch time, while the highest fiber content with the
smallest particle size resulted in the highest torque [27].

Continuing research then studied the fatigue life of OPWF/natural rubber [28].
Beside the reduction of tensile strength, tear strength and elongation, the increase of
OPWEF loading in natural rubber compounds resulted in the reduction of fatigue life.
When the OPWF loading increases, the interfacial adhesion between the OPWF filler
and matrix gets poorer. This is due to poor wetting of the OPWE.

Beside the wood flour, an attempt to use composite from empty fruit brunch (EFB)
has also been reported. Rozman et al. [29] compounded three sizes of EFB at different
filler loading with high-density polyethylene (HDPE) in a single-screw compounder.
As a result, the modulus of elasticity of EFB/HDPE increased when the filler loading
increased. On the contrary, the modulus of rupture decreased when the filler load-
ing increased. In terms of particle size, sample with smaller-sized particles performed
higher in both modulus of elasticity and modulus of rupture in comparison to that
of larger-sized particles. Moreover, flexural toughness, tensile strength and impact
strength decreased when the filler content increased.

Yusoft et al. [30] reported the mechanical properties of oil palm fiber/epoxy. The
fiber used was in the form of short random fibers. A hand lay-up technique was con-
ducted to produce 5, 10, 15, and 20% fiber by volume. A decreasing trend of tensile and
flexural properties was reported as fiber loading increased.

Hill et al. [31] manufactured EFB/polyester composites after various chemical treat-
ments. The composites were then tested by exposure to decay fungi in unsterile soil for
up to 1 year. It was found that such exposure resulted in deterioration of mechanical
properties. The chemical treatments, however, significantly protected the composites
from severe deterioration.

Rozman et al. [32] modified the EFB filler by maleic anhydride (MAH). The reaction
of EFB and MAH (dissolved in dimethylformamide) was conducted at 90°C. Higher
flexural and impact strength was obtained after the treatment. It is an indication that
the MAH treatment enhanced the adhesion between EFB filler and matrix. Fourier
transform infrared (FTIR) analysis showed that before the reaction occurred, there was
an absorption peak at 1630 cm™, indicating C = C groups inside MAH. After the reac-
tion, the absorption was reduced. The reduction of the absorption indicated the reduc-
tion number of C = C groups inside MAH due to reaction with PP.

Beside adding the coupling agent, irradiation of the EFB composites was also con-
ducted [33]. The EFB-filled poly(vinyl chloride)/epoxidized natural rubber (PVC/
ENR) blends were irradiated using a 3.0 MeV electron beam at doses ranging from 0 to
100 kGy in air and at room temperature. Mechanical tests were performed to measure
the tensile strength, Young’s modulus, elongation at break and gel fraction. Moreover,
the composites were also compared to poly(methyl acrylate)-grafted EFB. As a result,
electron beam irradiation increased the tensile strength, Young’s modulus and gel frac-
tion. The elongation at break, however, decreased. Moreover, although there was an
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improvement in the adhesion between the EFB and the matrix, there was no significant
effect of the grafting EFB with methyl acrylate on the tensile properties and gel fraction
of the composites upon irradiation.

Since the mechanical properties of the EFB/polymer composite are not very high,
Rozman et al. [34] tried to mix the EFB with the conventional glass fiber (GF) and
PP matrix to form a hybrid composite. The incorporation of the EFB and GF into PP
matrix, however, still decreased the flexural and tensile strength, while both flexural
and tensile modulus increased. The flexural and tensile properties improved after the
addition of coupling agents such as maleic-anhydride-modified PP (known as Epolene,
E-43) and 3-(trimethoxysilyl)-propylmethacrylate (TPM). However, insignificant
improvement was obtained after the addition of polymethylenepolyphenyl isocyanate
(PMPPIC). Hence, E-43 and TPM are suitable coupling agents for EFB-GF/PP hybrid
composites.

Another study was conducted on the tensile and impact behavior of oil palm fiber/
glass fiber hybrid bilayer laminate composites [35]. The epoxy resin was impregnated
in the fiber mats and cured at 100°C for 1 h before post-curing at 105°C. An increment
of impact strength was obtained after the addition of glass fibers. When the glass fiber
parts were impacted, the impact strength of the composite was higher than when the oil
palm layers were impacted. In other words, the glass/epoxy parts showed higher impact
strength compared to the oil palm/epoxy parts.

Khalil et al. [36] studied the combination of oil palm fiber and glass fiber as hybrid
composite in polyester matrix. Hybrid laminate composites with different weight ratio
were prepared to study the hybrid effect of glass and EFB fibers on the physical and
mechanical properties of the composites. Generally, the hybrid composites showed bet-
ter properties as compared to EFB/polyester composites without glass fiber.

Beside the glass fiber hybrid composite, hybrid of EFB and jute fibers was also stud-
ied. Two kinds of trilayer hybrid composites were prepared and compared. The com-
posite with EFB as skin material and jute as the core material was compared to the
composite with jute as skin material and EFB as the core material. It was reported that
all the composites were resistant to various chemicals. Moreover, the tensile properties
of the composite having jute as skin and EFB as core material showed higher tensile
properties as compared to the other layering pattern.

Following the trend of using PVC as matrix, research on the use of EFB as composite
in PVC matrix was also reported. Bakar et al. [37] used the EFB as filler in unplasticized
poly(vinyl chloride) (PVC-U). They studied the effects of extracted EFB on the pro-
cessability, impact and flexural properties of EFB/PVC-U composites. PVC-U resin,
EFB and other additives were first dry-blended using a heavy-duty laboratory mixer
and then milled into sheets on a two-roll mill before being hot-pressed and cut into
impact and flexural test specimens. There were two kinds of EFB used in this experi-
ment, which were extracted and unextracted. The FTIR showed that the unextracted
EFB contained oil residue, while the extracted one contained less oil residue. The
results showed that both extracted and unextracted EFB decreased the fusion time and
melt viscosity. However, the fusion time increased with the increase of extracted EFB
content. Meanwhile, there was no significant difference in both the impact and flexural
properties of extracted and unextracted EFB.
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In order to explore more properties beside mechanical properties, Yousif et al. [38]
determined the tribological performance of oil palm fiber/polyester composites. It was
reported that the existence of oil palm fiber in the matrix improved the wear prop-
erties by up to four times compared to unfilled polyester. The friction coefficient of
the composite was less by about 23% than that of unfilled polyester. In terms of wear
mechanisms, there was debonding, bending and tear of fibers, and high deformation
in the resinous region was observed.

We can see that there have been many efforts to study oil palm fibers with various
matrices and various treatments. However, the properties are still limited and cannot
compete with the synthetic fibres. Further development is still needed before the com-
posites can face the competition in the market. Some issues that have not been well
studied and need further work regarding fiber and its composites are [24]:

o Thermal degradation at low temperatures;

o Water absorption, which is related to mechanical properties;
 Various mechanical properties due to various factors;

« Further application with current development.

This presents both a challenge and opportunity for researchers who are work-
ing toward a conclusive outcome regarding the properties of oil palm fiber and its
composites.

3.4 Durian (Durio zibethinus)

Durian actually refers to the fruit of several species of trees belonging to the genus
Durio. There are about 30 recognized Durio species. However, Durio zibethinus is
the only species available on the international market. Hence, in this chapter, durian
refers to Durio zibethinus. It is a fruit that originates from Southeast Asia. The name
“durian” itself comes from an Indonesian and Malaysian word. Duri means thorn. It
describes the fruit, which is surrounded by many thorns on its skin. Durians are pic-
tured in Figure 3.2 ,where their sharp thorn-covered skin can be seen.

Nowadays, more than 50% of the fruit of one durian, including skin, seed, etc., is
considered as waste [39]. Hence, as in the case of oil palm, using durian skin as com-
posite is an attempt to convert a waste into a value-added product. Although not as
extensively used as sugar palm and oil palm, there are several reports on the usage of
durian skin for composite materials, including paperboard.

Khedari et al. [40] reported an initial investigation on the use of lightweight con-
struction material composed of durian fiber, coconut fiber, cement and sand. The
effects of the addition of fiber on thermal conductivity, compressive strength and bulk
density were studied. As a result, it was found that the addition of the fibers reduces
the thermal conductivity of the composite. Moreover, the composite yieldis light-
weight and satisfies the basic requirements of construction materials. It can be used for
walls and roofs. Hence, the potential use of durian as filler in cement composite seems
promising. The development of the composite may lead to an energy-efficient build-
ing, while converting a waste into an added-value product.
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Figure 3.2 Durian, "the king of fruits."

The durian peel and coconut coir mixture was then used to develop low thermal
conductivity particleboards. It was reported that the mixture ratio of durian peel and
coconut coir was optimum at 10:90 by weight. In comparison with durian only par-
ticleboards and coconut only particleboards, the mixture particleboards showed bet-
ter properties, except for the modulus of elasticity. The mixture particleboard is of
lower thermal conductivity, which is suitable for ceiling and wall insulating materials.
With more development, it will not be impossible to use this material for furniture
applications.

A performance simulation test of durian fiber-based lightweight construction mate-
rials was conducted by Charoenvai et al. [41]. Using commercial research software
(WUFI 2D), the heat and moisture transfer through a durian fiber-based lightweight
construction material was calculated. In the simulation, the materials were exposed to
a climate condition of Bangkok when the hygrothermal characteristics of the material
were investigated. From the investigation, it was observed that the weekly mean water
content of the surface of the composite was moderately low. The apparent thermal per-
formance of the composite was highly affected by the moisture. When the water was
absorbed in the pore structure, the thermal conductivity increased, as the thermal
conductivity of water is higher than that of air. Although the mean value of thermal
conductivity was still low, coating of the surface is needed to decrease the moisture
content. After all, the results confirmed that the composite satisfied the requirement of
the construction materials.

Charoenvai et al. then tried to replace the cement with rice husk ash (RHA) [42,
43]. The investigation included oxide analysis, X-ray diffraction, surface area, fine-
ness, and size distribution measurements, together with scanning electron microscopy.
The study concluded that the RHA can be used as a partial replacement for ordinary
Portland cement type I in mortar mixes. The replacement of 30% ordinary Portland
cement with ground RHA performed with maximum strength. Moreover, the fine-
ness of RHA affected the compressive strength of the composites. Finer RHA resulted
in higher compressive strength. In addition, increasing the size of the sand decreased
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the compressive strength, bulk density and thermal conductivity, due to more empty
spaces or voids.

Durian seed is also available in the form of flour. Durian seed flour has been com-
pounded with PP and HDPE to form durian seed flour (DSF)/thermoplastic compos-
ites[44]. The presence of DSF was found to increase the stabilization torque during
mixing and to reduce the tensile strength and elongation at break. The only increased
mechanical property was the modulus of elasticity. For the matrix comparison, the ten-
sile strength and modulus of elasticity of DSF-filled PP were higher than those of DSF-
filled HDPE at the same fiber content. Meanwhile, the elongation at break of DSF-filled
PP was lower than that of DSF-filled HDPE at the same fiber content. It showed a lower
effect in the mechanical properties; there was evidence that filler improved the ther-
mal properties of the composites. Thermogravimetric analysis results showed that the
initial degradation temperature of both DSF/PP and DSF/HDPE composites increased
with the incorporation of DSF. Positive results were also reported on biodegradation.
There was a significant increase in the carbonyl and hydroxyl index of the composite
after a simple biodegradability test. It is evidence that the composites are subjected to
biodegradation.

3.5 Water Hyacinth (Eichhornia crassipes)

Water hyacinth (Eichhornia crassipes) is an aquatic plant native to the Amazon basin.
However, it can easily reproduce and hence has spread all around the world. As a result,
we can now find water hyacinth in most tropical and subtropical countries. The water
hyacinth is one of the fastest growing plants known. As a result, the availability of
this plant, especially in tropical countries, is high. In many places this plant may act
as a pernicious invasive plant. As it is easy to grow, uncontrolled water hyacinth will
cover entire lakes or ponds. As a result, it blocks sunlight and oxygen, often killing fish
and other aquatic animals [45]. Figure 3.3 shows water hyacinth covering a river in
Makassar, Sulawesi, Indonesia. In it can be seen a large area of water covered by water
hyacinth due to the rapid growth of the plants. It depicts the abundance of this resource.
Hence, utilizing water hyacinth (WH) as filler or a reinforcing agent in a polymeric
composite is an interesting concept. It may contribute not only to economic but also
environmental development. Currently the water hyacinth stalk is a raw material used
for many kinds of handmade crafts. However, the usage of this material is low com-
pared to its availability.

Supri and Ismail [46] prepared modified and unmodified low-density polyethyl-
ene (LDPE) and mixed it with water hyacinth fiber (WHF) composites by melt blend-
ing. Tensile test, differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and water absorption behavior test of the composites were conducted. The
NCO-polyol-modified LDPE/WHF showed higher tensile strength, modulus of elas-
ticity, and water absorption resistance as compared to the unmodified LDPE/WHF
composites. However, the elongation at break was better when the LDPE was unmodi-
fied. Moreover, the modified LDPE/WHF offered better thermal properties in com-
parison to the unmodified LDPE/WHE. The NCO-polyol was reported to create better
dispersion of WHF in the LDPE matrix.
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Figure 3.3 Water hyacinth covering a river.

As a continuation of the above research, Supri and Ismail used diisocyanate-polyhy-
droxyl groups as a coupling agent on low-density polyethylene/acrylonitrile butadiene
styrene/water hyacinth fiber (LDPE/ABS/WHF) composites [47]. The coupling agent
was reported to enhance the tensile strength and modulus. Moreover, it also improved
the thermal stability of the composites.

Further development was conducted by modifying the water hyacinth fiber with
poly(methyl methacrylate) (PMMA) [48]. The PMMA-modified WHF was blended
with LDPE and natural rubber (NR) to produce a composite in a LDPE/NR blended
matrix. The results showed that the PMMA-modified WHF composites showed higher
tensile strength and modulus, glass transition temperature, melting temperature and
degree of crystallinity compared to the unmodified WHF composites. The PMMA
was reacted with the fiber and it was shown in FTIR analysis as the presence of ester
carbonyl group and C-O ester group in PMMA-modified WHE Better interfacial
adhesion between fiber and matrix was also found when the WHF was modified with
PMMA. This indicates a lower value of interparticle spacing in modified WHF com-
posites as compared to that in unmodified WHF composites.

Another chemical modification studied was poly(vinyl alcohol) (PVA). The modifi-
cation was conducted in water hyacinth fiber before mixing with low-density polyeth-
ylene and natural rubber to form a LDPE/NR/WHF composite. The tensile strength
and modulus, melting temperature and water absorption resistance of the LDPE/NR/
WHEF composites are reported to increase after PVA modification. However, the elon-
gation at break decreased after the modification. Lower value of interparticle spacing
was also found in PVA-modified WHF composites, enhancing the interparticle interac-
tion between WHF and the matrix.

Furthermore, Abral et al. [49] studied the characteristics of water hyacinth fiber
and its composite with unsaturated polyester. An alkali treatment was used to modify
the surface of the WHE The WHF was treated in various alkali concentrations for 1 h
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Figure 3.4 Flow chart of the water hyacinth-filled HDPE experiments includes: (a) fiber preparation,
(b) material mixing, and (c) material testing.

immersion time before being mixed with the unsaturated polyester. From the experi-
ments, it was found that better mechanical properties were obtained after the treatment
with 7% NaOH for 1 h. However, higher alkali concentrations damaged the cellulosic
structure and decreased the mechanical properties of the composites.

Wirawan et al. [50] and Sutrisno et al. [51] reported the thermal properties of water
hyacinth-filled high-density polyethylene (HDPE). The flow chart of the experiment is
shown in Figure 3.4.

The water hyacinth was sun-dried to remove the water for 24 h. The sun-dried water
hyacinth stalks were then chopped to obtain no more than 3 cm of short fibers. After
the chopping process, the fibers are ready to be mixed with the HDPE matrix. The
fibers and the HDPE pellets were then introduced to a Haake Reomix OS at a tem-
perature of 140°C for a thermal mixing process at a rotor speed of 50 rpm. The HDPE
pellets were fed into the chamber of the thermal mixer to form a melted homogeneous
matrix. About 5 min later, the fibers were also fed into the chamber. The total mix-
ing process took 20 minutes. Various compositions were made as described in Figure
3.5. The outputs of the internal mixer were then hot-pressed to form a platen com-
posite. The composites were then cut to prepare several tests. In this chapter, reports
on the results of thermogravimetric analysis and differential scanning calorimetry are
reported. The thermogravimetric analysis result is shown in Figure 3.6. It can be seen
that the weight of WHE, HDPE and the composite commonly decreased significantly
in a temperature range of 200 to 400°C. The temperature at the initial weight decrease
corresponded to the thermal stabilization of the material. It indicates the temperature
at which the material started to decompose.

There is a small initial weight loss observed at a temperature of around 100°C for
WHE, which corresponds to a moisture uptake. It is known that natural fibers, includ-
ing WHE are hydrophilic in nature, and hence there is always moisture content inside.
Sometimes, the sun-drying process is not enough to remove the moisture. At a higher
temperature, two main stages of degradation were shown. The degradation is related
to the decomposition of the main substance of lignocelluloses, which are cellulose,
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Figure 3.5 Detailed flow chart of experiment.

A X%: Alkaline treated in
concentration of
X%

hemicelluloses and lignin [52]. It was reported that the hemicelluloses and cellulose
degraded at a lower temperature than lignin [53]. Based on the literature, the deg-
radation of cellulose and hemicelluloses is represented by the first stage of degrada-
tion. The higher temperature of degradation corresponds to the degradation of lignin.
Meanwhile, the HDPE performed single stage of degradation, indicating the homoge-
neity of the material in terms of thermal degradation.

Moreover, in Figure 3.6 we can see that the curve was shifted to the lower tempera-
ture when the fiber content of WHF/HDPE composites increased. This corresponds to
the higher degradation temperature of the matrix as compared to the first stage degra-
dation of the fiber. In other words, the thermal stability of the fiber was lower than that
of the matrix. As a result, the first stage of degradation temperature of the composite
decreases when the fiber increases. This phenomenon indicates that less (or no) chemi-
cal reaction occurred between WHF and the matrix. Thus, the mixing of WHF and
HDPE did not change the physical properties of each material.
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Figure 3.7 Thermal stability value of HDPE, WHF and composites.

The value of thermal stability can be identified based on the temperature of the
sample when it is 10% decomposed (a, ). Figure 3.7 clearly shows that the thermal
stability values are slightly lower with the fiber content.

The thermogravimetric analysis of WHE/HDPE composites after various treat-
ments is depicted in Figure 3.8. It can be seen that 5% alkali treatment caused the
decrease of thermal stability of the WHF/HDPE composite. However, when the con-
centration of alkali increased up to 20%, the thermal stability increased. This can be
explained by the fact that alkali treatment removes some particles at the outer part
of the fiber skin. The particles are believed to have higher thermal stability. Hence,
when the particles are removed, the overall thermal stability of the WHF decreased.
However, at the higher concentration, the alkali removes hemicelluloses, which are
of lower thermal stability. As a result, the overall thermal stability of the fiber and the
composite increased. Figure 3.9 shows the comparison of the thermal stability values.

The effect of fiber content on the DSC curve is depicted in Figure 3.10. It can be
seen that there are uniform curves beside the WHE This happened because at the
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Figure 3.8 Thermogravimetric analysis of WHF/HDPE composites after various treatments.
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Figure 3.9 Thermal stability values of the WHF/HDPE composites after various treatments.

temperature of 130-145°C HDPE melts. The melting of HDPE occurred not only in
the unfilled HDPE but also the HDPE in the composite. The peaks shown in the DSC
curves indicate the melting point of the HDPE.

The interesting result here is that the incorporation of the WHF slightly moved the
curve to the left. This indicated that there is a decreasing of the melting point of HDPE
after the incorporation of WHE Higher WHF content resuted in a lower melting point
of HDPE. The comparison of melting points is depicted in Figure 3.11.

Figure 3.12 shows the effect of concentration of NaOH on the DSC curve. The melt-
ing point of the HDPE in the composites slightly increased after 5% NaOH treatment.
However, the significant increase of the melting point was only achieved after 10% of
NaOH treatment. For the NaOH treatment at the concentration of more than 10%, the
increase of melting point was not significant. The comparison of the melting point is
depicted in Figure 3.13.

The significant increase of melting point after 10% alkali treatments shows that, at
that concentration, the NaOH has a role to improve fiber-matrix interface. When the
fiber is untreated, the fiber and matrix is not mixed well due to the hydrophobic nature
of the matrix and hydrophilic nature of the fiber. Hence, the adhesion between fiber
and matrix is poor and there is no heat transfer between fiber and matrix [54, 55]. As
a result, the melting point of the composite is not higher than that of the matrix. After
10% alkali treatment, the adhesion gets better and then the heat transfer occurs. Hence,
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Figure 3.11 Melting points of WHF/HDPE composites at various WHF content.

the fiber, which is of higher thermal stability, also carries the thermal load. As a result,
the melting point of the HDPE in the the composite is enhanced.

Alkali treatment in the concentration of 5% NaOH, is not enough to make a better
fiber-matrix adhesion. As a result, there is no significant increment in thermal stabil-
ity. On the other hand, the 15% and 20% alkali treatment cannot make a fibre-matrix
adhesion better than that of 10% alkali treatment, as the optimum fiber-matrix adhe-
sion is already reached.

3.6 Summary

This chapter has shown the great efforts of researchers in Southeast Asia to develop cel-
lulose-based polymer composite, especially from the abundant resources in Southeast
Asia. In terms of mechanical properties, several treatments, from the cheapest alkali
treatment to the expensive coupling agents, have been reported. However, develop-
ing a cellulose-based polymer composite that can compete with conventional fiber
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Figure 3.13 Melting point of WHF/HDPE composites after various treatments.

composites is still challenging. Many factors are related to the mechanical properties,
from the varied nature of the fiber to the fiber-matrix adhesion. It seems that research
on cellulose-based polymer composites will continue to explore some new methods
and materials for developing new cellulose-based polymer composites. The Southeast
Asian countries have an opportunity to explore more new resources for cellulose-based
materials, as they have unlimited cellulose-based polymer resources.
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Abstract

There is an ever-growing worldwide interest in the use of lignocellulosic fibers as reinforcement
in either thermoset (mainly unsaturated polyester) or thermoplastic (mainly polyolefins) com-
posites. However, the wider use of these fibers for replacing synthetic ones is limited by disadvan-
tages like their comparatively poorer mechanical properties, higher moisture absorption, lower
compatibility to polymers, fiber heterogeneity, inferior durability and also flammability. Among
the ways of minimizing these drawbacks, the concomitant use of vegetable and synthetic fibers,
i.e., producing hybrid composites, is among the most promising strategies. For instance, hybrid-
ization with glass fiber, the most used synthetic fiber, is an unquestionable way of incrementing
overall mechanical and thermal properties. In this context, this chapter presents a review of the
state-of-the-art of hybrid vegetable/glass fiber composites, focusing on the hybridization effect
on the properties of thermoplastic and thermoset polymer matrices composites.

Keywords: Hybrid composites, glass fiber, vegetable fibers, thermoplastic, thermoset

4.1 Introduction

The market for polymer composites is growing continuously mainly based on the fact
that these materials display a combination of properties not attainable by their constitu-
ents alone, and that can be tuned to target specific applications by adequately choosing
matrix, reinforcement, modifiers, processing methods and conditions [1, 2]. There is
also a worldwide interest in the use of lignocellulosic, also known as vegetable fibers,
as reinforcement for these composites. Some of the advantages of using these fibers
include generally lower cost, lower environmental impact, lower specific gravity, lower
abrasion during processing and better end-of-life characteristics. Their use in less strict
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applications is attracting increasing attention in many sectors, especially civil/building,
automotive, packaging, and for consumer goods and acoustic insulation components
(e.g., ceiling paneling, partition boards).

Properties of composites are mostly dependent on their constituent’s identity and
amount, shape, size, orientation, aspect ratio, and matrix/filler adhesion, which is par-
ticularly crucial as stresses are transmitted to the reinforcement through the interface
[3, 4]. In the case of vegetable fibers, which are hydrophilic, their interface with the
polymer, mostly hydrophobic, is poor, which in turn leads to reduced mechanical prop-
erties of the composites [5]. In order to overcome this issue, chemical modifications
(alkali, acetilation, bleaching, benzylation, silanization, monomer grafting, among
others) of the fibers or even of the matrix may be employed. According to Belgacem
and Gandini [6], the best overall results are obtained when the chemical modification
generates covalent bonds between fiber surface and matrix. Fiber surface modifications
also include physical and physico-chemical treatments such as solvent extraction,
corona and plasma discharges, laser, X-ray and UV bombardments [7-9].

Other quicker and simpler solutions include pre-drying and addition of a com-
patibilizer [10, 11]. Pre-drying yields surface moisture removal, and improved
fiber wetting and fiber/polymer adhesion, whereas the addition of a compatibil-
izer, i.e., a component containing both hydrophobic and hydrophilic moieties in
its structure, allows the formation of chemical bonds (covalent or van der Waals)
between fibers and matrix. However, mixed success has been reported in the litera-
ture for the use of adhesion promoters/compatibilizers with results greatly depen-
dent on the matrix employed, the type and amount of the filler, the amount and
characteristics (e.g., chemical nature, molecular weight, etc.) of the promoter, the
incorporation method and the composite processing technique, among others. In
general, although the use of adhesion promoters leads to reduced water absorption,
better tensile properties and processing, the elongation at break, toughness and
impact properties are often either not enhanced or reduced. In fact, if toughness
and impact, rather than tensile properties are desired, the use of elastomeric impact
modifiers may be an alternative.

It should be noted, however, that the thermal and mechanical properties of veg-
etable fiber reinforced polymer composites are notoriously lower than those of similar
composites reinforced with synthetic fibers (e.g., carbon, glass, aramid) [1, 2, 12]. The
above-mentioned techniques, i.e., fiber drying and surface treatment or the addition of
a compatibilizer, are mostly not enough to adjust the properties of vegetable fiber rein-
forced polymers to the desired level. Moreover, even though these treatments enhance
adhesion, there is some controversy in the literature about their effect on the mechani-
cal properties of the fiber itself and even when a more pronounced gain is noticed after
treatment, the improvement for the composite is often within the scatter of the results.
In addition, the cost and environmental impact of some of these treatments, especially
of those more elaborated, often prevent their industrial scale applications.

Indeed, a wider use of vegetable fibers in composites replacing synthetic fibers, or
more realistically, glass fiber, in either thermoset (mainly unsaturated polyester) or
thermoplastic (mainly polyolefins) composites is mainly limited by their comparatively
poorer mechanical properties, higher moisture absorption and lower compatibility to
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polymers. Inferior durability and even flammability may become an issue. Fiber het-
erogeneity, translated by the large bounds of properties presented by them due to their
very own nature, is also a concern.

Even with those limitations, vegetable fibers have been successfully employed in a
range of applications [13], in some of them replacing glass fibers. For instance, Cicala
et al. [14] observed similar mechanical behavior and notable weight and cost reduction
in pipes as a consequence of replacing glass mats by hemp mats. La Rosa et al. [15]
carried out life cycle impact assessment on these hybrid composites and reported on
the benefits of using hemp focusing on estimated damage to human health, to ecosys-
tem quality and to resources. They concluded that damage on resources are reduced
because hemp is renewable. Also, its improves several indexes, for instance, related to
ozone layer depletion, human toxicity, particulate matter formation, ionizing radiation,
climate change, terrestrial acidification, freshwater and marine ecotoxicity, urban land
occupation, natural land transformation, and metal and fossil depletion. Only the agri-
cultural land occupation index was considered detrimental. In addition, lignocellulosic
fibers require much less energy in their production than any synthetic fiber, they are
biodegradable and neutral in respect to CO, emission [16, 17].

Even so, the use of glass fibers on composites has several advantages worth men-
tioning. The intrinsic properties of glass fibers are higher and the variability in their
properties is far smaller than those of lignocellulosic fibers; and glass fibers originate
stronger fiber/matrix interface and their properties are not affected by the tempera-
tures employed for processing thermoplastic matrices. The water uptake of glass fibers
is minimal (1% for glass and 5-15% for lignocellulosic fibers), which is of importance
because moisture causes dimensional variation in composites and ultimately affects
their mechanical properties. Also, during manufacturing, moisture yields voids and
affects fiber/matrix bonding with a detrimental effect on mechanical properties.

4.1.1 The Hybrid Concept

Hybrid composites may be defined as systems in which one kind of reinforcing mate-
rial is incorporated into a mixture of different matrices (blends) [18], or when two or
more reinforcing/filling materials are present in a single matrix [19, 20], or also if both
approaches are combined [12].

The concept of hybridization provides even greater flexibility to the design engineer
to tailor the material properties according to particular requirements. In a hybrid com-
posite containing two or more fibers, which is the most common type of hybrid, the
properties of one fiber could complement the other, resulting in cost and performance
balance through proper material design [21], considering that the characteristics of
these composites are, in general, a weighed sum of the individual components.

The final performance of hybrid composites will be dictated by the same factors that
affect ordinary single-fiber composites, such as matrix and fiber type, length and shape
of the fibers, fiber/matrix interfaces, overall fiber content and orientation. But in the
case of hybrid composites, their properties also depend on fiber volumetric ratio, failure
strain of individual fibers and how they are arranged in the composite, i.e., the hybrid
design. Regarding the hybrid design, reinforcements may be combined in various
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ways, such as fiber-by-fiber mixtures ("intimate" or “intralaminate” hybrids), tow-by-
tow mixtures ("discrete” or "zebra" hybrids), layer-by-layer mixtures (“interlaminate”),
skin-core-skin structures (i.e., sandwich structures), internal ribs and external ribs [22].
Interlaminate, or simply laminate, consists in depositing layers produced with different
fibers, whereas in intralaminates, both fibers are entangled (i.e., intermingled) within
a single layer. Especially for the latter, optimum hybrid results are obtained when the
fibers are strain compatible [23].

As previously discussed, considerable research work has been devoted to ways of
minimizing drawbacks associated with of vegetable fibers (e.g., hydrophilic character,
high water absorption and temperature limitations), and the concomitant use of
vegetable and synthetic fibers, i.e., one type of hybrid composite, is among the most
promising strategies. For instance, hybridization with glass fiber, the most used synthetic
fiber, is an unquestionable way of achieving desired mechanical properties and physical
characteristics. The individual characteristics of the fibers may be transferred to the
final composite, originating a material with generally intermediate properties with
potential broadening of the original range of applications.

In addition, since lignocellulosic fibers are commonly less expensive than glass ones,
replacing a certain amount of glass by vegetable fibers can increase, on a cost basis, the
competitiveness of these hybrid composites. For example, cost savings ranging from 10
to 20% are reported for hybrid composites where glass fibers were replaced by hemp
(Cannabis sativa), flax (Linum usitatissimum) or kenaf (Hibiscus cannabinus) fibers,
even using a very low volume fraction of these natural fibers—within 8-11% [16].
Also very important is the fact that vegetable fibers are less abrasive than glass fibers to
molds and processing equipment, which will translate into long-term cost savings since
maintenance or replacement of parts will be reduced.

Recent literature may be found on the hybridization of sisal/glass, bamboo/glass,
hemp/glass, palm fiber/glass, jute/glass, curaua/glass, kapok/glass, pineapple/glass,
ridge gourd/glass, mostly using hybrid mats, hybrid fabrics, or a stack of mats or fabrics.
On this context, this chapter presents a brief review on the state-of-the-art of vegetable/
glass fiber composites focusing on the effect of hybridization on their final properties.

Both thermoplastic and thermoset polymer matrices are addressed below and some
of the advantages associated with them are discussed. Nevertheless, it is worth men-
tioning that hybrid fibrous fillers have also been added to elastomeric matrices. For
instance, Anuar et al. [24] worked with glass/oil palm empty fruit bunch fibers as rein-
forcement for natural rubber. Interfacial adhesion, and properties were determined as a
function of fiber content and modification. Their results showed that the properties of
natural rubber were enhanced with fiber incorporation, adhesion was not poor and that
both untreated and treated (using silane and maleic anhydride grafted polypropylene)
composites displayed a good set of properties. The optimum tensile and impact prop-
erties were achieved with composites having 10% each empty fruit bunch and glass
fibers. Also, Wan Busu et al. [25] reported the properties of kenaf/glass fiber reinforced
natural rubber composites compounded by the melt blending method. Composites of
various fiber contents (0-20 vol%) were prepared and the authors found that optimized
properties were obtained with a hybrid composite having a 3:1 kenaf/glass ratio.
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4.2 Vegetable Fiber/Glass Fiber Thermoplastic Composites

Although thermoplastics, thermosets and elastomers can be used as matrix of poly-
mer composites, thermosets are more widely used mainly due to the processing tech-
niques employed in their manufacture, that allow for the easy use of long fibers, mats
and fabrics as reinforcement. Thermosets are also generally more thermally stable
than thermoplastics, and these two reasons lead to products with significantly higher
mechanical properties which are less affected by thermal variations than thermoplastic
composites [1, 2, 12].

However, there are also drawbacks associated with thermoset composite manufac-
turing, which is broadly considered slow and non-versatile and, also, impossible to eas-
ily reprocess. Indeed, recycling of polymer composites, particularly of thermosets, is
rather difficult since their constituents are very difficult to isolate in an economically
viable way [1].

On the other hand, thermoplastic composites, especially those with short fibers, are
more complacent as they allow for primary recycling and the use of common pro-
cessing equipment such as extruders and injection machines. However, polymers, par-
ticularly thermoplastics, tend to degrade during processing and exposure, which may
significantly affect their mechanical properties with reprocessing and reuse. Reusing
these materials may become such a burden that, despite economic and environmental
considerations, it is sometimes preferred to discard or to incinerate rather than repro-
cess them [12, 26].

Nevertheless the use of thermoplastics for polymer composites, although less ther-
mally stable and not as strong as thermosets, has steadily grown. Fibers, particularly
glass, but also carbon, are widely used, generating products with much improved
mechanical properties, which are attainable even with short fibers [1, 2, 12]. It is impor-
tant to add that there are also thermoplastic composites with long fibers, but they are
much less common, usually being found in specific high-technology applications.

The reasons for manufacturing vegetable fiber reinforced thermoplastic compos-
ites include easier processing, reprocessing possibilities and partial substitution of
non-renewable (i.e., the polymer) for renewable resources, minimizing environmental
impact. These composites have been used in a variety of less demanding applications
such as panels, packaging, gardening, utilities and furniture. Despite the fact that their
mechanical properties are not as good as their ceramic-filled counterparts, vegetable
fiber reinforced thermoplastics may display other interesting characteristics such as
thermal and acoustic insulation.

The lignocellulosic materials mostly used as fillers in thermoplastic composites
include wood flour, starch, rice husk and a wide variety of vegetable fibers available such
as jute, sisal, flax, hemp, coir, banana, pineapple, among others. And whenever vegetable
fiber reinforced thermoplastic composites with higher properties are needed, possible
solutions include improved adhesion, better fiber orientation, and filler hybridization
with synthetic fibers or mineral fillers. The latter solution is an intermediate alternative
regarding environmental friendliness, cost, weight and performance compared to an all
synthetic composite [12, 26].
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Most of the literature related to thermoplastic hybrid composites with at least one
lignocellulosic fiber addresses their mechanical properties as a function of fiber length
and content, extent of fiber intermingling, hybrid design, fiber chemical treatment, and
use of coupling agents to improve fiber/matrix bonding. The matrices employed in these
thermoplastic composites are mainly based on polypropylene (PP), polyethylene (low-
and high-density), polystyrene, poly (vinyl chloride) and polycarbonate. Although
there are cellulosic/cellulosic and cellulosic/synthetic fibers reinforced thermoplastic
hybrid composites, the focus here is on hybrid cellulosic/glass fiber thermoplastic com-
posites only, which is further discussed below.

a) Polypropylene (PP) based-hybrid composites:

Several researchers have studied the influence of vegetable fiber/glass fiber hybrid-
ization on the properties of PP composites. The vegetable fibers employed included
bamboo, empty palm fruit bunch, sisal, jute, flax and hemp, among others. Rozman
et al. [27] investigated the effect of fiber loading levels and compatibilizer addition on
the properties of PP-empty palm fruit bunch-glass fiber composites. They obtained
reduced flexural and tensile strengths with the addition of both fibers to the PP matrix
but these properties increased with overall fiber loading and the presence of coupling
agents. In a follow-up study [28], they investigated the effect of oil extraction of the
empty palm fruit bunch on the same properties and obtained significantly higher ten-
sile and flexural properties with this procedure. Scanning electron microscopy (SEM)
study revealed that oil extraction had resulted in the formation of continuous interfa-
cial regions between EFB and PP matrix, and in an increase in matrix ductility.

Thwe and Liao [29] investigated the effect of environmental aging on the proper-
ties of bamboo/glass fiber reinforced PP composites and found that aging in water for
1600 h was reduced nearly two fold with glass fiber incorporation, which shows that
durability of bamboo fiber reinforced PP can be enhanced by hybridization with a small
amount of glass fibers. They stated that water immersion leads to a decrease in mechan-
ical properties which is more prominent at longer times and high temperatures and that
compatibilization strongly reduces these deleterious effects. The authors concluded that
the hybrid approach of blending more durable glass fiber with bamboo fiber is an effec-
tive way to improve durability of natural fiber composites under environmental aging.
These bamboo/glass fiber reinforced PP systems were also studied in [18, 30, 31], who
reported an increase in mechanical properties of the systems and a decrease in water
uptake with glass fiber hybridization and glass content. Thermal properties also tended
to improve with both hybridization and compatibilization.

Panthapulakkal and Sain [32] investigated the mechanical, water absorption and
thermal properties of injection molded hemp/glass fiber-reinforced PP composites and
concluded that hybridization with glass fibers improves the mechanical properties of
short hemp fiber composites. Reis et al. [33] studied the flexural behavior of hand-
manufactured hybrid laminate composites with a hemp fiber/PP core and two glass
fibers/PP surface layers at each side of the sample. When compared with glass fibers
reinforced PP laminates, the hybrid composites showed economical, ecological and
recycling advantages and also specific fatigue strength benefits.
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Jarukumjorn and Suppakarn [34] incorporated glass fiber into sisal/PP compos-
ites, compatibilized with PP-g-MA, and found enhanced tensile, flexural, and impact
strength but no significant effect on tensile and flexural moduli. In addition, glass fiber
incorporation improved thermal properties and water resistance of composites.

Samal ef al. [35] described the properties of PP/banana-glass fiber composites and
concluded that glass fiber addition led to improved mechanical performance of the
composite and decreased water uptake. They also reported better interfacial adhesion
and thermal properties with compatibilizer addition and hybridization.

Shakeri and Ghasemian [36] investigated moisture absorption of recycled newspa-
per-glass fiber reinforced PP composites targeting outdoor applications. They observed
that the incorporation of glass fibers and particularly the addition of maleated PP sig-
nificantly reduced water absorption and thickness swelling, making these composites
suitable for use in damp places, such as the interior of bathrooms, wood decks, food
packaging, among others.

b) Polyethylene (PE) based hybrid composites:

A number of papers [37-45] on vegetable/glass fiber hybrid PE composites have also
been published. The basic findings are similar to those reported for PP/vegetable/glass
composites, i.e. mechanical and thermal properties of the composite improve with fiber
content and compatibilizer incorporation, the properties are more sensitive to the rela-
tive amount of glass fibers, and water uptake is reduced and durability increases with
glass fiber addition. In other words, hybridization of vegetable fibers such as sisal, jute,
flax with glass fibers leads to composites with a good combination of properties, which,
in many cases, are a weighted sum of the contributions of the individual reinforcements.

¢) Other matrices:

A number of other thermoplastics such as polystyrene (PS) [46] and poly (vinyl chloride)
(PVC) [47-49] have also been used as matrices for the manufacture of hybrid vegetable/
glass fiber thermoplastic composites. Properties vary with the nature of the compo-
nents, their relative amounts, particle size, affinity and properties, but here again, the
main conclusions point out that overall properties increase with fiber content, particu-
larly that of glass fibers, appropriate selection of processing conditions and fiber sizing,
and the use of a compatibilizer. Polar matrices usually do not require chemical modifi-
cations of the fibers or of the matrix, and may even preclude the use of a compatibilizer,
although these substances may also act as processing aids and help fiber dispersion,
which in turn enhances mechanical performance of these composites.

4.3 Intra-Laminate Vegetable Fiber/glass Fiber Thermoset

Composites

As discussed above, hybridizing vegetable fibers with synthetic fiber such as glass fiber,
significantly improves strength, stiffness, moisture and fire-resistance behavior of the
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original lignocellulosic fiber composite [40]. The increase in fiber volume fraction
also has a positive influence on composite mechanical properties such as stiffness and
strength [50, 51]. The fiber length and the consequent fiber aspect ratio should also be
considered when dealing with non-continuous fibers [48].

In the case of intralaminate vegetable fiber/glass fiber thermoset composites, the
manufacturing possibilities are numerous. In many cases, compression molding is cho-
sen, as in Romanzini et al. [52], Mishra et al. [40], Ahmed et al. [53], Almeida Jr. et al.
[54], or Hand Lay-up, as in Biswas and Satapathy [55], Ramesh et al. [56], Ramnath
et al. [57]. For instance, Cicala et al. [14] produced curved pipes in glass fabric/natu-
ral mat fiber hybrid composites by hand lay-up. The type of fabric used to produce
the composites was considered an important issue and various were evaluated, namely,
E-glass woven, E-glass random mat and C-glass liner from HP-Textiles (for E-glass
woven and mat), and mats of hemp, flax and kenaf.

Curaua, a vegetable fiber from the Northern Region of Brazil, has been used to pro-
duce hybrid thermoset composites with glass fiber. As the intended application in their
case was automotive components, commonly submitted to shear loading, composites
were losipescu shear tested according to ASTM D5379 and also evaluated using the
impulse excitation technique [54]. The obtained hybrid composites were considered
successful, especially for the 30% fiber volume case, and a curaua/glass fiber ratio of
30/70, which showed a good balance between low weight and high mechanical proper-
ties. They produced hybrid vegetable/glass fiber epoxy intralaminar composite using
curaua fiber rope and chopped glass fibers, been both randomly mixed and compressed.
The overall fiber volume fraction ranged within 20-40% and the mat was dried prior to
molding. The authors identified some factors that significantly influenced the results,
including fiber type and content. In a complementary work, Almeida Jr. et al. [58]
carried out thermal, mechanical and dynamic mechanical analyses of the same hybrid
intralaminate composites and identified higher thermal stability and higher impact
strength and hardness for the glass reinforcement. An increase in storage modulus was
noticed whereas the glass transition temperature showed no significant trend with glass
incorporation.

In both studies shown above, the authors dried the hybrid fiber mat prior to mold-
ing. The importance of the drying stage lies in the fact that the high content of moisture
of natural fibers is detrimental for the properties of the composite [2], since, in com-
bination with the hydrophobic character of the polymer matrix, is responsible for void
formation and weak adhesion [59].

Polyester resin composites with pineapple leaf mat-glass fibers and sisal mat-glass
fibers were studied by Mishra et al. [40], who reported the influence of fiber content
on tensile, flexural and impact properties. The use of natural fiber was justified based
on the moderately high specific strength and stiffness of these fibers which could prove
suitable for thermoset polymer composites. Due to the expectedly poor fiber/matrix
adhesion, the authors washed both natural fibers with detergent solution and deionized
water and later dried them. The sisal fibers were also submitted to alkali treatment to
remove waxes, followed by cyanoethylation and also acetylation. Optimum glass fiber
loadings for pineapple leaf/glass and sisal/glass hybrid polyester composites were found
for 8.6 and 5.7 wt.% of glass fibers, respectively, for an overall fiber content of 25 wt.%
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and 30 wt.%, respectively. They observed decrease in water absorption due to hybrid-
ization and after surface treatment of the natural fiber.

Atiqah et al. [60] carried out mercerization treatment of kenaf fiber and a mat of this
material was used to produce hybrid polyester composites with woven glass fiber. Since
the intention was to obtain high mechanical strength with good moisture resistance,
mercerization was considered important to achieve that. Higher tensile strength and
modulus were obtained for composites when treated kenaf was used, which was justi-
fied by the more suitable fiber matrix interface that improved load carrying capacity
and fiber/matrix load transfer. The authors also studied the Izod impact properties,
and an increase of 11% in this property for the treated kenaf was reported in hybrid
kenaf/glass fiber composite. The kenaf/glass arrangement was also found to contrib-
ute for the observed mechanical behavior which assisted the composite in withstand-
ing the impact force. A limit in kenaf fiber volume of 15% was established since Izod
impact strength decreased for higher kenaf content, and the treated kenaf-glass hybrid
composite (15/15 v/v) showed the highest flexural, tensile and impact strength of the
studied formulations.

Davoodi et al. [61] also studied a kenaf/glass reinforced epoxy composite, in their
case focusing on passenger car bumper beam application and characterized the
material based on tensile and Izod impact testing according to ASTM D3039 and D256
standard, respectively, among other evaluations. The hybrid composite was considered
able to be utilized in automotive structural components such as the bumper beam
but conditioned to an improvement in impact behaviour, that could be achieved by
optimizing structural design parameters (thickness, beam curvature and strengthening
ribs) or through material improvement such as epoxy toughening to modify the ductil-
ity behavior and improve energy absorption.

Velmurugan and Manikandan [62] prepared a hybrid composite using palmyra/
glass fiber reinforcement and rooflite resin, which is known to produce a strong bond
with glass-fiber mat. The fiber fraction weight was kept in 55%, but the amount of
palmyra (28-55%) and glass (27-0%) fiber were varied. The composites were charac-
terized under tensile, flexural, impact and shear testing. The best glass/palmyra fibers
composition regarding mechanical properties was 20/35 wt%. The inclusion of a small
amount of synthetic fiber improved the overall strength with a consequent increase in
barrier properties, allowing them to conclude that natural/synthetic fiber hybridiza-
tion was an optimal approach to improve mechanical characteristics and durability of
natural composites.

4.4 Inter-Laminate Vegetable Fiber/glass Fiber Thermoset
Composites

Hybrid glass fiber/vegetable fiber composites are a fine way of combining the advan-
tages of both kinds of fibers, and to minimize their disadvantages. A balance of proper-
ties of both fibers is usually obtained when hybrid composites’ properties are compared
to those properties of single-fiber systems [63]. Regarding the development of vege-
table fiber/glass fiber thermoset composites a major decision is on how they can be
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suitably manufactured. The usual manufacturing methods are hand lay-up, compression
molding, resin transfer molding and associated processes such as RIM, and filament
winding [63-66]. Apart from the FW technology, where fiber roving is the raw material,
the other processes mostly use fabrics, chopped fibers and mats. In fact, a useful way to
manufacture hybrid composites is by using fabrics and mats instead of unidirectional
or chopped fibers. Fabrics are easier to handle and drape during the manufacture of
parts, and prepregs can be more easily manufactured with fabrics than with roving, for
example.

Because of that, hybrid woven fabrics with glass, carbon or aramid fibers are largely
used in advanced polymer composites [67], and the same approach can be used when
glass/vegetable hybrid composites are required [68]. For example, hybrid polyester
matrix composites produced with glass and jute (Corchorus capsularis) fabrics with the
plain weave configuration presented flexural strength comparable to that of glass fiber
composites [68]. Flexural loading is, in fact, a convenient load configuration to evalu-
ate hybridization, since the stronger and more expensive glass fiber can be placed at
the outer layers of the composite to withstand the higher stress loading at that position
[69]. The use of glass with jute fibers also minimizes the effect of fiber surface treat-
ments, intended to improve the vegetal fiber/matrix interfacial strength, upon the over-
all mechanical behavior of a hybrid composite. Therefore, the use of untreated fibers
could become feasible and this is a relevant aspect since the use of chemicals will both
increase the cost of the final composite as also reduce the “green” approach of the veg-
etable fibers. The use of an outer layer composed of glass fiber and a core of jute fibers
could also enhance the aging behavior of the composites, since the outer layers can
protect the jute core from weathering [70].

As a matter of fact, many authors consider that the behavior of hybrid composites
is mainly influenced by the properties of their outer fiber layers, and that optimum
mechanical properties can be obtained by placing high strength fibers at the outer
layers [71]. However, this is not a general rule, and depending on the external load
being applied to the composite, the use of at least one vegetal fiber outer layer can be
of interest.

Another important aspect in the use of hybrid glass fiber-vegetable fiber compos-
ites is related to their toughness. Clark and Ansell [72] showed that the use of ran-
dom jute fibers mat and woven glass fabrics can increase the fracture toughness and
the impact resistance of composites. They used several layer stacking sequences and
obtained maximum fracture toughness when jute layers were at the core of the compos-
ite, sandwiched between glass layers. The increase in fracture toughness was attributed
to the additional jute mat to glass fabric interfacial ply separation, and the consequent
blunting of the crack propagation. Recent analysis using design of experiments showed,
indeed, that a careful design of the layer stacking sequence can be a powerful tool to
optimize the mechanical performance of hybrid jute/glass composites [73].

The use of a symmetric laminate, which has only zero elements in its [B,] coupling
matrix, favors tensile and flexural behavior [74]. The impact strength of jute/glass
hybrid laminates was recently analyzed by Yu et al. [75], who compared the asymmetric
jute/jute/glass laminate and the symmetric jute/glass/jute laminate. The results showed
higher impact strength of the hybrids in respect to an all-jute composite and also that
the asymmetric configuration presented as much as 66.7% higher impact strength than
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the symmetric one. This behavior is similar to the one described when asymmetric
glass/aramid hybrid composites were tested under impact [76]. The increase in energy
absorption capacity of these hybrid was attributed to the presence of energy consum-
ing mechanisms due to the non-zero coupling elements A and A, at the laminate
extensional stiffness matrix, A, and D, and D, at the laminate bending stiffness
matrix, Dij.

Besides jute, several other hybrid composites combining glass and vegetal fibers were
investigated, such as sisal, flax, curaua (Ananas erectifolius), abaca (Musa textilis) and
loofa or sponge gourd (Luffa cyllindrica), to cite a few of the fibers being evaluated [16,
77]. Although properties vary when a particular vegetal fiber is used or when different
thermoset matrices are used, the overall behavior of the majority vegetal fiber/glass
fiber thermoset composites follows the common trend summarized above for jute/glass
hybrid composites.

For example, Amico et al. [77] analyzed the influence of the stacking sequence of
sisal/glass hybrid composites. They found that the mechanical properties of the hybrid
composite can be very similar to those of the pure glass composite depending on the
loading being applied and of the stacking sequence. The optimal flexural behavior was
obtained when the sisal fiber layers were sandwiched between the strong glass layers.
In addition, Mishra et al. [40] observed that the use of glass fiber greatly reduced water
uptake in sisal/glass and pineapple (Ananas comosus)/glass hybrid composites.

The use of a sandwich configuration with outer layers of glass fibers is indeed the
approach chosen by several authors. Salleh et al. [78] tested several layer-arrangement
configurations of glass and kenaf fibers. They varied the kenaf fiber aspect ratio and
used chopped strand or woven glass fiber, reporting an increase in tensile strength with
the aspect ratio of the kenaf fibers. It was also found an increase in tensile properties for
the hybrid composites with respect to the pure-kenaf fiber composites.

Toughness increase due to hybridization was also discussed and presented by sev-
eral authors. Santulli et al. [79] observed that the substitution of glass fibers by flax
fibers at the composite’s core enhanced impact damage tolerance and hindered damage
propagation. These authors also observed that substitution of glass by flax fiber brought
a significant weight reduction when the hybrid composite was compared to the pure-
glass fiber one. Similar results for flax/glass fiber composites were reported by Zhang
et al. [80]. Adekunle et al. [81] also studied glass/flax composites and stressed a weight
reduction when flax was used instead of glass fibers. Since they used a different stacking
sequence, with sandwiched glass fiber mats between woven and non-woven flax fibers,
the effect of the more resistant glass fibers was only observed when tensile proper-
ties were measured. Under flexural load, the laminates of distinct construction showed
similar performance, what was attributed to the particular stress distribution and to the
proximity of the glass fiber to the neutral axis of the test specimen.

Morye and Wool [82] used symmetric and non-symmetric stacking sequences with
glass/flax hybrid composites and also varied the glass/flax fiber ratio, namely, 100/0,
80/20, 60/40, 40/60, and 0/10. For non-symmetric composites, flexural and impact
tests were performed with the top face of the composite being either glass fibers or
flax fibers. The mechanical properties of the composites were found to depend on the
fiber layer arrangement in the composite, and the non-symmetrical laminates with
flax at the loaded top face presented superior performance under flexure or impact.
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When the impact behavior is under consideration, the performance of the hybrid com-
posites, regardless of the glass/flax ratio, was even better than that of both single-fiber
composites.

Sreekala et al. [23] observed an increase in impact strength when a small amount of
glass fiber was used along with oil palm (Elaeis guineensis) fiber in composites. In fact,
the impact behavior of some of the hybrids was greater than that of the pure-glass fiber
composite. This behavior was partially attributed to oil palm fiber debonding and pull-
out mechanisms. Also, density of the composite decreased for higher volume fraction
of oil palm fiber.

The increase in tensile and impact strength due to glass-fiber incorporation was also
obtained when oil palm/glass fibers hybrids were investigated [83]. Non-symmetric
laminates were used, and the impact strength was also dependent on the face under
loading. However, differently from the work of Morye and Wool [82], the best perfor-
mance was obtained when the glass fiber layers were at the top loaded face. In this case,
the variation in impact strength with the glass fiber content was fairly well modeled
using a rule of mixtures approach. The increase in impact strength was attributed to
extensive delamination between the glass fiber layers and also at the glass fiber/oil palm
fiber layer interfaces.

The optimization of the mechanical behavior of palmyra (Borassus flabellifer) waste
fibers composites was reported when these fibers were used in hybrid composites with
glass fibers [84]. The hybrid composites were prepared with a total fiber weight of 60%,
and with glass fibers as the outer layers. The mechanical properties increased with the
amount of glass fibers, and, for a particular amount of glass fibers (7 wt%), impact
strength increased with the amount of palmyra fibers.

The increase in fracture toughness brought by delamination of weak interfaces was
also observed when sponge gourd fibers were used in hybrid glass fiber/sponge polyes-
ter composites [85]. Sponge gourd fibers are in fact a natural fiber mat that causes crack
path deviation, leading to a controlled fracture mode of the composite and increasing
composite’s toughness. The fracture mode changed from abrupt to a controlled one
when sponge gourd fibers were sandwiched between the glass fiber layers.

Hybrid composites using other less common fibers have being investigated by sev-
eral researchers, for instance, Mahesh et al. [86] studied elephant grass (Miscanthus
sinensis)-glass fiber hybrid composites. Abiy [87] studied bamboo fiber (Bambusa
sp.)-glass fiber composites, varying bamboo:glass fiber ratio and the layer stacking
sequences. The tensile properties of the [0/90/0/90] laminates improved for higher
glass fiber content, and an optimum result was obtained in respect to tensile modulus
when the bamboo:glass ratio was 50:50. The three point bending testing of the [90,/0,/-
45/45] laminates yielded maximum flexural strength for the hybrids with bamboo:glass
fiber ratio of 15:85, whereas the 30:70 and 50:50 ratios produced comparable strength
in relation to the pure glass fiber composite.

Kapok (Ceiba pentandra)/glass fiber composites were manufactured using untreated
and alkali treated kapok fibers [88]. The glass and kapok fibers were used as fabrics
and the relative kapok fiber fraction was varied within 0-100%. The tensile strength
and modulus of the composites increased with the glass fiber content as usual, and
the hybrids showed greater properties compared to the pure matrix, even when only
25% of kapok fibers were used. The chemical treatment of the fibers did not produce
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a significant effect regarding tensile strength, although an increase was obtained for
the composites with higher kapok fiber relative content. Tensile modulus, on the
other side, showed a marked increase when alkali treated fibers were used, indicat-
ing an enhancement in fiber/matrix adhesion. In the work of Priya and Rai [89], a
similar trend was found for silk (Bombyx mori)/glass fabric hybrid composites, with an
increase in mechanical properties even when just a small amount of glass was incorpo-
rated into silk fiber composites. The incorporation of glass also reduced water uptake of
the hybrid composite compared to that of the pure-silk fiber composite.

Ramnath et al. [57] went one step further and combined three simultaneous fiber
reinforcements, namely abaca, jute and glass. Abaca fiber, which belongs to the banana
family, are usually extracted from the plant trunk, but in this study, they were extracted
from the base of the banana leaf. Jute is a natural fiber produced by retting process
and can be spun into coarse or strong threads. The composites were manufactured
in a way that jute fibers were flanked by abaca fibers on both sides, and glass fibers
sandwiched this assembly on both top and bottom layers. Mechanical characterization
was conducted based on impact (ASTM D256), tensile (ASTM D638), flexural (ASTM
D790) and double shear (ASTM D5379) testing. The abaca/jute/glass hybrid composite
showed better properties than the abaca/glass or the jute/glass hybrids, and an intra-
fiber delamination process was identified in the abaca mat, which was responsible for
a reduced strength.

4.5 Concluding Remarks

An overview of the work being performed on hybrid vegetable/glass fiber composites
was presented. The use of natural fibers in industrial applications provides several
challenges for researchers and product developers as differences in elastic and polar
characteristics between the different fibers and matrices need to be taken into
consideration.

The studies in the literature indicate that several different vegetable fibers have been
mixed with glass fibers and incorporated into a number of polar and non-polar poly-
mers, including thermoplastics, thermosets and even natural rubber. The influence of
fiber content and relative amounts, fiber length, modification of both fibers and matri-
ces and the use of compatibilizers on the mechanical and thermal behaviour of these
systems was described.

A wide variety of research work is being conducted worldwide with sometimes con-
flicting ideas. Focus usually lies on physical, especially water absorption and degra-
dation, and mechanical properties of hybrid composites. The research on electrical,
thermal, acoustic and dynamic mechanical properties of hybrid vegetable/glass ther-
moplastic composites, however, is more restrict.

As expected, the nominal values of the various properties vary widely from system
to system and are also dependent on processing and testing conditions. Even though
a very different group of fibers and polymer matrices were presented here, some gen-
eral trends can be identified. Perhaps, the main one is that fiber hybridization even
with a small amount of glass fibers can significantly improve the physical and mechani-
cal properties of natural fiber polymer composites. Moreover, these properties can be
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further enhanced by the use of a compatibilizer and proper processing conditions as
they improve fiber/matrix adhesion and promote filler dispersion. It was found that
the thermal stability of the composites also increased with glass fiber addition and that
the properties of the systems can be reasonably estimated by a weighted sum of their
individual properties.

In short, hybrid composites are cost effective and can be used in a number of indoor
and outdoor applications. Future research on hybrid composites, currently driven
mostly by their possible automotive applications, needs to explore other sectors, such
as building, rural, biomedical and perhaps even in non-structural aircraft components.
Challenges still exist in suitable analytical modelling on most of the published results
and they could not only help in interpreting the experimental results but also in opti-
mization, targeting specific, more demanding, applications.

Despite the fact that these composites are not as ecofriendly as their pure-vegetable
reinforced counterparts, they do help reducing the amount of synthetic non-readily
recyclable material on these composites and result in products with better mechanical
and thermal properties, with a positive hybrid effect reported for several glass/natural
fiber composites. Hybrid glass fiber/natural fiber composites usually display better
toughness than pure-glass fiber composites and they can also advantageously substitute
surface chemical treatments of natural fibers. In all, hybridization with glass fiber, the
most used synthetic fiber, is an unquestionable way of making natural fiber composites
achieve noteworthy mechanical properties and physical characteristics.
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Abstract

This study concentrates on the possibility of forming complex shapes using the sheet form-
ing process; a technique that could be used by the automotive industry due to interesting cost/
cadencies ratio. Particularly investigated is the possibility of realizing a technical complex pre-
form without defect from two different architecture commercial reinforcements not specially
designed. Several defects such as tow buckles and too high strains in tows need to be prevented.
For this reason a specially designed blank holder set was used to form complex tetrahedron
shapes. The defects previously encountered using a non-optimized blank holder set have been
suppressed to a great extent. Tow buckles were suppressed by reducing the tension in the ver-
tical tows of the shape and by increasing the tension of the tows exhibiting the buckles. For
the plain weave fabric, the buckles were totally suppressed at the end of the forming process,
whereas an additional compression stage would probably be necessary in the case of the twill
weave to get rid of the tow buckles. By reducing the tension in the vertical tows of the shape in
the zone where tow buckles may take place, the too high strain defect was also reduced to such
an extent that it was not a problem anymore.

This study therefore shows it is possible to form complex shapes using untwisted flax com-
mercial reinforcements not particularly optimized for complex shape forming by well designed
geometry of blank holders. This result is particularly interesting because it is possible to use
fabrics that do not necessitate as much energy for their production as twisted yarn reinforce-
ment, and because the composite parts manufactured using such reinforcements show higher
performance because higher fiber volume fraction can be obtained.
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5.1 Introduction

Natural fibers have long been considered as potential reinforcing materials or fillers in
thermoplastic or thermoset composites. Numerous studies deal with the subject [1-6].
Natural fibers are particularly interesting because they are renewable, have low density
and exhibit high specific mechanical properties. They also show non-abrasiveness dur-
ing processing, and more importantly, biodegradability. A large amount of work has
been devoted to identify the tensile behavior of individual fibers or group of few fiber
of different nature and origin [7-10]. However, few studies deal with the subject of the
mechanical behavior of fiber assemblies and particularly analyze the deformability of
these structures.

To maximize the reinforcement performance in structural application, fiber orienta-
tion needs to be considered and this implies the use of continuous reinforcements. As
a consequence, aligned fiber architectures such as unidirectional sheets, non-crimped
fabrics and woven fabrics (bidirectional) are usually used as reinforcement. However,
natural fibers are not continuous and may show large discontinuity in properties. In
order to avoid long considerations about the variability of the fiber properties, it may be
interesting to consider for some manufacturing processes such as filament winding [11]
or pultrusion [12] the scale of the tow or the scale of the yarn. The scale of the compos-
ite (natural fiber reinforcement combined to a polymeric resin) is also interesting if one
wants to avoid considering the variability of the fiber properties [13-15]. The homog-
enized behavior at the composite scale depends on the reinforcement type (mat, woven
fabric, non-crimped fabric), the resin used and the process chosen to manufacture the
composite. The study of composite samples is also used to analyze the impact of the
composite part all along its life cycle [16,17]. The energetic record to produce flax fibers
for composite materials has been analyzed by Dissanayake et al. [18,19]. They showed,
in the case of traditional production of flax mats, with the use of synthetic fertilizers
and pesticides associated to traditional fiber extraction such as dew retting and hack-
ling, that the energy consumption linked to the production of a flax mat is comparable
to the energy consumed during the production of a glass mat. They also showed that
spinning to produce yarns is an energy intensive operation, and in that case, the glass
woven fabric may show a lower impact on the environment than an equivalent flax
woven fabric if one considers an environmental energy viewpoint. As a consequence, it
is recommended to avoid the use of spun yarns to produce natural fiber-based woven
fabrics. An alternative to spinning fibers into yarns is the use of a binder to provide
cohesion between fibers in the form of tows. Despite studies providing the mechanical
characteristics and potential of natural fiber yarns [20-22], few studies focus on that of
the flax tows.

When dealing with composite materials, weight reduction is often an issue, and it
appears that the best gain can be obtained on structural thick or complex shape parts.
However, the possibility to realize these shapes in composite materials is still a problem
to be solved. For example, only 25% of the Airbus A380 is constituted of composite
materials. Several low-scale manual manufacturing processes exist to realize these com-
plex shape composite parts, particularly for the military or the luxury car industries.
Filament winding or pultrusion could be used to manufacture thick structural parts.
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The sheet forming of dry or commingled (reinforcement and matrix fibers mixed in a
same tow) composite materials can be considered as a solution for the industrial scale
manufacture of complex shape composite parts as this process shows a good produc-
tion rate/cost ratio. Numerical approaches have been used to determine the process
parameters to be used [23-24]. However, few of these studies dealt with complex shape
parts for which specific defects such as tow buckles may appear [25]. The appearance of
such defects may prevent the qualification of the part and indicate the limit of the rein-
forcement material behavior under a single or a combination of deformation modes.
It is therefore important to quantify and understand the mechanisms controlling the
appearance of defects so that the numerical tools developed in the literature for com-
plex shape forming [26]can simulate them.

In the liquid composite moulding (LCM) family, the resin transfer moulding (RTM)
process has received great attention in the literature [27] , particularly the second stage
of the process dealing with the injection of resin in preformed dry shapes and the per-
meability of the reinforcements [28,29]. The first stage of this process consists of form-
ing dry reinforcements. In the case of specific double curved shapes, woven fabrics are
generally used to allow the in-plane strain necessary for forming without dissociation
of the tows.

The modification of the tow orientation and local variations of fiber volume fraction
have a significant impact on the resin impregnation step as the local permeabilities (in-
plane and transverse) of the reinforcement may be affected [30,31]. In the most severe
cases, the ply of fabric can wrinkle or lose contact with the mould, hence severely
reducing the quality of the finished product [32]. Another defect called tow buckling
has also been reported for flax woven fabrics [33,34]. As the quality of the preform is
of vital importance for the final properties of the composite parts, it is important when
forming of complex shape is considered to prevent the appearance of such defects.

Several experimental devices have been set up to investigate the deformation modes
and the possible occurrence of defects during forming of textile reinforcements.
Hemispherical punch and die systems were particularly studied because the shape is
rather simple, it is doubled curved, and because it leads to large shear angles between
the tows [35-37]. In this paper, an experimental device is presented to form severe
shapes. As an example, tetrahedron geometry is considered as it is much more difficult
to form than hemispherical shapes, especially if the radiuses of curvature are small.

The objective of this study consists mainly in investigating the potential of the flax
tow architecture for composite processing. Tensile tests on specimens at different
gauge lengths and strain rates will be presented. The identification of failure modes
using digital image correlation is also investigated. Finally, in relation to composite
processes such as wet filament winding, the evolution of the tensile properties of the
tow in the wet state after impregnation will also be studied. This study also proposes
to analyze the feasibility of forming the mentioned complex shape with natural fibers-
based woven fabric reinforcements. Special attention is given to the defects that may
appear during forming. In particular, the high strain and tow buckling defect are dis-
cussed and a discussion about ways to prevent their appearance is presented.
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5.2 Experimental Procedures

5.2.1 Flax Tow Testing

The flax tow used was manufactured by Groupe Depestele (France) [38] in the form
of spools with a linear density of 500 tex. The tow consists of an agglomeration of flax
fiber bundles along the tow axis, which overall cohesion is given by a natural binder.
The architecture of the tow can be qualified as flat and unidirectional (Figure 5.1); the
tow is 0.16 + 0.03 mm thick and 2.20 + 0.39 mm wide.

Samples were randomly cut from the spools for specimen preparation. The cut sam-
ples were glued to aluminium sheets with an epoxy Araldite glue for the tensile tests
(Figure 5.2). To study the effect of the gauge length, six batches of specimens were pre-
pared with gauge length values of 4, 25, 50 125, 250 and 500 mm and were tested under
quasi static loading. For the study of the strain rate effect, four batches of specimens
were prepared with a gauge length of 250 mm and tested at four loading rates, going
from 1.33x10-5 to 1.33x10-2 s-1 by a step factor of 10. To investigate the potential of
this tow architecture for composite preforming processes such as filament winding, a
batch of specimens of 250 mm gauge length were impregnated in an epoxy resin bath
prior to tensile tests (wet state).

An INSTRON 4507 tensile machine with a 10kN load cell ( + 2.5N accuracy) was
used for all the tests. The quasi-static strain rate was taken as 6.66x10-5 s-1. For short
gauge lengths (<125 mm), the specimens were marked along their axis (Figure 5.2)
and the displacement during the tensile tests were monitored using the mark tracking
technique [39]. Furthermore, for local analysis of the behavior, some specimens were
fitted with a speckle pattern for digital image analysis.

5.2.2 Flax Fabric Testing

Two different flax fabrics (Figure 5.3) are used in this study. The first one is a plain
weave fabric with an areal weight of 280 + 19 g/m?, manufactured by Groupe Depestele
(France) [38]. The fabric is not balanced, as the space between the weft tows (1.59 +
0.09 mm) is different to the one between the warp tows (0.26 £ 0.03 mm). The widths

Figure 5.1 Tow architecture.

Figure 5.2 Tow tensile test specimen.
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of the warp and the weft tows are respectively 2.53 + 0.12 mm and 3.25 + 0.04 mm. Asa
consequence, there are 360 warp tows and 206 weft tows per metre of fabric. The linear
mass of the warp and the weft tows is the same and is equal to 494 + 17 g/km. The sec-
ond fabric is a 2x2 twill weave with an areal weight of 273 + 5 g/m?, also manufactured
by Groupe Depestele [38]. This fabric is more balanced than the plain weave fabric
but not completely. Between the weft tows, no space can be observed whereas a space
between the warp tows of 0.9 + 0.2 mm takes place. Moreover, the widths of the warp
and weft tows are respectively 2.4 + 0.4 mm and 2 + 0. 4 mm. As a consequence, there
are 312 warp tows and 500 weft tows per metre of fabric. The linear mass of the warp
and the weft tows are respectively 275 + 12 g/km and 293 + 32 g/km.

5.2.2.1 Biaxial Tensile Test

A biaxial tension device (Figure 5.4) has also been used to characterize the tensile
behavior of the reinforcements.

Biaxial and uniaxial tension tests as well as tensile test conducted on individual tows
can be performed using this device. For synthetic carbon or glass fabrics, the limit to
failure is not reached during forming, and the tensile test are designed to analyze the
possible non-linearity of the stress-strain curves due to the 2D assembly of the woven
textiles generally used. For natural fiber fabrics, the tensile limit of the fabric becomes
particularly interesting as the tows used to elaborate the woven fabrics are manufac-
tured from finite length fibers slightly entangled and held together by a natural binder
and are not expected to show comparable tensile resistance. The tensile strains for each
considered tows are measured using a 2D version of the mark tracking device described
previously. The detailed description of the device as well as the procedure of the test
may be found in reference [40].

5.2.3 Sheet Forming Device for Dry Textile Reinforcement

A device presented in Figure 5.5 was especially designed to analyze the possibility
to form reinforcement fabrics. Particularly, the device was developed to examine
the local deformations during the forming process [41]. The device is the assembly
of a mechanical part and an optical part. The mechanical part consists of a punch/
open die system coupled with a classical blank-holder system. The punch used in this

(@ ®) (©) (d)

Figure 5.3 (a) Plain weave fabric; (b) flax tow; (c) detailed view of flax tow; (d) twill weaves fabrics.
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study (Figure 5.5b) is a tetrahedron form with 265 mm sides. Its total height is 128
mm and the base height is 20mm. The edges and vertices possess 10 mm radius for
the punch and 20 mm for the die. As the punch possesses low edges radiusses, it is
expected that large shear strains take place during forming. A triangular open die
(314x314x314mm?°) is used to allow the measurement of the local strains during the
process with video cameras associated to a marks tracking technique [39]. A piloted
electric jack is used to confer the motion of the punch. Generally, the punch veloc-
ity is 30 mm/min and its stroke 160 mm. The maximum depth of the punch is 160
mm. A classical multi-part blank-holder system is used to prevent the appearance of
wrinkling defects during the preforming tests by introducing tension on the fabric.
It is composed of independent blank-holders actuated by pneumatic jacks that are

(a) (b)
Figure 5.4 The biaxial tension device.

Positioning of the fabric

A Punch
[T slank holders @

(b)

Figure 5.5 (a) The sheet forming device (b) Initial positioning of the fabric and position of the blank
holders.
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able to impose and sense independently a variable pressure. The quality of the final
preform may depend on several process parameters such as the dimensions, positions,
and the pressure applied by each of the blank-holders. They can be easily changed to
investigate their influence on the quality of the final preform. Before starting the test, a
square piece of fabric is positioned between the die and the blank-holders. The initial
positioning of the fabric is of particular importance as it partly conditions the final
tow orientations within the part. However, it is not possible to establish before the test
their final position at the end of the forming and as a consequence their mechanical
stiffness. So, for the tests presented below, it was chosen to align the warp or the weft
tows with an edge of the tetrahedron (the opposite edge of Face C (Figure 5.5b)). To
avoid bending of the fabric under its own mass, a drawbead system is used to apply
low tensions at the tow extremities. At the end of the performing test, the dry preform
can be fixed by applying a spray of resin on its surface so that the preform can be
removed from the tools and kept in its final state.

As mentioned in the Introduction part, several defects may appear during the sheet
forming of complex shapes such as a tetrahedron. Both the tow buckles and the exces-
sive tensile strain in tows are localized in zones close to the tows passing by the top
of the tetrahedron as indicated in Figure 5.5b. by the lines passing by the top of the
pyramid [42]. In this zone, the vertical tows passing by the triple point are too tight in
the three faces and on the edge opposed to Face C. The perpendicular tows may show
the presence of tow buckles partly resulting of the bending in their plane of tows and
also probably because of a too low tension of these tows. In the case of Figure 5.5b
the buckles are localized on Face C of the tetrahedron and on the opposite edge. No
buckles are observed on Faces A and B. This is linked to the un-balanced architecture
of the fabric used [43]. The basis of the new blank holder generation therefore consists
in reducing pressure in the vertical tows and to increase the tension of the horizontal
ones. A schematic diagram of the blank holder is presented in Figure 5.6. Instead of the
6 initial blank holders (Figure 5.6a), the new blank holder generation consist of 4 blank
holders with specific geometries. The blank holders impose tensions to the membrane
and particularly to the bent tows exhibiting tow buckles. Between the 4 blank holders,
empty zones have been left to release the tension of the tows showing too high tensile
strains. It can be noted that small blank holders could be used to fill up the spaces and
impose a local pressure to this zone if necessary.

At the end of the preforming test, several analyses at different scales can be per-
formed. A first global analysis at the macroscopic scale concerning the final state of the
preform before removing it from the tool can be performed. It consists in analysing
if the shape is obtained and if the shape shows defects. Another analysis, at the meso-
scopic scale, consists in analysing the evolution of the local strains (shear, tension)
during forming.

Using this device, an experimental study to analyze with the tetrahedron shape, the
generation of defects (wrinkles, tow buckles, tow sliding, vacancies, etc.) can be per-
formed. The influence of the process parameter and particularly the blank-holder pres-
sures on the generation and the magnitude of defects is also commented and analyzed.
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Figure 5.7 Typical tensile curve.
5.3 Results and Discussion

5.3.1 Tensile Behavior of Reinforcement Components: Flax Tow Scale
5.3.1.1 Flax Tow Tensile Behavior

The typical tensile curve of the flax tow can be seen on Figure 5.7. The curve starts with
a non-linear region caused by the rearrangement of the fiber bundles within the tow
with the loading axis. Then, a linear region is observed. The slope of this linear region is
used to calculate the modulus of the tow. This linear region is followed by another non-
linear region probably due to random damage of interfaces between the fiber bundles
occurring within the tow. A peak load is then reached. The strain at break corresponds
to the peak load strain. After the peak load, a non-progressive failure of the tow is
observe till complete failure.

To calculate the apparent tensile strength and modulus, the cross-sectional area of
the tow was estimated by dividing its linear density (500 tex) by that of its constituent
fiber, flax, taken as 1.53 g/cm’[4].
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5.3.1.2 Effect of Gauge Length on Tensile Properties

The tensile properties measured at six different gauge lengths are given on Figure 5.8.
The markers indicate the mean values and the vertical bars indicate the maximum and
minimum measured for each batch. The trend of the mechanical properties shows a
decrease with the increasing gauge length. This tendency is similar to the results found
on fiber bundles [44-47].

The tow consists of agglomerated flax fiber bundles themselves being an assembly of
elementary flax fibers. Therefore, for small gauge lengths, more elementary flax fibers
within the bundles are likely to be clamped to both ends of the specimen. As a conse-
quence, the mechanical properties tend to that of the elementary flax fiber (800-1135
MPa for the tensile strength and 50-60 GPa for the modulus [48]) as the gauge length
decreases. Inversely, as the gauge length increases, the proportion of elementary flax
fibers likely to be clamped to both side of the specimen decreases and the fiber bundles
get loaded in exchange. At higher gauge length, the failure takes place at the inter-
faces between and within the bundles (pectin) [44] which have a relatively lower tensile
strength than that of the elementary fibers. The tensile strength of the tow decreases till
an almost constant plateau as the gauge length increases. The slight decrease in the ten-
sile strength curve between 250 and 500 mm gauge length is probably due to increasing
distribution of flaws in the tow. Concerning the modulus, the curve reaches a con-
stant value as from 250 mm since the constitution of the tow has stabilized. Indeed,
since the elementary flax fiber’s length ranges between 4-77 mm [49], at 250 mm gauge
length, no more elementary fibers are likely to be clamped to both sides of the speci-
men. Hence, the measured modulus corresponds to that of the combination of the fiber
bundles” and binder’s modulus. The evolution of the curves of Figure 5.8 suggests that
a characteristic length as from which the mechanical behavior is comparatively stable
can be fixed at 250 mm.

5.3.1.3  Evolution of Failure Behavior

The failure behavior of the tow varies as a function of the gauge length (Figure 5.9).
The evolution of the failure behavior of the tow can also be related to its constitution at
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Figure 5.8 Gauge length effect on mechanical properties a) tensile strength, b) tensile modulus.
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Figure 5.9 Evolution of the tensile failure behavior with the gauge length.

different gauge lengths. At 4 mm gauge length (Figure 5.9 a), a rather progressive failure
can be observed after the peak load. For this small gauge length, the proportion of con-
tinuous elementary fibers heading for one end of the specimen to the other is high. The
failure is governed predominantly by that of the elementary fibers breaking successively
within the specimen. However, when the gauge length increases, the proportion of the
specimen consisting of continuous elementary fiber decreases, and therefore the failure
is more likely to occur at the interfaces [44]. For the 50 mm, it can be seen that after
the peak load, the tensile load falls down step by step, Figure 5.9 b. This failure mode
in steps is attributed to packs of fiber bundles breaking. The term pack of fiber bundle
refers to an agglomeration of fiber bundles held together by the binder. It can represent
in terms of size more than 400 um as compared to typical size of flax fiber bundle, viz.
50-100 pum [44]. The failure in steps is attributed to a delayed activation (slack) of the
packs of fiber bundles during the tensile tests, causing them to break successively. This
slack occurrence tends to decrease when the gauge length increases [50], as seen on
Figure 5.9c for a 250 mm gauge length test and moreover on Figure 5.9 d for a 500 mm
gauge length test for which the failure is brittle.

The failure mode by packs of fiber bundles can be observed by digital image cor-
relation. Figure 5.10 a shows the tensile curve of a speckled specimen (Figure 5.10 b)
and the states where the image correlation analysis are presented. The analysis area
on Figure 5.10 b corresponds to the middle region of the tow. The mm/pixel ratio is
1.39x1072 The 2D displacement field obtained by image correlation is given on Figure
5.10c & d, the labels on the left-hand side are given in pixel. Before the peak load, state
A and B, a 2D displacement field gradient can be seen as expected in a tensile test. After
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the peak load, at state C, an axial debonding on the left, propagating along the tow’s axis
can be seen. This debonding leads to a drop in the tensile load. A slight stabilization of
the load is observed at this state before the failure of a second pack of fiber bundles at
state D. The stabilization of the load is attributed to a delayed activation of the second
pack of fiber bundles. The breakage of the second pack of fiber bundles seen at state D
corresponds to a major drop of the tensile load. The size of this pack is approximately
700 um. Further axial debonding can also be seen on the right-hand side of the tow.
Nonetheless, the failure of the tow is not total at this state as a displacement gradient
can still be seen in the middle region of the tow. The complete failure occurs at state E
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Figure 5.10 Local analysis by digital image correlation, a) tensile curve, b) speckled specimen,
c) displacement field before peak load, d) displacement field after peak load.
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Figure 5.11 Plain weave fabric: tensile behavior of the weft tows during a biaxial test.

with the breakage of the last pack of fiber bundle. The rigid body displacement of the
two remaining parts of the tow can thus be observed.

5.3.2 Tensile Behavior of Reinforcement Components: Scale of Fabric

Biaxial tests were carried out to study the tensile behavior of the flax fabric. The results
showing the biaxial behaviour of the fabric in the weft direction are presented for the
plain weave fabric in Figure 5.11 for different values of the parameter kt. The param-
eterkt =e /e isdefined as the ratio between the strain in the weft direction (e, ) over
the one in the warp direction (e, ).

The results show that, an increasing value of kt leads to higher “failure/limiting”
strain in the weft tows. This means that the crimp effect decreases in this case. The
crimp effect is the lowest when the warp direction is not loaded and therefore left free.
As the warp tows are left free, these ones are not tight and therefore the crimp effect
and the associated non linearity zone is more pronounced.

The strain values observed at the maximum load point during a biaxial test are lower
than in the case of the uniaxial test performed with same dimension samples and this
for the two directions. As a consequence, the strains at which the load is maximum
are lower than 4.5% in the weft direction during the uniaxial test. These strain values
represent the limit from which a loss of fiber density takes place in the tows and this
phenomenon should probably be avoided by keeping the tensile strain in the tetrahe-
dron preform lower than these values.

Figure 5.12 indicates that the tensile strain limit in the case of the warp tows left free
is about 2% for the twill weave fabric.

5.3.3 Global Preform Analysis

An initial square specimen of the flax fabric is positioned with six blank holders placed
on specific places around the tetrahedron punch. On each of them a pressure of one
bar is applied. The maximum depth of the punch is 150 mm. At the end of the forming
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Figure 5.12 Twill weave fabric: biaxial tension curves.

process, an epoxy resin spray is applied to the preform so that the shape is fixed in
its deformed state. The preform in its final state is presented in Figure 5.13.a. At the
scale of the preform the obtained shape is in good agreement with the expected tetra-
hedron punch. The fabric is not un-weaved on faces or edges. Some wrinkles appear
(Figure5.13.a) at the surrounding of the useful part of the preform.

The position and the size of these wrinkles depend on the blank holder position and
on the pressure they apply on the fabric. The process parameters (number and posi-
tion of blank holders, choice of the punch, etc.) and the initial positioning of the fabric
have a significant influence on the final shape. These aspects will be presented in future
works. At the local scale, it is possible to analyze during the process the evolution of
the shear angle between tows and the longitudinal strain along the tows. During the
forming stage, the woven textile is submitted to biaxial tensile deformation, in plane
shear deformation, transverse compaction and out-of-plane bending deformations. If
all these components can be significant, the feasibility to obtain the expected shape is
largely dependent on the in-plane shear behavior. On the formed tetrahedron faces,
values of the measured shear angle are relatively homogeneous [33]. These values do
not reach the locking angle above which defects such as wrinkles appear.

5.3.4 Analysis of Tensile Behavior of Tows During Forming

If no apparent defects are observed on the faces and on the edges of the tetrahedron
formed using the new blank holder geometry, it is still necessary to investigate if the
tensile strains of the tows passing by the triple point (top of the pyramid) are higher
than the strain at which local failure may happen. Figure 5.14 shows a comparison of
the tensile strains measured using both set of blank holder for the plain weave fabric
and at the same location on the preform (on the weft tow passing by the triple point of
Face C using 2 bar of blank holder pressure).

Figure 5.14 shows that a large decrease in tensile strain is observed, particularly at
the end of the forming process. The tensile strain values are lowered from 8.8% to 4.7%
indicating that the new set of blank holder has an important beneficial effect on the
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tensile strain reduction on the tows passing by the triple point in the case of the plain
weave fabric. This corresponds to a decrease of about 47%.

However, the value of the maximum strain recorded at the end of the forming pro-
cess on the tightest tow needs to be compared to the limit of the fabric determined by
performing biaxial tensile test on the same fabric. Figure 5.11 shows the result of the
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Figure 5.15 Twill weave fabric: tensile strains comparison during forming.

biaxial test in the case of equal deformation in the warp and weft directions and in
the case where the warp tows are left free. The last case would be the one to compare
with the tensile strain measured during forming as the warp tows exhibiting the tow
buckles are not tight and can be considered as almost free. In this case, the maximum
limit above which sliding movements within the tow leading to losses of fiber density
may happen, is about 4%. This value is lower than the one recorded at the end of the
forming process in our forming test (4.7%) suggesting that sliding of group of fiber
may have taken place.

Figure 5.15 compares the tensile strains of the same tow measured at the same place
close to the triple point in the case of the use of both blank holder sets for the twill
weave fabric. Figure 5.15 shows that a large decrease in tensile strain is observed when
using the new blank holder set with the same pressure at the end of the forming test.
The measured tensile strains are respectively 6.5% and 2.6% for the original and new
designs respectively. A reduction of about 60% can be measured in this case. This reduc-
tion is in the case of the twill weave more important than in the case of the plain weave
fabric but the final tensile strains values need to be compared to biaxial tensile test
in order to determine the maximum strain that should not be overcome. Figure 5.12
indicates that the tensile strain limit in the case of the warp tows left free is about 2%.
Again, as for the plain weave fabric, the tensile strain recorded during the complex
shape forming of the twill weave is higher than the expected limit above which defects
due to sliding of fiber packs may happen.

5.4 Discussions

The new blank holders were also designed to release a part of the tension in the vertical
tows situated in the zone showing the tow buckles. This zone is also the place where the
tightest tows are observed. The new design therefore gives the possibility to help sup-
pressing the tow buckles but also to decrease the tension in the tightest tows. For both
fabrics, the reduction in tensile strain for the plain weave and the twill weaves fabrics
are respectively 47% and 60%. This means that even if the decrease in tensile strain
is consequent, the values of the maximum tensile strain recorded are higher than the
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values at which internal defect in the tows, in the form of sliding of fiber packs, may
happen. However, the maximum tensile strains recorded are not very much higher
than the strains at which the defects may start to be generated. As a consequence,
it is expectable that low displacement between the fibers took place as described by
Moothoo et al. [45], but to a low extent. So the fiber density does not, to our opinion,
change. In those conditions, the too high strains in the tow should not therefore be
a problem concerning the manufacturing of a composite part either by film stacking
process [6] or by the RTM process.

5.5 Conclusions

Several defects such as tow buckles and too high strains in tows already described in
previous studies need to be avoided and prevented. For this reason a specially designed
blank holder set was used to form complex tetrahedron shapes. The defects previously
encountered using a non-optimized blank holder set have been suppressed in a great
extent. The tow buckles were suppressed by reducing the tension in the vertical tows of
the shape and by increasing the tension of the tows exhibiting the buckles. For the plain
weave fabric, the buckles were totally suppressed at the end of the forming process,
whereas an additional compression stage would probably be necessary in the case of the
twill weave to get rid of the tow buckles.

By reducing the tension in the vertical tows of the shape in the zone where tow buck-
les may take place, the too high strain defect was also reduced to such an extent that it
is not a problem anymore.

This study therefore shows that it is possible to form complex shapes using untwisted
flax commercial reinforcements not particularly optimized for complex shape forming
by well designing the geometry of blank holders. This result is particularly interesting
because it is possible to use fabric that do not necessitate as much energy for their pro-
duction as twisted yarn reinforcement and because the composite parts manufactured
using such reinforcements show higher performance because higher fiber volume frac-
tion can be obtained.
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Abstract

The use of lignocellulosic fibers and their components as raw material in the production of
composites is seen as technological progress in the context of sustainable development. Polymer
composites reinforced with natural fibers have become an attractive research field in recent years.
These composites are mainly driven by the low cost of natural fibers and also their other unique
advantages, such as lower environmental pollution due to their biodegradability, low density,
reduced tool wear and acceptable specific strength. In Brazil, there is a wide range of natural
fibers which can be applied as reinforcement or fillers. Natural fibers are in most cases cheaper
than synthetic fibers and cause less health and environmental hazard problems for people pro-
ducing the composites as compared to glass fibers. The interaction between the fiber and matrix
is one of the determining factors for the formation of composites. However, poor fiber-matrix
interfacial adhesion may affect the physical and thermal properties of the resulting composites
due to the surface incompatibility between hydrophilic natural fibers and non-polar polymers.
Different strategies have been applied to mitigate this deficiency in compatibility, including sur-
face modification techniques. The surface modification of the fibers can be done by chemical
treatments. In this chapter, a review of the literature will be presented, focusing attention on the
properties in terms of thermal and chemical structure of composites reinforced with different
types of natural fibers, processing behavior and final properties of these fibers with thermoplas-
tic and thermosetting matrices, paying particular attention to the use of physical and chemi-
cal treatments for the improvement of fiber-matrix adhesion. We have concluded that different
types of reinforcement, such as cellulose and lignin from sugarcane bagasse or coconut fibers,
are composite materials that may be useful in engineering applications.

Keywords: Composites, natural fibers, lignocellulosic materials, sugarcane bagasse, coconut
fiber, polyurethane, polypropylene, lignin
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6.1 Introduction

There is a growing trend to use natural fibers as fillers and/or reinforces in plastic
composites as thermosetting and thermoplastic materials. The use of lignocellulosic
materials as reinforcements has received increasing attention due to the improvements
that natural fibers can provide such as low density, biodegradability and highly specific
stiffness, as well as the fact that these materials are derived from renewable and less
expensive sources [1].

Despite the variability in their mechanical properties, natural fibers offer many
advantages when compounded with plastic materials. Their low density and abrasive-
ness, high specific properties, and their ability to be incorporated in composites at
high levels make the incorporation of lignocellulosic fibers into thermoplastics and
thermosetting matrices highly desirable. Their environmentally-friendly character and
technical and economic advantages make these fibers attractive for an increasing num-
ber of industrial sectors, including the automotive industry, as replacements for glass
fibers [2].

Technological developments connected with consumer demands continues to
increase the demand for natural global resources, driving the search for materials with
wide availability and environmental sustainability [3]. In Brazil, sugarcane bagasse is a
coproduct generated in large volumes by the agricultural industry. A fibrous residue of
cane stalks is left over after the sugarcane is crushed to extract the juice. This material
is a lignocellulosic by-product of the sugar and alcohol industries and is almost com-
pletely used by sugarcane factories as fuel for the boilers [4]. The bagasse is a vegetable
fiber mainly composed of cellulose, a glucose polymer with a relatively high modulus
that is a fibrillar component of many naturally occurring composites (wood, sugarcane
straw and bagasse) in association with lignin [1].

Cellulose, the major constituent of all plant materials, is a linear natural polymer
of anhydroglucose units with a reducing end group (right side), linked at the one and
four carbon atoms by B-glycosidic bonds [5]. The opening of the chain results in the
formation of an aldehyde group and a nonreducing end group (left side) in the form of
a secondary alcohol [6].

Besides that, coconut broadly grows in tropical and subtropical regions. Annually,
approximately 33 billion coconuts are harvest worldwide with only 15% of these coco-
nuts being utilized for fibers and chips [7,8]. This suggests that there is a considerable
availability of this material; also, coconut fibers are quite strong and have high heat
resistance [9], which are very interesting characteristics for the fiber used in composite
materials.

Composites are highly attractive materials due to their ability to combine physi-
cal and mechanical properties that do not naturally occur simultaneously in the same
material. Thus, composites are obtained by mixing immiscible materials to generate a
final material with combined and/or improved properties. Many of these composites
combine low density with high mechanical and chemical resistance, desirable proper-
ties for a variety of applications.

Biopolymers such as polyurethane derived from castor oil can serve as matrices for
composites reinforced with vegetable fibers. In this study, composites were produced
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from this polyurethane reinforced with lignin and cellulose fibers, both obtained from
sugarcane bagasse. Castor oil is readily available as a major product from castor seeds.
Castor oil-based polyurethane is a useful, versatile material and is widely used as an
individual polymer possessing a network structure because of its good flexibility and
elasticity [10]. This oil is extracted by compressing the seeds or by solvent extraction,
and it contains approximately 90% (w/w) ricinoleic acid. This triglyceride contains
hydroxyl groups that react with isocyanate groups to form urethane links. In addition,
castor oil-based polyurethane always shows good miscibility with natural polymers and
their derivatives [10].

Among different thermoplastics, polypropylene (PP) presents outstanding proper-
ties such as low density, good flex life, good surface hardness, very good abrasion resis-
tance, and excellent electrical properties. The combination of lignocellulosic material
with thermoplastic matrix can present a considerable problem: incompatibility between
the polar and hygroscopic fiber and non-polar and hydrophobic matrix. The relation-
ship between the fiber and matrix is one of the determining factors of composites final
properties. For example, polypropylene can be used as a matrix and a natural fiber (a
recyclable material) can be used for reinforcement. The use of natural reinforcement
fibers in polymer matrices has been widely applied, resulting in materials with excellent
mechanical and thermal properties [11]. Polypropylene (PP) is a semicrystalline poly-
mer obtained by polyaddition, and it is widely used as a thermoplastic in engineering
applications. The addition of fibers in polymer matrices, such as PP, is known to mod-
ify the mechanical properties of the resulting composite [11]. The main problem with
fiber/matrix composites is the lack of interfacial interaction between the hydrophobic
matrix and the hydrophilic fibers [12]. A possible solution to improve the fiber polymer
interaction is using compatibilizers and adhesion promoters or submitting the natural
fibers to a surface treatment for natural fibers [13].

In this chapter, some results will be presented, focusing attention on the proper-
ties in terms of physical and chemical structure of the coconut and sugarcane bagasse
fibers, processing behavior and final thermal properties of these fibers with thermo-
plastics or thermosetting matrices, paying particular attention to the use of physical
and chemical treatments for the improvement of fiber-matrix interaction.

6.2 Experimental

The experimental part encompasses how to prepare the fillers and reinforcements
from sugarcane bagasse and coconut fibers. First of all, the lignin and cellulose (pulp)
were extracted from sugarcane bagasse through chemical treatments as we showed
below; the coconut fiber was processed by chemical treatments. The methodology also
brought aspects as chemical characterization of fibers, as components content, FTIR
and thermal characterization before and after chemical treatments. Finally, we pre-
sented the preparation of thermoplastic and thermosetting composites reinforced with
different types of fibers and their influence in thermal properties.
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6.2.1 Preparation of cellulose and lignin from sugarcane bagasse

Cellulose and lignin were obtained from sugarcane bagasse by pretreatment of the
bagasse with sulfuric acid, delignification and separation of the fractions.

Pretreatment of sugarcane straw with sulfuric acid solution: In natura sugarcane
bagasse with a moisture content of approximately 50% (w/w) was pretreated with 10%
(w/v) sulfuric acid solution in a stainless steel reactor at 120°C for 10 min.

Delignification: Pretreated sugarcane bagasse was placed in alkaline medium in a
350 L stainless steel reactor with 150 L of distilled water, 10 kg pretreated sugarcane
straw and 30 L of an aqueous solution containing 3 kg NaOH. The reaction was per-
formed at 98-100°C for 1 h under stirring at 100 rpm. The final concentration of the
mixture was 1.5% (w/v) NaOH, and the solid/liquid ratio was 1:20 (w/v). After delig-
nification, the mixture was centrifuged at 1700 rpm. Cellulose was washed and dried
at room temperature. The lignin, present in black liquor, was precipitated with sulfuric
acid (pH 2.0). After precipitation, the lignin was filtered, washed (until neutral pH) and
dried at 70°C to obtain dry lignin. Cellulose (pulp) and lignin were applied in compos-
ites as reinforcement of thermosetting matrices.

6.2.2 Surface Treatment for Coconut Fibers

Three different procedures for surface modification were applied to the coconut fiber:
1) hot water at 80°C for 2 h; 2) aqueous NaOH 2% (w/v) at 80°C for 2 h; and 3) a
sequence of chemical treatments in hot water at 80°C for 2 h, extran 20% (v/v) at 80°C
for 2 h, acetone/water 1:1 (v/v) at room temperature and aqueous NaOH 10% (w/v) at
room temperature. The yield of treatment was calculated in all cases considering the
equation 1. Where w, s the weight of the fibers before the treatment and w_ . is

the weight of the fibers after the treatment. The treated and untreated coconut fibers
were applied as reinforcement of PP composites.

Winitial

W, ... —W .
Yield (%) :(MJXIOO
(6.1)

6.2.3 Chemical Characterization of Fibers and Lignin
6.2.3.1 Carbohydrates and Lignin Determination

Approximately 1 to 2 g of fibers or lignin (sugarcane bagasse or coconut fibers) of
known moisture content was put in contact with 10 mL 72% w/w sulfuric acid and
stirred constantly in a thermostatic bath at 45 + 0.5°C for 7 min. The reaction was inter-
rupted by the addition of 50 mL of distilled water. The sample was then transferred to
an Erlenmeyer flask for quantitative analysis following the addition of an additional
225 mL of distilled water. To complete the hydrolysis of the remaining oligomers, the
Erlenmeyer flask was covered with aluminum foil and placed in an autoclave at 121°C
for 30 min. The resulting suspension was cooled to room temperature and filtered
through a filter funnel fitted with rapid filtration paper. The solid was dried to constant
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weight at 105°C and determined gravimetrically as insoluble lignin (Klason lignin). The
resulting filtrate was placed in a volumetric flask and distilled water was added to 500
mL. Samples of the filtrate were used to determine the quantities of acid soluble lignin
and carbohydrates (glucans and xylans) in the samples. The pH of the hydrolysate was
adjusted to 1-3 with 6.5 mol. L' NaOH, filtered in a Sep-Pak C18 cartridge, and ana-
lyzed by high-performance liquid chromatography (HPLC) in a Shimadzu LC10 chro-
matograph with an Aminex HPX-87H column at 45°C. The mobile phase was 0.005
mol. L' H,SO, flowing at 0.6 mL.min"".

6.2.3.2 Determination of Ashes Content in Lignin

Approximately 2 g of lignin of known moisture content was weighed in a porcelain
crucible that had been previously calcined at 800°C and weighed. The lignin was incin-
erated at 300°C for 1 h and at 800°C for 2 h. The crucible was then cooled and weighed.

6.2.3.3 Elemental Analysis of Lignin

Elemental analysis was carried out at the Institute of Chemistry of Sdo Paulo University
at Sao Carlos. Analysis was performed in a Perkin Elmer device (Elemental Analyser
2400 CHN), and the results were used to calculate the lignin C, formulae.

6.2.3.4 Total Acid Determination in Lignin

The total acid groups, comprising both phenolic and carboxyl groups, were deter-
mined using a titration method. Lignin (0.3 g) was mixed with 30 mL 0.1 mol. L
sodium bicarbonate for 30 min with constant stirring. The mixture was then filtered,
and residual sodium bicarbonate was titrated potentiometrically with 0.1 mol. L HCI.
The equivalent volume was determined by plotting pH against titration volume. The
procedure was repeated in the absence of lignin as a control [2].

6.2.3.5 Total Hydroxyls in Lignin

In a stoppered test tube, 0.03 g dry lignin was mixed with 0.24 mL reagent (pyridine/
acetic anhydride 10:3); the reagent had previously been bubbled with nitrogen for 10
min [2]. The mixture was placed in a heater overnight at 65°C, after which time 15 mL
acetone and 15 mL distilled water were added and the mixture was transferred to an
Erlenmeyer flask. The mixture was then left for 1 h to ensure the destruction of any
residual acetic anhydride. The acetic acid formed in the reaction was titrated against a
standard solution of 0.1 mol. L"' NaOH with phenolphthalein indicator. The procedure
was repeated in the absence of lignin as a control.

6.2.3.6  Phenolic Hydroxyls in Lignin

Hydroxyl groups were measured using the spectroscopic method [14] and the conduc-
timetric method [15] as described below.

Conductimetric method - Between 0.2 and 0.3 g lignin were suspended in 10 mL
ethanol and submitted to magnetic agitation. Then, 5 mL acetone and 15 mL distilled
water were added, producing a fine lignin suspension. The suspension was bubbled
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with nitrogen for 5 minutes and titrated with 0.1 mol. L LiOH. The equivalent volume
was determined by plotting the conductivity against the titrated volume.
Spectroscopic method - Approximately 0.2 g lignin of known moisture content was
dissolved in 50 mL dioxane (96%) and the solution was diluted 1:10 in dioxane and
then 1:1 in water and the pH was adjusted to 13 by addition of 1 mol. L"' NaOH. A con-
trol was prepared with the same dilution but with the pH adjusted to 1 by addition of 1
mol. L' HCL The average lignin value was used to calculate the percent phenolic OH.

6.2.3.7 Determination of Carbonyl Groups in Lignin

Carbonyl groups were determined using a spectroscopic method [16]. This method
takes advantage of the differential absorption that occurs when carbonyl groups are
reduced at the benzylic alcohol corresponding with sodium borohydride. A mixture
was prepared from 2 mL of 0.2 mg/mL lignin solution in 96% dioxane and 1 mL 0.05
mol. L' sodium borohydride solution (190 mg in 100 mL 0.03 mol. L'' NaOH). The
mixture was left in darkness for 45 h at room temperature, and its absorbance in the
200-400 nm region was determined and compared to an unreduced lignin solution
at the same concentration. The purpose of this method was to distinguish between
the carbonyl groups in two model lignin structures: coniferyl aldehyde (4-hydroxy-
3-methoxycinnamaldehyde) and acetoguaicon (4-hydroxy-3-methoxyacetophenone);
the carbonyl groups are located in the aliphatic chain.

6.2.3.8 Analysis of the Molecular Weight Distribution of Lignin

The molecular weight distribution was determined using a chromatographic system
with a 57 x 1.8 cm Sephadex G-50 column in 0.5 mol. L' NaOH. The mobile phase
was 0.5 mol. L' NaOH, and the flow rate was 0.4 mL.min". Fractions of 4 mL were
collected, and the absorbance of each fraction was read at 280 nm. Sample volumes
of 0.4 mL at 2.0 mg/mL were injected. The chromatographic column was previously
calibrated with proteins of known molecular weight.

6.2.4 Infrared Spectroscopy (FTIR) Applied to Fibers and Lignin

The samples were dried and analyzed by FTIR from 4000 to 400 cm™, with 128
scans collected at intervals of 4 cm™. Then, FTIR analyses were carried out in a
Spectrophotometer Thermo Scientific Nicolet 6700 equipped with DTGS detector
with diffuse reflectance accessory (DRIFT).

6.2.5 Preparation of Thermosetting and Thermoplastic Composites
Reinforced with Natural Fibers

Polyurethane and composites were prepared using the following reagents: polyol from
castor oil (Ricinus communis), polyurethane prepolymer based on MDI (diphenylmeth-
ane diisocyanate), and lignin and cellulose fibers extracted from sugarcane bagasse. To
maintain a uniform particle size, the lignin was ground with a mortar and pestle, and
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the cellulose fibers were crushed. Lignin and cellulose with dimensions smaller than 80
mesh and 60 mesh, respectively, were used.

Prepared samples were placed in a glass mold with three independent rectangular
plates: two whole boards (upper and lower) measuring 140 x 100 x 5 mm and a plate
of the same dimensions with a hollow center of 100 x 60 x 5 mm. Before the materi-
als were distributed in the mold, the mold was covered with adhesive to facilitate the
removal of the composites.

Preparation of polyurethane matrix: In a Petri dish, 9.0 g of the polyol of castor oil
and 6.0 g of the prepolymer based on MDI were combined to obtain a polyol (castor
oil): diisocyanate mass ratio of 1.5:1.0 for all composites. The homogenized mixture
was distributed in the mold to fill the entire space of the intermediate plate. Then, the
upper plate of the mold was closed and sealed with adhesive tape. After the material
was cured for approximately 24 h, the mold was opened.

Preparation of the composites reinforced with cellulose: the same mass ratio between
polyol and diisocyanate was maintained in all composites. After weighing the polyol,
the desired mass of cellulose was added, and this mixture was homogenized. The pre-
polymer was then added and the mixture was homogenized again. Finally, the mixture
was distributed into the mold as described previously. Composites were prepared with
varying amounts of cellulose from 10 to 40 wt%.

Preparation of the composites reinforced with lignin: Composites reinforced with
lignin were prepared using the same procedure as for composites reinforced with cel-
lulose. Composites were prepared with varying amounts of lignin from 10 to 60 wt%.

Preparation of the composites reinforced with 10 wt% and 20 wt% of different types
of coconut fiber (treated and untreated) as reinforcement of PP: The composites were
prepared in batches of 50 g in a thermokinetic mixer (model MH - 50H) rotating at
5250 rpm.

6.2.6 Scanning Electron Microscopy (SEM)

The samples, fibers and fractured composites surfaces were placed in a holder with
the aid of carbon tape and subjected to metallic coating by gold to a thickness of 8 nm
under an argon atmosphere using the Bal-Tec MED 020 metal coating equipment. The
metallic samples were subjected to microscopic analysis in a LEO 440 SEM operating
at 20 kW and using a secondary electron detector.

6.2.7 Thermogravimetric Analysis (TGA)

TGA was performed using an SDT 2960 TGA-DTA instrument, in a N, atmosphere,
at a heating rate of 10°C.min"' from 30 to 600°C to obtain derivative curves (DTG) for
composites and fibers.

6.2.8 Differential Scanning Calorimetry (DSC) Characterization

DSC analyses were carried out using a Perkin Elmer Pyris 1, in a N, atmosphere, at a
heating rate of 10°C.min-' from room temperature to 200°C. After 3 min isotherm, the
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samples were cooled to 30°C using liquid N,. This analysis was applied to both fibers
and composites.

6.3 Results and Discussion

6.3.1 Chemical Composition and Characterization of Sugarcane Bagasse
and Coconut Fibers

Table 6.1 reports the chemical characteristics of the fibers and lignin. In the chemical
hydrolysis, the acid pretreatment solubilized an extended part of hemicellulose and a
small amount of lignin was removed during this process. Acid pretreatment, mainly
using sulfuric acid and hydrothermal methods based on the autocatalytic action of ace-
tic acid released by hydrolytic cleavage of acetyl groups [17], have been shown to be
effective in removing part of the hemicellulose present in in natura bagasse. Various
effective dilute prehydrolysis pretreatment processes have been developed. Candido
(18], reported the pretreatment of sugarcane bagasse with 10% H,SO, at 100°C for 1
h and obtained a pretreated material with less lignin and hemicellulose content, but a
significant amount of cellulose was lost.

Due to the pretreatment of sugarcane bagasse, the material obtained in this step was
much more susceptible to alkaline delignification. The chemical composition of the
delignified pulp is shown in Table 6.1. In this process, a significant fraction of lignin
was solubilized in the alkaline medium, and also a small portion of the hemicellulose
was degraded. Silva [19], studied the hydrothermal pretreatment of sugarcane bagasse
at four different temperatures, followed by delignification with 1.0% NaOH (w/v) at
100°C for 1 h. The process of alkaline delignification removed almost 81% of the lignin
present in in natura sugarcane bagasse. A small portion of cellulose was also degraded.

According to Gouveia et al. [20], the chemical composition of the untreated coco-
nut fiber is also shown in Table 6.1. This table shows the amount of each component
present in the coconut fiber, which varies according to the type of fiber and its origin.
The amount of each component was determined separately. Sulfuric acid was used to
hydrolyze and depolymerize the coconut fiber polysaccharides for chemical character-
ization as described in experimental part.

Table 6.1 Chemical composition of sugarcane bagasse, pretreated sugarcane bagasse, pulp
from bagasse and coconut fibers.

Components (%) Sugarcane Pretreated Pulp from Coconut
Bagasse Bagasse Bagasse Fibers

Process yield (%) 100 65 47 100

Cellulose 47.4+0.8 59.6£1.2 83.5+£0.2 29.0+1.7
Polyoses 25.1+0.6 15.0 0.1 56%0.1 198+1.3
Lignin 234+0.2 219+04 7.5+0.1 41.7£0.2
Extractives - - - 8.6+0.18
Ash 33+0.1 20+0.1 1.3+£0.0 1.3+£0.25




TypicAL BRAZILIAN LIGNOCELLULOSIC NATURAL FIBERS 111

According to Luz et al. [21], acid hydrolysis can be used for the treatment of fibers.
The main effect of hydrolysis on lignocellulosic materials is breakage of the linkages
between lignin, hemicellulose and cellulose. This results in dissolution of hemicellulose,
structural modification of lignin and a reduction in the particle size of the material.

By analyzing the fractions collected after hydrolysis, one may obtain the total
amount of cellulose, hemicellulose and lignin present in the fiber. Thus, the chemical
composition (by weight) for coconut fiber was 28.0% cellulose, 19.8% hemicellulose
and 41.1% lignin. According to Luz et al. [21], the cellulose, hemicellulose and the
lignin components are responsible for the thermal and mechanical behavior of the
material. Thus, it is extremely important to determine the quantity of each of these
components in the fiber.

6.3.2 Chemical Characterization of Lignin Extracted from Sugarcane
Bagasse

Table 6.2 reports the physico-chemical analysis of lignin obtained from sugarcane
bagasse. Based on the elemental analysis of lignin from sugarcane bagasse pretreated
with sulfuric acid and considering a methoxyl content of 14%, as has been previ-
ously observed for lignin from sugarcane bagasse [22], the formulae CH,, O, N ..
(OCH,),,, was calculated, with a C, molecular weight of 185.11 g.mol". The presence
of nitrogenous compounds in the lignin is somewhat uncommon. In this case, nitrogen
accounts for 1.3% according to the elemental analysis, and this could be related to the
incorporation of nitrogenous plant compounds such as amino acids or ureas into the
lignin during the pulping process [16].

UV-OH is a measure of the hydrolysis of some ether bonds and cannot be con-
sidered in the total OH content. The OH and carbonyl values are in agreement with

Table 6.2 Chemical characterization of lignin.

Components Content (%)
Moisture 6.92 £ 0.06
Ash 1.72 £ 0.08
Klason Lignin 94.30 £ 0.57
Soluble Lignin 1.90 + 0.03
Glucans 0.69 £ 0.04
Xylans 0.36 +0.03
Total acids 0.17 £0.01
Cond. phenolic OH 0.12+0.01
UV phenolic OH 1.79 £ 0.17
Total OH 1.38 £0.48
Aliphatic OH 1.26 +£0.48
Aldehyde carbonyls* 0.53+0.15
Acetoguaiacon carbonyls 4.99 +0.305

* Conyferyl aldehyde structures.
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published results [16] and were not introduced into the C, formulae. These values cor-
respond to 0.55 oxygen atoms or 17% of the total oxygen content in the C, formulae.
This finding demonstrates that this lignin is not oxidized and that most of the oxygen
remains as ether linkages between units.

6.3.3 Modification of Coconut Fibers by Chemical Treatment

As mentioned previously, three different procedures for surface modification were
applied to coconut fiber. According to Mohanty [23], chemical modification of coco-
nut fiber can increase the compatibility (adhesion) between the fibers and the PP. By
optimization of the interface between the fibers and the matrix, composites with good
properties can be obtained.

After treatment with water, there was a weight loss of 9.27% for the non-treated
fiber, indicating that a small amount of soluble extractives is removed with water. The
soluble extractives removed by water are typically carbohydrates, gums, proteins and
inorganic salts. Santiago [24] shows that hot water treatment removes part of the waste
material in the coconut fiber, without removing the internal components of the fiber,
thus avoiding alterations of the fiber properties.

After treatment with NaOH 2% (w/v), a weight loss of 17.93% was observed with
respect to the initial weight of the fiber. Lignin and hemicellulose were partially
removed from the fiber, promoting better packing of the cellulose chains. This leads to
increased crystallinity of the fiber [1].

With a blend of solvents (hot water, extran 20% (v/v), acetone/water 1:1 (v/v) and
aqueous NaOH 10% (w/v)), a weight loss of 41.49% was observed with respect to the
initial weight of the fiber. Different types of extractives were removed with each treat-
ment step according to their solubility. According to lozzi et al. [25], extran removes
fats, oils, saponins and other similar compounds. Acetone and water remove excessive
impurities that may be present at the fiber surface.

Chemical treatment with sodium hydroxide and with the chemical treatment
sequence resulted in a change in the color of the fiber (Figures 6.1A and 6.1B). This col-
oration change was probably associated with the breakage of chemical bonds between
the lignin and the extractives. As a result, the compatibility between the fibers and PP
matrix increases, favoring the interaction between the fibers and the PP [11].

Figure 6.1 Photos of the coconut fibers treated: fiber treated with aqueous NaOH 2% (w/v) (A)
sequence of treatment (B).
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Figure 6.2 FTIR spectra of the treated and untreated coconut fibers: untreated fibers (A), fibers treated
with hot water at 80°C (B) fibers treated with aqueous NaOH 2% (w/v) (C) and fibers treated with the
chemical sequence (D).

6.3.4 Fourier Transform Infrared Spectrometry Applied to Coconut
Fibers

Before and after treatment, the coconut fibers were characterized by FTIR analysis.
This investigation uncovered fundamental differences between the untreated and
treated fibers. The peak at 1700 cm™ is typical of the carbonyl group found in coconut
fiber. This peak was attributed to C = O stretching of the ester linkage between the
carboxylic groups of lignin and/or hemicellulose. It was observed a decrease in the
C = O peaks (Figures 6.2 C and 2 D) following the chemical treatment sequences. This
decrease was likely due to the partial removal of hemicellulose and lignin, confirm-
ing the efficacy of the treatment [26, 27]. Each spectra, corresponding to the different
treatment types, exhibited a peak at 1515 cm™ that was attributed to the carbon-carbon
C = C bond from the aromatic skeletal vibration associated with lignin and hemicellu-
lose [27]. The peak at 1170 cm! corresponded an asymmetrical stretching of the C-O-C
bond in the cellulose, hemicellulose and lignin components [28]. Finally, the vibration
peak at 897 cm™ was due to symmetric C-H glycosidic linkages between hemicellulose
and cellulose. It was observed an increase in the intensity of the peaks in spectra C and
D, indicating a greater exposure of the cellulose due to removal of amorphous constitu-
ents during the chemical treatments [21].

6.3.5 Composites with Thermoplastic and Thermosetting as Matrices

6.3.5.1 Coconut Fibers

Shortly after drying, the untreated or modified coconut fibers were mixed with the PP
matrix to obtain the composites shown in Figures 6.3A, 6.3B and 6.3C. Ledo [11], the
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Figure 6.3 Processing of composites in the mixer thermokinetics (A and B) and composites of PP
reinforced with coconut fibers (C).
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Figure 6.4 Mixing time production as a function of coconut fiber content for: A) In nature coconut fiber
10 and 20%/ PP; B) Coconut fiber treated with water 10 and 20%/ PP; C) Coconut fiber treated with
NaOH 10 and 20%/ PP; D) Coconut fiber treated with sequence* 10 and 20%/ PP.

thermokinetic mixer works by turning at high speeds to process fiber and PP batches.
Mixing between the polymer matrix and the fiber is promoted by melting due to the
heating of the system.

Mixing time production for the fiber and the PP matrix varied according to fiber
type and content. Figure 6.4 shows the composite mixing time preparation (in sec-
onds) as a function of fiber content (wt%).

The mixing times for composites with 10% and 20% (by weight) fibers were 171 s
and 1065 s, respectively. According to Luz et al. [21], an increase in the mixing time for
composites with 20 wt%/ PP is expected to increase the contact between fibers. Thus,
the matrix does not easily contact the wall of the bipartite capsule, complicating matrix
melting and fiber incorporation. Furthermore, long mixing times may cause exces-
sive breakdown and thermal degradation of fibers that negatively affect the composite
properties [1-11].

6.3.6 Morphological Characterization for Composites Reinforced with
Cellulose and Lignin from Sugarcane Bagasse and Coconut Fibers

The obtained composites and SEM micrographs of fractured surfaces are shown in
Figure 6.5. No agglomerated lignin could be observed in the pictures, suggesting a well-
blended material. In contrast, fibers can be clearly observed in the images of the com-
posites reinforced with cellulose, as well as a poor dispersion of the fibers in the matrix
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Figure 6.5 SEM micrographs of fractured surfaces of the PU matrix and of the composites reinforced
with cellulose and lignin.

and bubbles. The bubbles are mainly formed due to the hydrophilic character of the
natural fibers and the high reactivity of the polyurethane with water or moisture [29].

Mileo et al. [30] studied the use of cellulose obtained from sugarcane straw as rein-
forcement for castor oil polyurethane composites. The fractographic analysis showed
a poor dispersion of the fibers in the matrix, fractured fibers and good fiber-matrix
adhesion. Silva [19] investigated the fracture toughness of sisal and coconut fiber/cas-
tor oil polyurethane, and they observed the presence of bubbles in the obtained com-
posites, despite taking great care during the composite processing. SEM analysis of
fiber morphology verified our FTIR results.

Figure 6.6 shows representative micrographs for untreated coconut fibers, fibers
treated with hot water at 80°C, fibers treated with aqueous NaOH 2% (w/v) and fibers
treated with the chemical sequence.

The micrographs of the untreated fibers (Figures 6.6 A and 6.6 A1) showed a rough
fiber surface covered by layers of wax and extractives [21]. The micrographs of the
fibers treated with hot water (Figures 6.6 B and 6.6 B1) showed that some impurities
were removed from the surface layer, thus increasing the contact area by exposing
fibrils and globular marks [24]. Ferraz [31] shows that a decrease in extractives present
in the fibers after hot water treatment improves the compatibility between the fibers
and the matrix.

The micrographs of the fibers treated with aqueous NaOH 2% (w/v) (Figures 6.6C
and 6.6C1) showed a rough fiber surface and disaggregation of the fibers into micro-
fibrils. This treatment breaks the hydrogen bonds that connect the cellulose chains,



116 LIGNOCELLULOSIC POLYMER COMPOSITES

conferring a rough surface that improves mechanical anchoring. The appearance of
pores or orifices was also observed all over the fiber surface. This may increase the effec-
tive surface for contact with the polymeric matrix [32].

In the treatment with the chemical sequence, the appearance of pores or orifices
was observed throughout the fiber surface (Figures 6.6 D and 6.6 D1). As with the

Figure 6.6 SEM micrographs of untreated coconut fibers (A and A1), coconut fibers treated with hot
water 80°C (B and B1), coconut fibers treated with NaOH 2% (C and C1) and coconut fibers treated with

the chemical sequence (D and D1).
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NaOH treatment, this may also increase the effective surface for contact with the poly-
mer matrix [11]. According to Ferraz [31], the treatment sequence removes the surface
layer of the fiber, resulting in partial loss of lignin, hemicellulose and extractives. The
orifices present on the fiber surfaces were caused by fiber degradation (Figures 6.6 D
and 6.6 D1).

6.3.7 Thermogravimetric Analysis for Composites and Fibers

The addition of cellulose fibers (30%) and lignin (40%) to the polyurethane matrix
increased the stiffness in the resulting composites when compared with the pure
matrix. Cellulose and lignin percentages above these rates lead to a decrease in stiff-
ness. Table 6.3 shows the weight losses of the composites, matrix and fibers. The poly-
urethane hardly loses weight up to 300°C, but above this temperature the weight loss is
rapid and severe. This table also shows that polyurethane obtained from castor oil and
lignocellulosic fibers do not lose much mass at low temperatures. Cellulose and lignin
undergo significant mass loss above 300°C.

Figure 6.7 presents TGA curves of polyurethane, cellulose, lignin and composites
reinforced with cellulose and lignin. The decomposition of the polyurethane takes place
in one step, while the composites decompose in two steps. In the first stage, decomposi-
tion occurs after the decomposition of the fiber and matrix alone. The small weight loss
up to 100°C is related to the moisture content of the material. Above this temperature,
some water molecules that are tightly bound to the fibers become volatile [21]. Thus,
reinforcement decreases the thermal stability of the composite.

After mixing, part of composite was analyzed by TGA and DTG analyses. Figure 6.8
shows the DTG curves for untreated and treated coconut fibers. A three stage weight

Table 6.3 Weight loss of the fibers, matrix and composites.

Samples Weight loss (%)
100°C [ 200°C | 300°C |400°C [ 500°C

Lignin 4.0 5.0 13.4 32.6 47.1
Cellulose 5.2 5.5 12.0 77.0 93.5
Polyurethane (PU) 0.3 0.6 4.9 31.0 73.6
Lignin 10 wt% / PU composite 0.8 1.3 5.7 34.7 72.3
Lignin 20 wt% / PU composite 0.8 1.6 6.8 39.4 72.4
Lignin 30 wt% / PU composite 1.1 1.8 6.7 38.2 70.2
Lignin 40 wt% / PU composite 14 2.5 8.4 38.4 67.8
Lignin 50 wt% / PU composite 1.6 2.6 8.4 40.1 66.2
Lignin 60 wt% / PU composite 2.0 3.0 8.7 39.5 64.1
Cellulose 10 wt% / PU composite 0.6 1.1 4.5 34.2 73.7
Cellulose 20 wt% / PU composite 0.9 1.7 5.2 38.3 74.1
Cellulose 30 wt% / PU composite 0.9 1.8 5.2 44.7 77.6
Cellulose 40 wt% / PU composite 1.3 2.6 5.7 45.3 74.1
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Figure 6.7 TGA curves of polyurethane, fibers and fiber-reinforced composites: (a) cellulose; (b) lignin.

loss was observed for the fibers. The first weight loss occurred between 50 and 100°C,
in proportion to the water heat vaporization of the sample. The second stage of weight
loss, which was observed between 265 and 282°C, was attributed to lignin degradation,
due to the breakdown of ether and carbon-carbon linkages. The third decay stage pre-
sented thermal degradation peaks around 327°C [21]. This weight loss was attributed
to thermal depolymerization of hemicellulose and cleavage of the glucosidic linkages
of cellulose. Ash produced by coconut fibers consists mainly of inorganic compounds.
All fibers had a residual weight of approximately 27% at 600°C [11].

The composites reinforced with treated fibers were evaluated by thermogravimetric
analysis (TGA) for verification of their thermal characteristics. Figure 6.9 shows the
TGA curves for composites reinforced with coconut fiber 20 wt%/ PP compared to
modified coconut fibers alone and PP alone.

The composite composed of coconut fibers with 20 wt%/ PP was less stable than PP
alone. The thermal stability curves for the coconut fiber/ PP composites fell between
the fiber and matrix TGA curves. Figure 6.9 also shows that PP alone exhibited a one-
step decomposition process, presenting higher thermal stability than the composites.
The thermal stability of PP alone was approximately 337°C. In contrast, the composites
clearly showed a two-step decomposition process. The first peak corresponds to lignin
decomposition, and the second peak (PP) corresponds to the highest rate of decompo-
sition at 455°C [32].
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Figure 6.9 Comparative TGA curves of treated coconut fibers 20 wt%/ PP, PP alone and treated coconut
fibers alone.

The weight loss for the composite material started at 100°C, and for polypropylene
started at 300°C. At 400°C, the weight loss increased with fiber content. Table 6.4 shows
that the addition of fiber decreased the ultimate thermal stability in comparison to
polypropylene alone.

The peak temperatures for thermal degradation of the composites and the PP matrix
occurred at approximately 458°C and 450°C, respectively. Table 6.4 shows that the
addition of fibers caused a significant increase in the peak temperature for composite
degradation, reaching 466°C for the composites reinforced with 20 wt% fibers treated
with hot water.
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Table 6.4 Weight loss at different temperatures and degradation temperature peak of poly-
propylene and fibers/PP composites.

Sample Weight loss (%) Degradation
100°C | 200°C [300°C | 400°C |500°C |temperature peak
(°C)

Polypropylene 0.0 0.0 0.4 6.5 99.7 450.5

Coconut fiber in nature | 0.5 1.0 3.9 8.9 97.7 459.4
10%/PP

Coconut fiber in nature | 1.3 1.9 6.7 6.7 93.8 463.1
20%/PP

Coconut fiber treated 0.5 1.0 3.3 9.1 98.6 459.3
with water 10%/PP

Coconut fiber treated 1.6 1.9 6.6 17.4 96.4 466.8
with water 20%/PP

Coconut fiber treated 0.6 0.7 3.2 7.6 95.8 458.2
with NaOH 10%/PP

Coconut fiber treated 1.3 2.0 6.3 12.8 95.0 460.6
with NaOH 20%/PP

Coconut fiber treated 0.8 1.0 3.6 7.8 96.4 459.3
with sequence* 10%/
PP

Coconut fiber treated 2.2 2.4 8.9 17.4 91.9 461.7
with sequence* 20%/
PP

6.3.8 Differential Scanning Calorimetry Studies for Composites and
Fibers

The treated and untreated coconut fibers were also analyzed by DSC. There was a sig-
nificant change in the crystallization temperature of PP after the addition of fibers,
as shown in Figure 6.10. With the addition of 20 wt% fibers treated with hot water at
80°C, there was a significant change in the crystallization temperature profile, as can
be observed in Figure 6.10. In this curve, there was an appearance of two crystallization
peaks that were coupled, with the first crystallization peak appearing at approximately
109°C and the second one appearing at approximately 124°C.

According to Luz et al. [21], this can be explained by interactions between the fibers
and the matrix. It is possible that establishment of a layer with different crystallinity,
known as a transcrystalline layer, occurs along the fiber where it is in contact with the
matrix. This layer provides points for crystallization upon addition of fibers. Another
explanation is chemical modification of the lignocellulosic materials. If lignin and
hemicellulose were still present on the fibers, they may have contributed to the forma-
tion of a transcrystalline layer that differentiated from the rest of the material. Ledo
[11] evaluated the effectiveness of the chemical treatments by thermal analysis. Treated
fibers had higher tensile strength than untreated fibers, a phenomenon attributed to
the removal of hemicellulose and lignin. Chemical treatment increases the degree of
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Figure 6.10 DSC curve for (A) melting of the polypropylene composite reinforced with fibers treated
with hot water and (B) crystallization.

Table 6.5 DSC properties of PP alone and coconut fiber/ PP composites.

PP and coconut fiber/PP composites AH (J/g") | AH_(J.g") | X (%)
Polypropylene -98.3 89.9 65.1
Coconut fiber in nature 10%/PP - 86.4 68.9 55.4
Coconut fiber in nature 20%/PP -73.6 60.4 54.7
Coconut fiber treated with water 10%/PP -87.0 77.7 62.5
Coconut fiber treated with water 20%/PP -10.5/-76.7 | 78.1 70.7
Coconut fiber treated with NaOH 10%/PP -94.5 77.9 62.7
Coconut fiber treated with NaOH 20%/PP -81.2 74.3 67.3
Coconut fiber treated with sequence* 10%/PP - 825 70.7 56.9
Coconut fiber treated with sequence* 20%/PP -83.5 74.1 67.1

crystallinity of the fibers and facilitates the separation of the cellulose microfibrils. In
addition, the mechanical properties can be improved, which is related to the stiffness,
increasing with crystallinity.

The results from the DSC analysis are given in Table 6.5, where the thermal proper-
ties such as crystallization heat (AH ), melting heat (AH_) and percentage of crystal-
linity (X ) are listed. The crystallinity of the PP component was determined using the

equation 2, below: A H_ %100

6.2
AH) Xw 62)

X_ (% crystallinity) =

A value of AH° 138 J/g was used for 100% of crystalline isotactic PP. The mass frac-
tion of PP in the composite is represented by w [1-21].

The crystallinity of PP increased with the addition of coconut fibers. However, the
crystallinity also increased because the fiber surface acts as a nucleation site for the
crystallization of the polymer, promoting the development and formation of transcrys-
talline regions around the fiber.



122 LIGNOCELLULOSIC POLYMER COMPOSITES

The composite reinforced with coconut fibers presented an increase in the enthalpy
of crystallization (AH) of the PP phase with coconut fiber, indicating that fibers pro-
moted the crystallization process [34] (Table 6.5). This result may be explained by con-
sidering the ability of the fibers for nucleating the crystallization of polypropylene.
We also observed a decrease in the enthalpy of melting (AH ) for the composites with
respect to PP alone. It is clear from Table 6.5 that the addition of coconut fiber to PP
results in an increase in X_of the PP matrix. The (X)) for composites reinforced with
modified fibers remained independent of the treatment. Therefore, the composites
reinforced with coconut fibers treated with hot water 20%/ PP showed the best results.
This treatment works quickly and is lower in cost than the other treatments.

6.4 Conclusions

Research on biodegradable polymer composites containing lignocellulosic fibers is
receiving increasing attention due to dwindling petroleum resources, the low costs of
lignocellulosic reinforcements, and their wide variety of properties and increasing eco-
logical concern.

This study showed that the pretreatment step for sugarcane bagasse solubilized a
great portion of polyose and a small amount of lignin. The process of delignification
solubilized a great fraction of lignin and a small portion of polyose. The presence of
lignin or cellulose fibers as reinforcements in a matrix of polyurethane obtained from
castor oil seems to improve the thermal properties of the material. Samples of com-
posites reinforced with lignin showed a more homogenous visual appearance by SEM
than those reinforced with cellulose. Composite materials might also improve other
properties of the final composite, as the composites exhibit a greater thermal stability
than the fiber and matrix alone. However, the addition of reinforcement decreases the
thermal stability of the composite.

For the coconut fiber, the chemical treatments resulted in discoloration of the fibers,
indicating that impurities such as lignin, hemicellulose and extractives were removed
from the fibers. Chemical modification was necessary to minimize the hydrophilicity
of the fibers and to increase the interfacial adhesion of polar fibers with the nonpolar
matrix. FTIR analysis verified that the chemical modification of the coconut fibers was
successful, as evidenced by a reduction in the intensity of the characteristic bands for
lignin and hemicellulose. SEM allowed us to evaluate the morphology and dimensions
of modified and unmodified fibers and indicated that there were considerable mor-
phology changes after the chemical treatments. Thermogravimetric analysis showed
that the composites presented higher degradation temperatures than fibers. The DSC
results demonstrated that the incorporation of 20% by weight of coconut fibers treated
with hot water into PP resulted in an increase in T, AH_and X _. This finding proved
that interactions were taking place between the fibers and the PP matrix. Changes in
the fiber surface provided by these treatments caused a greater interaction between the
fibers and the matrix. This was confirmed by observations of increased crystallinity
for the composites. Thus, chemical modification of coconut fibers for use in composite
materials may be useful in engineering applications.
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Abstract

Starch is one of the most promising renewable biopolymers due to its versatility, low cost and
applicability to the development of new biomaterials. Cellulose is the most abundant biopoly-
mer on earth and is present in a wide variety of forms. The addition of cellulose fibers is an
effective way to stabilize starch-based films, which are known to be very sensitive to air humid-
ity. Cellulose fibers strongly interact with plasticized starch matrix and increase the crystal-
line feature of composite films, having a positive effect on their mechanical properties. Starch
microparticles (StM) from corn starch can be modified by reaction with organic acid to obtain
modified starch microparticles (CMSt) by the dry preparation technique. Starch composites
may be prepared using CMSt as the filler within a glycerol plasticized corn starch matrix by the
casting/solvent evaporation process. Composite films can be obtained by the addition of cel-
lulose originating from different sources as filler within the CMSt/St matrix.

Keywords: Starch, cellulose, composite films, properties

7.1 Introduction

In recent years, an increased interest has been noticed for new composite materials
obtained at relatively low cost and presenting significant performance properties, the
research being mainly focused on environmentally-friendly materials. Some compre-
hensive overviews have presented many aspects related to the development of com-
posite materials from renewable resources with special attention on the biodegradable
polymers, processing methods, structure, morphology and properties [1-5].

Biodegradable polymers have received much more attention in the last decades [6-
9] due their potential applications in the areas related to environmental protection
(e.g., packaging, agriculture, etc.) and the maintenance of physical health (e.g., medi-
cine - biomaterials for regenerative therapies; drug release).

Interest in research and development issues related to biopolymers has increased
in view of the fact that they play a significant role in global environmental awareness
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because they reduce carbon dioxide emissions and the dependence on fossil fuels. Thus,
there is a worldwide increasing demand for the production of polymers derived from
renewable resources.

7.2 Starch and Cellulose Biobased Polymers for Composite
Formulations

Biosourced products are experiencing renewed interest with diminishing fossil fuels
and as researchers work on developing a biorefinery-based economy. Biopolymers are
polymers formed in nature during the growth cycles of all living organisms, and are
referred to as natural polymers. These are synthesized through enzyme-catalyzed
polymerization reactions of monomers in living cells by complex metabolic processes.

Generally, polymers from renewable resources have different origins such as: natu-
ral (e.g., polysaccharides — namely cellulose and starch, which are produced in large
amounts; protein; gums), synthetic (e.g., polylactic acid, PLA) derived from natural
monomers, and microbial (e.g., polyhydroxybutyrate, PHB) [1, 5] The main compo-
nents of biomass are cellulose, lignin, hemicelluloses and extractives and, as a non-
wood structural component, starch.

For composite materials applications, the main useful polysaccharides are cellulose
and starch, but more complex carbohydrate polymers originated from bacteria and
fungi (e.g., exo-polysaccharides such as xanthan, curdlan, pullulan, levan and hyal-
uronic acid) have attracted increased interest in the last years due to their outstanding
potential for various industrial areas [10-14].

Cellulose is a linear structural polysaccharide and the most abundant biorenew-
able natural polymer produced by plants. Cellulose can be obtained from a variety of
sources including seed fibers (cotton), wood fibers (from hardwood and softwood spe-
cies), plant fibers (flax, hemp, jute, ramie), grasses (bagasse, bamboo), algae (Valonia
ventricosa), and bacteria (Acetobacter xylinum) [15, 16]. As a versatile biopolymer, it
represents a valuable raw material with fascinating structure and properties. It is a
hydrophilic, biodegradable, highly crystalline polymer with high molecular mass.
Cellulose has no thermally processing ability because it degrades before it melts. It is
insoluble in water and most organic solvents, but is soluble in ionic liquids [17].

In its natural state, cellulose is highly crystalline in structure. It is a polydisperse
linear stiff-chain homopolymer composed of the glucose building blocks which form
hydrogen-bonded supramolecular structures. These strong hydrogen bonds are
responsible for the stiff, linear shape of the cellulose polymer chains [18].

The elementary cellulose component of wood cell walls is represented by microfibrils
which form lamellas or bundles, namely macrofibrils. Under the degradation process,
wood first generates macrofibrils, then well-defined, homogeneous microfibrils (MFC)
and finally, fibrils [19-21]. The defibrillation of the wood cell wall is obtained using a
homogenous mechanical treatment in combination with some appropriate pretreat-
ment, such as enzymatic treatment [22, 23], carboxymethylation [21], or hydrolysis [24].

Microfibrillated cellulose (MFC) originates from many various botanical sources, as
well as algae and tunicate animals. It is also well-known that a certain type of bacterium
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(Gluconacetobacter xylinus) produces a three-dimensional network of bundles of cel-
lulose fibrils. Pure sheets of bacterial cellulose (BC) can be used in composites without
any further disintegration [25].

At nanoscale thickness, fibrils are named as nanofibrillar cellulose (NFC) or nanocel-
lulose [26-28]. Highly crystalline cellulose nanowhiskers, also called cellulose micelles,
cellulose nanorods, cellulose nanocrystals, or nanocrystalline cellulose are produced
under strong acid hydrolysis (e.g., mineral acids such as hydrochloric acid or sulphuric
acid) combined with mechanical shearing [22, 29].

The current knowledge related to the structure and chemistry of cellulose, and the
development of innovative cellulose derivatives for different applications (coatings,
films, membranes, building materials, pharmaceuticals, foodstuffs), as well as the new
perspectives, including environmentally-friendly cellulose fiber technologies, bacterial
cellulose biomaterials, in-vitro syntheses of cellulose, and cellulose-based biocompos-
ites were highlighted in several important works [30-34].

Starch represents an inexpensive and natural renewable polysaccharide, which was
widely investigated as a substitute for petroleum-derived plastics mainly as thermo-
plastic starch (TPS) [5, 35- 43].

Starch is produced during the photosynthesis and functions as the main polysac-
charide reserve source in plants. Starch is deposited in the form of complex structures
termed granules, with varied shapes and average sizes in roots, seeds, tubers, stems,
leaves and fruits of plants, depending on the botanical origin. It is commercially pro-
duced worldwide from corn, wheat, potato, rice and tapioca, these plants producing
a large amount of starch. Starch occurs as semi-crystalline small particles, which are
insoluble in water at room temperature. Starch is a homopolymer of a-D-glucose, con-
sisting in fact of two polysaccharides, namely amylopectin, and amylose [44, 45]. In its
native form, starch is biodegradable in water and is relatively stiff and brittle. However,
when starch is heated in the presence of water, the polymer chains are forced apart and
starch-starch interactions are replaced by hydrogen bonds between starch and water
molecules. This is an irreversible transition, resulting in the decrease of the crystallinity,
and the swelling of the starch granules [46]. As a consequence, the viscosity gradually
increases, the process being referred to as gelatinization. By further subjecting the gela-
tinized starch to mild shearing forces, it is possible to obtain a “dissolved” starch and a
consequent reduced viscosity. In polymer compositions, the native starch granules are
no suitable, instead gelatinized or dissolved starch is preferred [47]. The development of
new starch-based materials has gained much interest in recent years, this being related
to their biodegradability, low cost and wide availability. Thermoplastic starch is one of
the starch-based polymers that have been widely investigated [35, 37-43, 48-50].

7.3 Chemical Modification of Starch

Starch is an attractive biosynthesized and biodegradable alternative suitable for film
preparation and foaming. Unfortunately, starch presents some disadvantages. It is
highly hygroscopic, brittle without plasticizer and its mechanical properties are very
sensitive to moisture content [51]. Still, these drawbacks can be avoided by, for exam-
ple, blending the starch with an appropriate biodegradable polymer. On the market
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today, there already exist starch-based materials. One example is Mater-Bi materials
from Novamont, Italy. These are based on thermoplastic starch and different types of
synthetic components [52].

Starch is inherently non-suitable for most applications and, therefore, must be
modified chemically and/or physically to enhance its positive properties and/or to
minimize its drawbacks [53]. Flexibility in adjusting the properties to the needs of the
specific application by appropriately modifying the composition, low-cost blending
as opposed to innovative synthetic material development, and biodegradability are
some of the main advantages which strongly motivate the development of starch-based
materials [9].

Chemical modification of starch makes it suitable for many applications in the food
products (e.g., as gelling agents, encapsulating agents, thickeners) and the non-food
industry (e.g., as wet-end additives, sizing agents, coating binders, and adhesives in
paper industry; as textile sizes; in cosmetic formulations) [46].

Efficient reactions for chemical modification of starch include esterification, etheri-
fication, and oxidation of the available hydroxyl groups on the glucose units. Among
these reactions, one can mention the following: acetylation [54], succinylation [55],
and maleination [56], thus increasing starch functional value and broadening its prop-
erties. Crosslinking of the starch granules is an effective physical modification route in
order to improve the properties of starch-based materials.

Water is usually involved as reaction media for chemical modification of starch
being an environmentally-friendly solvent (“green solvent”), even its use means a rel-
atively low reactivity, or a reduced selectivity due to side reactions. As result of the
chemical modification reactions, the crosslinking process of starch occurred, this way
being an efficient approach to improve the performance of starch for different applica-
tions [57, 58]. Chemically modified starches were investigated by determination of the
modification degree [55], and by infrared spectroscopy method [59, 60].

Due to the brittleness of starch materials, plasticizers are commonly used. A fre-
quently utilized low weight hydroxyl compound is glycerol. Another effective plasticizer
is water, although not the best because it evaporates easily. Still, starch-based materials
readily absorb water and this may result in significant changes in the mechanical prop-
erties. Different routes have been explored in order to improve the mechanical proper-
ties and water resistance of starch materials. These are chemical modifications to the
starch molecule, blends with polymers such as polycaprolactone [61], or reinforcement
with different types of cellulose-based fillers, such as ramie crystallites [62], and tunicin
whiskers [63], or montmorillonite clay particles [64].

Starch behaves as a thermoplastic polymer in the presence of a plasticizer (water,
glycerol, sorbitol, etc.), high temperature values (90-180°C) and shearing, when it
melts and fluidizes, enabling its processing as that for synthetic polymers [40]. During
this process, hydrogen bonds are formed between plasticizer and starch, the latter one
becoming plasticized. The structure of native starch granule is disrupted in the pres-
ence of water through breaking the chains hydrogen bonded, but at the same time,
water acts as a plasticizer [65]. However, an additional plasticizer besides water (e.g.,
polyol) is needed in order to allow a melting phase at a lower temperature value than
that of the starch degradation process [66]. Starch modification through reaction with
mineral or organic acid is an efficient method to influence starch properties. Starch
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reacts with carboxylic acids at room temperature, in the presence of water (e.g., for-
mylic acid), or does not react in an aqueous medium and requires heating to initi-
ate reaction (e.g., acetic acid, citric acid). Carboxylic acids decreased the viscosity of
thermoplastic starch by controlling the macromolecules of starch in the presence of
glycerol and water [67].

Derivative resulted from reaction of starch with carboxylic acid is not destroyed
through further heating, due to additional dehydration process which determines
the crosslinking of starch. The carboxylic acid modified starch is not gelatinized dur-
ing processing of the films by comparison with starch crystals [68-70], which can be
destroyed through gelatinization process at the high processing temperature value.
Citric acid can increase the thermal stability of glycerol-plasticized thermoplastic
starch, and may decrease the shear viscosity with positive effect on fluidity [71]. Some
starch properties were improved in the presence of citric acid, namely elongation and
water resistance, while the tensile stress decreased.

7.4 Cellulose-Based Starch Composites

High performance composite materials can be obtained with a good level of dispersion,
mainly when the hierarchical structure of cellulose and use of a water soluble polymer
to form the matrix are considered. For most materials applications, the main biopoly-
mers of interest are cellulose and starch. The ease of adhesion that occurs in cellulose
has contributed to its use in paper and other fiber-based composite materials.

7.4.1 Obtainment

Starch-based composite films reinforced with chemically modified starch have a
stable structure under ambient conditions, good resistance to water uptake, and bet-
ter mechanical properties than those without modified starch. Starch microparticles
(StM) were prepared by delivering ethanol into corn starch (St) solution. Chemically
modified starch microparticles (CMSt) by reaction with organic acid were obtained
by the dry preparation technique [72] and incorporated within glycerol plasticized-
corn starch (GCSt) matrix, composite materials being further prepared by the casting/
solvent evaporation process [73, 74]. Cellulose fillers (CF), namely beech wood flour,
cellulose separated from beech wood [75], birch cellulose [76], spruce cellulose (pulp)
[77], Asclepias syriaca seed floss ASF, poplar seed floss PSF [78] - were incorporated
within the CMSt-GCSt matrix. The surface properties (opacity) and water sorption, as
well as mechanical and thermal properties of chemically modified starch/plasticized
starch/cellulose filler (CMSt/St/cellulose filler) composite films were investigated.

7.4.1.1 Preparation of Starch Microparticles (StM) and Chemically Modified
Starch Microparticles (CStM)

A commercially corn starch (St) was used as the polymer continuous matrix of the com-
posite films. Glycerol was used as plasticizer (30% amount based on starch). Organic
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acids (malic, adipic, and tartaric ones) were used for chemical modification of starch
(as shown in Scheme 7.1, Scheme 7.2 and Scheme 7.3).

A mixture of corn starch (St - 10g) and 200 ml of distilled water was heated at 90°C
for 1h in order to result the complete gelatinization of starch under constant stirring.
Then, to the solution of gelatinized starch was added dropwise ethanol (200 ml) with
constant stirring. The resulted suspensions of starch microparticles (StM) were further
cooled at the room temperature, and another 200 ml of ethanol was added dropwise
for about 50 min under constant stirring. The suspensions were centrifuged for 20 min,
at 8000 rpm, and the settled StM was washed using ethanol for removing water. After
complete washing, the StM was dried at 50°C to remove ethanol (Scheme 7.1).

In Scheme 7.2. is represented the chemical reaction between starch microparticles
StM and organic acid (adipic, malic and tartaric). Organic acid (20 g) was dissolved in
100 ml of ethanol. StM (3.5 g) was mixed with 15 ml of acid solution in a glass tray and
conditioned for 12h at room temperature to allow the absorption of acid solution by
StM. The tray was dried in vacuum oven at about 2 mmHg and 50°C for 6h in order to
remove ethanol. The resulted mixture was further ground and dried in a forced air oven
for 1.5h at 130°C. The dry mixture was then washed three times with water to remove
non-reacted organic acid. CMSt mixtures were finally washed with ethanol to remove
water, dried at room temperature, and ground (Scheme 7.3). The dried StM and CMSt
were used for obtainment of composite films with cellulose fillers. By comparison with
starch nanocrystals [79], CMSt is not gelatinized during the processing of the compos-
ites. It can be used as a reinforcement for glycerol plasticized starch.

As it is shown in Scheme 7.2, when organic acid was heated, it dehydrated to yield
an anhydride, which could react with starch to form a starch-organic acid derivative.
Further heating resulted in additional dehydration with crosslinking [70]. Thus, sub-
stitution of organic acid groups on starch macromolecular chains could limit their
mobility by forming a highly crosslinked starch.

7.4.1.2  Determination of the Molar Degree of Substitution of CMSt

The molar degree of substitution (DS) is the number of organic acid per glucose unit
in corn starch and was determined according to the method described in literature
[80]. Approximately 0.5 g of CMSt was accurately weighed and placed into a 150 mL
conical flask containing 30 mL of 75% ethanol solution, this being further stirred and
slowly heated at 50°C for 30 min and then cooled to room temperature. Standard 10
ml of 0.500 M aqueous sodium hydroxide solution was added; the conical flask was
tightly stoppered and stirred by means of a magnetic stirrer for 24 h. The excess alkali
was back-titrated with a standard 0.200 M aqueous hydrochloric acid solution and re-
titrated 2 h later to account for any further alkali that may have leached from the corn

ethanol ethanol

Starch : Water gelatinization Starch drying StM- 8000 rpm StM
1:20 (W/v) 90°C; 1h solution . r°°mt SUSPENSION I 50 min
emperature
250 rpm stirringf drying, 50 °C

Scheme 7.1 Preparation of starch microparticles (StM).
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Scheme 7.3 Preparation of chemically modified starch microparticles (CMSt).

starch. Degree of substitution by organic acid was measured in triplicate and had a
value of around 0.090 ( £ 0.005) with some differences given by the organic acid used
for starch chemical modification.

7.4.1.3  Preparation of CMSt/St/cellulose Filler Composite Films

Chemically modified starch microparticles CMSt were dispersed in 100 ml solution of
distilled water and 1.5 g glycerol for 1 h, then 5 g corn starch and 0.2 g cellulose-based
filler (C) were added resulting chemically modified starch/plasticized starch/cellulose
filler films (CMSt/St/C). CMSt and cellulose filler loading level (4 wt%) was based on
the amount of corn starch. In our recent works [75, 78], different cellulose fillers (cellu-
lose separated from beech wood by TAPPI standard method BWC, respectively beech
wood sawdust BWS, spruce cellulose, Asclepias syriaca L. seed floss ASFE, Populus alba L.
seed floss PSF; microcrystalline cellulose MC as a reference sample) were incorporated
within the starch polymer matrix. The code of samples are presented in Table 7.1. The
mixture was heated at 90°C for 0.5 h with constant stirring in order to plasticize the
corn starch. To obtain the CMSt/St/C films, the mixtures were cast using a fast coat-
ing technique namely the doctor blade technique. Films were obtained by dropping
and spreading the different mixtures on a glass plate using a blade with a slit width
of 0.8 mm. After degassing in a vacuum oven at 50°C for 24 h up to constant weight,
the films were air cooled and detached from the glass surface to be investigated. Films
with a thickness of 0.2 mm were obtained, this value resulting from measurements
by means of a digital micrometer. The starch-based films were pre-conditioned in a
climate chamber at 25°C and 50%RH for at least 48 h prior to the mechanical testing.
Water content was around 9 wt%.

The milkweed (Asclepias syriaca L.) is a tall plant containing a milky juice in all its
parts, native to eastern parts of North America, and naturalized in various parts of
Europe. It is a perennial plant that can adapt to adverse soil conditions (e.g., dry and
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Table 7.1 Code of starch-cellulose composite samples.

Sample Composition

StM/St starch microparticles/starch

AAMSt/St starch microparticles modified with adipic acid/starch

AAMSt /St/MC starch microparticles modified with adipic acid/starch/
microcrystalline cellulose

AAMSt /St/BWC starch microparticles modified with adipic acid/starch/
beech cellulose

AAMSt /St/SC starch microparticles modified with adipic acid/starch/
spruce cellulose

AAMSt /St/ASF starch microparticles modified with adipic acid/starch/
asclepias seed floss

AAMSt /St/PSF starch microparticles modified with adipic acid/starch/
poplar seed floss

AAMSt/St/BWS starch microparticles modified with adipic acid/starch/
beech wood sawdust

arid, requiring less water). Natural fibers with higher cellulose content (around 75%),
better strength and higher elongation than those of milkweed floss have been extracted
from the milkweed stems [81], making them suitable for different fibrous applications
(e.g., textile, composite, etc.). The seeds present lignified, almost colorless silky hairs
(floss), enclosed by a pod. Floss have low density (0.9 g/cm’) unlike any other natural
cellulose fibers, have short lengths and low elongation, thus its applications are limited.
Currently, floss is used for comforters.

There are many efforts made for investigation upon additional types of fibers in
order to improve performance or reduce costs for cellulose-based materials, A relevant
example is represented by poplar seed hairs derived from Populus wood species, which
represent a cellulose-enriched material. This can be considered a valuable resource
derived from the biomass waste to be capitalized under environmentally-friendly con-
ditions through conversion into useful chemical derivatives or use for different fibrous
applications. Usually, poplar seed fibers are treated as waste or used as fertilizer, but
these can be also efficiently used for oil absorbent applications [82] due to their strong
hydrophobic character (fibers are covered by a waxy coating) and specific morphology
(hollow microtube type).

The main objective of our studies was to obtain green composites from corn starch
matrix and various conventional [73, 76, 77], and non-conventional cellulose sources
[78]. Previously, corn starch (St) was converted to starch microparticles (StM). Further,
different organic acids (adipic, malic, tartaric) were used for treatment of StM in order
to obtain chemically modified starch microparticles (CMSt) according to literature data
[72]. After casting and water evaporation, the starch-based films were investigated by
means of X-ray diffraction and FTIR spectroscopy methods. Opacity and water uptake
of starch-based films were also evaluated.

CMSt were further added to a glycerol plasticized corn starch thermoplastic matrix.
In order to obtain starch—cellulose composite materials, different cellulose fillers were
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added within CMSt/St plasticized starch polymer matrix. The influence of the fillers
addition on the properties of composite materials was further investigated.

7.4.2 Characterization of Starch Polymer Matrix

Evidence of starch chemical modification was confirmed by FTIR spectroscopy
and X-ray diffraction methods. Compared to starch crystals [68-70], which can be
destroyed by using high processing temperature value, CStM is not gelatinized during
the processing of the composite film, therefore organic acid modified corn starch can
be conveniently used as a filler for plasticized corn starch polymer matrix.

7.4.2.1 FTIR Spectroscopy Investigation

FTIR-ATR spectra were recorded using a spectrophotometer Vertex 70 (Bruker-
Germany) in the range of 4000-400 cm™ with a 4 cm™ resolution and a scan rate 32.
The spectrophotometer is equipped with MIRacle™ ATR accessory designed for single
or multi-reflection attenuated total reflectance (ATR). The ATR crystal plate is from
diamond (1.8 mm diameter), and solid materials can be put into intimate physical
contact with the sampling area through high-pressure clamping, yielding high-quality,
reproducible spectra.

Corn starch (St) and StM exhibited similar FTIR spectra as evidenced in Figure 7.1.

Some differences such as band shape and intensity can be observed in the finger-
print of starch-based films in the spectra, as a result of organic acid used for chemi-
cal modification. The analysis of FTIR spectra of the films (Figure 7.2) enabled the
hydrogen bond interaction to be identified [80]. A specific peak occurred at around
1650 cm™!, which can be considered a feature of tightly bound water present in the corn
starch [83]. The characteristic peaks observed at 1081 cm™ and 1157 cm™, respectively
can be assigned to the C-O bond stretching of C-O-H group. Another two peaks at
1013 cm™ and 1020 cm™ attributed to C-O bond stretching of C-O-C group in the
glucose ring shifted from 1013 cm™ (St) at 1018-1022 cm™ (StM). These peaks can be
associated with both vibration / solvation of C-OH bond, and transition from an amor-
phous state to a semi-crystalline one [84, 85]. For CMSt powders, a new peak at 1744
cm” (MAMSt), 1712 cm™ (AAMSt) and 1708 cm™ (TAMSt - spectrum not represented
here) respectively, is characteristic to an ester group.

In corn starch and StM, the oxygen of the C-O-C group could form the hydrogen-
bond interaction with the hydrogen of hydroxyl groups, while the ester bonds in CMSt
sterically hindered this hydrogen-bond interaction. The shift of the peak observed at
996 cm™ for StM/St to 998 cm™ for CMSt/St film can be associated to the amorphous-
crystalline transition in these films. The absorbance values at 995-1014 cm™ for CMSt/
St films were different as a function of the organic acid used for chemical modification
and higher comparatively with those recorded for StM/St film.

In Table 7.2, are presented the main FTIR bands assigned for components of starch/
cellulose filler films.

The main absorption bands, specific to spruce cellulose (which is in fact an industrial
bleached pulp), are in the range of intra- and intermolecular hydrogen bonded -OH
groups between 3500 and 3200 cm™}, in the fingerprint region such as those at 1337 and
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Figure 7.1 FTIR spectra recorded for St, StM and CMSt.

1164 cm™, and in the range of C-O valence vibrations from 1060 to 1015 cm™ [88].
The peak at 3430 cm™ is specific to amorphous cellulose, being attributed to the OH
stretching being related to the intra-molecular hydrogen bonds at the C3 position, but
also possible intra-molecular hydrogen bonds between the functional groups at the C2
and C6 positions in cellulose [89]. Technical celluloses, such as bleached pulp (namely,
spruce cellulose), contain additional carbonyl and carboxyl groups as a result of the
isolation and purification processes involved in the processing of cellulose, these being
accompanied usually by residual hemicelluloses [32, 90]. The absence of the band at
1520 cm™ in the FTIR spectrum can evidence that it is no residual lignin in composi-
tion of the cellulose sample.

7.4.2.2  X-ray Diffraction Analysis

Corn starch St, StM, and CMSt powders were tightly packed into the sample holder.
X-ray diffraction patterns were recorded in the reflection mode in angular range 3°-30°
(20) at a speed of 2° min' and at ambient temperature by means of a Bruker AD8
ADVANCE X-ray diffractometer equipment with Cu Ka radiation operating at 40 kV
and 35mA.

The X-ray diffraction analysis indicated that during chemical modification process,
several crystalline structures of native starch were destroyed, and a new structure of
organic acid-modified starch was formed (Figure 7.3). The diffraction peaks for StM
and CMSt look like a V-type crystalline structure. According to the literature data
[92], there can be observed a typical A-style crystallinity in the native corn starch. This
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Figure 7.2 FTIR spectra recorded for CMSt/St and CMSt/St/cellulose filler.

Table 7.2 Assignments of FTIR bands to components of starch/cellulose filler films [86-89].

Wavenumber (cm™) | Assignment

3310-3330 free O-H valence vibration

1675-1655 CO stretching

1432 CH, symmetric bending

1362 C-H deformation vibration

1337 O-H in plane bending of alcohol groups

1164-1139 C-0O-C antisymmetric valence stretching

1080-995 C(3)-O(3)H valence vibration

896 glycosidic C(1)-H deformation with ring valence vibration; OH
bending specific to f-glycosidic linkages between glucose units
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crystalline state was replaced by the V-type crystallinity which was formed in the pres-
ence of plasticizer by the inductive effect of the thermal process.

During the thermoplasticization process, the strong interactions between hydroxyl
groups of starch macromolecules were substituted by hydrogen bonds formed between
plasticizer and starch. Through heating, the starch gelatinization occurred by disrup-
tion of its double helix conformations. When organic acid penetrated the StM gran-
ules, it could disrupt the V-type crystalline structure of starch due to the concentrated
solution of organic acid. The reaction should occur mainly in the amorphous phase of
starch [93].

According to the X-ray diffraction analysis, organic acid modified starch micropar-
ticles CMSt presented an amorphous characteristic, but some crystalline peaks at
around 20 = 20° were also evidenced.

7.4.3 Properties Investigation
7.4.3.1 Opacity Measurements

The opacity for cellulose-starch composite films was measured by using a JENWAY
6405 UV-VIS spectrophotometer and defined as the area under the absorbance spec-
trum between 400 and 800 nm according to the ASTM D 1003-00 method (ASTM D
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Figure 7.3 X-ray diffraction curves recorded for St, StM and CMSt.
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1003-00 Standard Test Method for Haze and Luminous Transmittance of Transparent
Plastics). The film samples were cut into a rectangular piece (1x2.5 cm), fixed on the
inner side of a 1cm of spectrophotometer cell and the absorbance spectrum recorded.
The film opacity measurements were repeated three times.

The opacity is a critical property if the starch-based films are used for food coat-
ings applications. Transparent films are characterized by low values of the area below
the absorption curve. The obtained values showed that films with addition of organic
acid modified starch microparticles CMSt were more transparent than films with no
chemically modified starch [74]. Besides, the opacity of films decreased due to addition
of CMSt, this tendency being more noticeable in sample modified with tartaric acid.
Film opacity decreased in order: TAMSt/St<MAMSt/St<AAMSt/St<StM/St. In Figure
7.4, opacity recorded for AAMSt/St and AAMSt/St/cellulose filler composite samples
is represented [75].

Composite sample comprising lignocellulosic filler-beech wood sawdust, namely
AAMSt/St/BWS, is more less transparent comparatively with sample comprising beech
cellulose. Film sample based only the plasticized starch matrix with chemically modi-
fied starch microparticles in composition maintains relative transparency.

7.4.3.2 Water Sorption Properties

Water uptake is usually used to study the humidity diffusion through the compos-
ite films. To determine the water uptake [92, 94, 95], the composite films used were
thin rectangular strips with dimensions of 10 mm x 10 mm X 0.2 mm. The films were
supposed to be thin enough so that the molecular diffusion was considered to be one-
dimensional and were vacuum-dried at 90°C overnight. After weighing, they were con-
ditioned at 25°C in a desiccator containing sodium sulfate in order to ensure a relative
humidity (RH) of 95%. They were then removed at specific intervals and gently blotted
with tissue paper to remove the excess of water on the surface, and the water uptake
was calculated with Eq. 1, as follows:

water uptake (%) = [(Wt -W )/W ] x 100 (7.1)

where: Wt and W represents the weight at time t and before exposure to 95% RH,
respectively. The determinations were performed in triplicate.
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Figure 7.4 Opacity recorded for AAMSt/St and AAMSt/St/cellulose filler composite samples.
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Figure 7.5 Water sorption behavior for different starch-cellulose composite films.

In a multi-component biopolymer system (like starch-cellulose films), each biopoly-
mer engages in biopolymer-biopolymer interactions contributing each one and both to
the system properties. Occasionally, these interactions are more important than indi-
vidual actions. A neat starch film will always display high water absorbency properties,
this fact impeding the its application for most water resistance applications.

After drying, the starch films with no CMSt in composition exhibited the higher
value for equilibrium moisture content while the lower values were observed by addi-
tion of CMSt within plasticized starch polymer matrix due to their hydrophobic prop-
erties (Figure 7.5).

This behavior can be explained by the formation of a more tight structure after
starch crosslinking which prevents the swelling of starch and also restricts the move-
ment of macromolecular chains, leading to a decrease of the amount of absorbed water
in agreement with mechanical properties.

7.4.3.3 Mechanical Properties

Tensile stress and strain at break were evaluated according to ASTM D882-00 (ASTM
D882-00 Standard Test Method for Tensile Properties of Thin Plastic Sheeting) using
an Instron 3345 with a 5-kN load cell. Before testing, the films were cut into strips and
conditioned at 50% RH and 25°C for 48 hours. Testing was done on composite films
each measuring 10 cm x 1 cm randomly cut from the cast films. The thickness of each
specimen was measured at four points along its length with digital micrometer. The
crosshead speed was 10 mm/min. A minimum of 10 replications of each test sample
were run.

Table 7.3 summarizes the mechanical properties of some of the starch-cellulose fill-
ers composite films [75].

The tensile strength of the films was influenced by the polymer components. By
addition of cellulose fillers, the tensile strength values were improved. Elongation at
break for CMSt/St/C film samples was reduced than that for CMSt/St sample. However,
as a result of more compact structure due to high intermolecular hydrogen bond
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Table 7.3 Mechanical properties recorded for starch-cellulose composite films.

Composite sample | Tensile strength Young's modulus Elongation at break
(MPa) (MPa) (%)

AAMSt/St 11.5 1162 7.8

AAMSt/St/BWC 17.1 1061 7.4

AAMSt/St/BWS 11.7 722 7.1

Table 7.4 Thermal characteristics of some starch-cellulose composite films [75].

Compositesample T,,..(°C) Tpeak("C) T, (O |T, - T,,,, (°C) [ W.(%)
T, C)

AAMSt/St 273 321 336 63 319 88.02

AAMSt/St/BWC 256 322 338 82 319 88.84

AAMSt/St/BWS 265 320 339 74 320 88.41

where: T, - temperature corresponding to 10% weightloss; T, — maximum decomposition temperature;
T, , - final decomposition temperature; T -T, - decomposition temperature interval; T, , - tempera-
ture corresponding to 50% weight loss; W.. — weight loss on the temperature range (0-600°C).

interactions between starch and cellulose polymers, the films containing cellulose were
more brittle than the composite with no filler.

7.4.3.3 Thermal Properties

Thermal analysis of starch-cellulose films was performed with a thermal analyzer
STA 449 F1 Netzsch (Germany). Samples (» 5 mg) were placed in Al O, crucibles and
heated under nitrogen from 50°C up to 700°C with 10°C /min heating rate. TG and
DTG curves recorded with a + 0.5°C precision were analyzed with Netzsch Proteus
analysis software.

TG/DTG/DSC investigation of the starch-cellulose composite films was performed
in order to study their thermal decomposition behavior. Some thermal characteristics
of composite materials which contain different cellulose fillers (beech cellulose, beech
wood sawdust) were evidenced from thermograms (data presented in Table 7.4).

The degradation occurring around 320°C can be attributed to the starch degrada-
tion and is similar in all composite samples, CMSt/St and CMSt/St/cellulose filler. The
peak at around 320°C can be also assigned to the decomposition of cellulose, and beech
wood sawdust.

7.5 Conclusions/Perspectives

Starch-based composite films reinforced with chemically modified starch have a sta-
ble structure under ambient conditions, good resistance to water uptake, and better
mechanical properties than those without modified starch.
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Starch-cellulose filler composite materials were prepared from modified starch mic-
roparticles originating from corn starch previously modified by reaction with organic
acid as filler within a glycerol plasticized corn starch matrix by the casting process.
X-ray diffraction and FTIR spectroscopy methods evidenced the changes in the struc-
ture of StM and CMSt. The absorption peaks corresponding to the hydroxyl, carbonyl
and ether groups in starch have a tendency to shift to higher wavenumber values for the
starch-cellulose filler films, indicating the occurrence of a hydrogen-bonding interac-
tion between polymer components.

Starch-cellulose filler composite materials presented improved tensile strength val-
ues and were more rigid, but had lower elongation capacity. The obtained composite
films became more hydrophobic, a decrease of the water absorption in a high humidity
atmosphere being observed. Films transparency was also seen to decrease with addi-
tion of cellulose filler.

Our work provides a simple and cheap way to prepare fully biodegradable modified
starch/cellulose filler films, which may have applications for packaging, or agricultural
mulching purposes.
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Abstract

Computational chemistry is a branch of chemistry that uses principles of computer science to
assist in solving chemical problems. It uses the results of theoretical chemistry, incorporated into
efficient computer programs, to calculate the structures and properties of molecules and solids.
The lignocellulosic materials are mainly made up of a complex network of three polymers: cel-
lulose, hemicellulose, and lignin. Due to their hydrophilicity, biodegradability, biocompatibility
and low toxicity, hemicelluloses have been studied by numerous research groups with respect to
their use as composites in biomedical applications.

In this research, rice husk and gluten husk were analyzed. Rice husk (RH) is a fibrous mate-
rial, composed mainly of cellulose, lignin and inorganic and organic compounds. Rice husk ash
(RHA) is a light material, which is bulky and porous; it amounts to about 20% of the burnt husk.
Gluten is the composite of a gliadin and a glutenin, which is conjoined with starch in the endo-
sperm of various grass-related grains. The prolamin and glutelin from wheat (gliadin, which is
alcohol-soluble, and glutenin, which is only soluble in dilute acids or alkalis) constitute about
80% of the protein contained in wheat fruit.

The analysis techniques used were: FTIR to study this effect and the optional use of theo-
retical calculations to justify the obtained results by means of computational chemistry tools.
Using QSAR properties, we can obtain an estimate of the activity of a chemical from its molecu-
lar structure only. The QSARs have been successfully applied to predict soil sorption coeffi-
cients of non-polar and nonionizable organic compounds, including many pesticides. Sorption
of organic chemicals in soils or sediments is usually described by sorption coeflicients. The
molecular electrostatic potential (MESP) was calculated using the AMBER/AM1 method. These
methods give information about the proper region by which compounds have intermolecular
interactions between their units.

Keywords: Lignocellulosic materials, absorption process, computational chemistry, geometry
optimization, QSAR, FTIR, potential electrostatic
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8.1 Introduction

8.1.1 Computational Chemistry

Computational chemistry is a branch of chemistry that uses principles of computer
science to assist in solving chemical problems. It uses the results of theoretical chem-
istry, incorporated into efficient computer programs, to calculate the structures and
properties of molecules and solids. Its necessity arises from the well-known fact that
apart from relatively recent results concerning the hydrogen molecular ion (see refer-
ences therein for more details), the quantum many-body problem cannot be solved
analytically, much less in closed form. While its results normally complement the
information obtained by chemical experiments, it can in some cases predict hitherto
unobserved chemical phenomena. It is widely used in the design of new drugs and
materials. Examples of such properties are structure (i.e., the expected positions of the
constituent atoms), absolute and relative (interaction) energies, electronic charge dis-
tributions, dipoles and higher multipole moments, vibrational frequencies, reactivity
or other spectroscopic quantities, and cross-sections for collision with other particles.

In all cases the computer time and other resources (such as memory and disk space)
increase rapidly with the size of the system being studied. That system can be a single
molecule, a group of molecules, or a solid. Computational chemistry methods range
from highly accurate to very approximate; highly accurate methods are typically fea-
sible only for small systems [1].

A single molecular formula can represent a number of molecular isomers. Each iso-
mer is a local minimum on the energy surface (called the potential energy surface)
created from the total energy (ie., the electronic energy, plus the repulsion energy
between the nuclei) as a function of the coordinates of all the nuclei. A stationary point
is geometry such that the derivative of the energy with respect to all displacements of
the nuclei is zero. A local (energy) minimum is a stationary point where all such dis-
placements lead to an increase in energy. The local minimum that is lowest is called the
global minimum and corresponds to the most stable isomer. If there is one particular
coordinate change that leads to a decrease in the total energy in both directions, the
stationary point is a transition structure and the coordinate is the reaction coordinate.
This process of determining stationary points is called geometry optimization.

The determination of molecular structure by geometry optimization became routine
only after efficient methods for calculating the first derivatives of the energy with respect
to all atomic coordinates became available. Evaluation of the related second derivatives
allows the prediction of vibrational frequencies if harmonic motion is estimated. More
importantly, it allows for the characterization of stationary points. The frequencies are
related to the Eigenvalues of the Hessian matrix, which contains second derivatives. If
the Eigenvalues are all positive, then the frequencies are all real and the stationary point
is a local minimum. If one Eigenvalue is negative (i.e., an imaginary frequency), then
the stationary point is a transition structure. If more than one Eigenvalue is negative,
then the stationary point is a more complex one, and is usually of little interest.

When one of these is found, it is necessary to move the search away from it if the
experimenter is looking solely for local minima and transition structures. The total
energy is determined by approximate solutions of the time-dependent Schrodinger
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equation, usually with no relativistic terms included, and by making use of the Born-
Oppenheimer approximation, which allows for the separation of electronic and nuclear
motions, thereby simplifying the Schrodinger equation. This leads to the evaluation
of the total energy as a sum of the electronic energy at fixed nuclei positions and the
repulsion energy of the nuclei. A notable exception is certain approaches called direct
quantum chemistry, which treat electrons and nuclei on a common footing. Density
functional methods and semi-empirical methods are variants on the major theme.
For very large systems, the relative total energies can be compared using molecular
mechanics [2,3].

8.1.1.1 Molecular Mechanics Methods

Molecular mechanics uses classical mechanics to model molecular systems. The
potential energy of all systems in molecular mechanics is calculated using force fields.
Molecular mechanics can be used to study small molecules as well as large biological
systems or material assemblies with many thousands to millions of atoms. All-atomistic
molecular mechanics methods have the following properties:

» Each atom is simulated as a single particle.

o Each particle is assigned a radius (typically the van der Waals radius),
polarizability, and a constant net charge (generally derived from quan-
tum calculations and/or experiment).

» Bonded interactions are treated as "springs” with an equilibrium distance
equal to the experimental or calculated bond length.

Molecular mechanics potential energy functions have been used to calculate binding
constants, protein folding kinetics, protonation equilibria, active site coordinates, and
to design binding sites [4,5].

8.1.1.1.1 AMBER Method

The term "AMBER force field" generally refers to the functional form used by the family
of AMBER force fields. This form includes a number of parameters; each member of
the family of AMBER force fields provides values for these parameters and has its own
name. The functional form of the AMBER force field is (equation 8.1).

V=3 A1) Yk (©-0,7 4 0.5V [1+cos(mw—y)] (8.1)

12 6
X ro.. ro., q.9q;
+ 0. _ 9 -2 _ 9 +#
ZZ ! [ I J [ I, ] 4T1e ro,

j=1 i=j+1 ij ij

The meanings of right hand side terms are:

1. First term (summing over bonds): represents the energy between
covalently bonded atoms. This harmonic (ideal spring) force is a good
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approximation near the equilibrium bond length, but becomes increas-
ingly poor as atoms separate.

2. Second term (summing over angles): represents the energy due to the
geometry of electron orbitals involved in covalent bonding.

3. Third term (summing over torsions): represents the energy for twisting
a bond due to bond order (e.g., double bonds) and neighboring bonds
or lone pairs of electrons. Note that a single bond may have more than
one of these terms, such that the total torsional energy is expressed as a
Fourier series.

4. Fourth term (double summation over iand j): represents the non-bonded
energy between all atom pairs, which can be decomposed into van der
Waals (first term of summation) and electrostatic (second term of sum-
mation) energies.

The form of the van der Waals energy is calculated using the equilibrium distance
(roij) and well depth (¢). The factor of 2 ensures that the equilibrium distance is ro,.
The energy is sometimes reformulated in terms of o, where ro, = 2" (0), as used, e.g.,
in the implementation of the soft core potentials. The form of the electrostatic energy
used here assumes that the charges due to the protons and electrons in an atom can be
represented by a single point charge (or in the case of parameter sets that employ lone
pairs, a small number of point charges) [6].

8.1.1.2  Semi-Empirical Methods

Semi-empirical quantum chemistry methods are based on the Hartree-Fock formal-
ism, but make many approximations and obtain some parameters from empirical data.
They are very important in computational chemistry for treating large molecules where
the full Hartree-Fock method without the approximations is too expensive. The use
of empirical parameters appears to allow some inclusion of electron correlation effects
into the methods. Within the framework of Hartree—Fock calculations, some pieces
of information (such as two-electron integrals) are sometimes approximated or com-
pletely omitted.

In order to correct for this loss, semi-empirical methods are parametrized, that is
their results are fitted by a set of parameters, normally in such a way as to produce
results that best agree with experimental data, but sometimes to agree with ab initio
results. Semi-empirical methods follow what are often called empirical methods where
the two-electron part of the Hamiltonian is not explicitly included.

For m-electron systems, this was the Hiickel method proposed by Erich Hiickel.
For all valence electron systems, the extended Hiickel method was proposed by Roald
Hoffmann. Semi-empirical calculations are much faster than their ab initio counter-
parts. Their results, however, can be very wrong if the molecule being computed is not
similar enough to the molecules in the database used to parametrize the method. Semi-
empirical calculations have been most successful in the description of organic chemis-
try, where only a few elements are used extensively and molecules are of moderate size.
However, semi-empirical methods were also applied to solids and nanostructures but
with different parameterization. As with empirical methods, we can distinguish if:
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 Restricted to m-electrons. These methods exist for the calculation of elec-
tronically excited states of polyenes, both cyclic and linear. These meth-
ods, such as the Pariser-Parr-Pople method (PPP), can provide good
estimates of the m-electronic excited states, when parameterized well.
Indeed, for many years, the PPP method outperformed ab initio excited
state calculations [6].

8.1.1.2.1 AMI1 Method

AM1 is basically a modification to and a reparameterization of the general theoreti-
cal model found in MNDO. Its major difference is the addition of Gaussian functions
to the description of core repulsion function to overcome MNDO’s hydrogen bond
problem. Additionally, since the computer resources were limited in 1970s, in MNDO
parameterization methodology, the overlap terms, s and Pp, and Slater orbital expo-
nent’s (s and {p for s- and p- atomic orbitals were fixed. That means they are not param-
eterized separately just considered as s = Bp, and {s = {p in MNDO. Due to the greatly
increasing computer resources in 1985 comparing to 1970s, these inflexible conditions
were relaxed in AM1 and then likely better parameters were obtained.

The addition of Gaussian functions significantly increased the numbers of parame-
ters to be parameterized from 7 (in MNDO) to 13-19, but AM1 represents a very real
improvement over MNDO, with no increase in the computing time needed. Dewar also
concluded that the main gains of AM1 were its ability to reproduce hydrogen bonds
and the promise of better estimation of activation energies for reactions. However, AM1
has some limitations. Although hypervalent molecules are improved over MNDO, they
still give larger errors than the other compounds, alkyl groups are too stable, nitro com-
pounds are too unstable, peroxide bond are too short. AM1 has been used very widely
because of its performance and robustness compared to previous methods. This method
has retained its popularity for modeling organic compounds and results from AM1 calcu-
lations continue to be reported in the chemical literature for many different applications.

AM1 is currently one of the most commonly used of the Dewar-type methods. It was
the next semiempirical method introduced by Dewar and coworkers in 1985 following
MNDO. It is simply an extension, a modification to and also a reparameterization of
the MNDO method. AM1 differs from MNDO by mainly two ways. The first differ-
ence is the modification of the core repulsion function. The second one is the param-
eterization of the overlap terms s and Bp, and Slater-type orbital exponents {s and (p
on the same atom independently, instead of setting them equal as in MNDO. MNDO
had a very strong tendency to overestimate repulsions between atoms when they are
at approximately their van der Waals distance apart. To overcome this hydrogen bond
problem, the net electrostatic repulsion term of MNDO, f(RAH) given by equation
(8.2), was modified in MNDO/H to be

F(Ru) =Z,Z,(S,S,1S4:Sy) lenir ] (8.2)

AH

Where a was proposed to be equal to 2.0 A2 for all A-H pairs. On the other hand, the
original core repulsion function of MNDO was modified in AM1 by adding Gaussian
functions to provide a weak attractive force. The core-core repulsion energy term in
AML1 is given by equation 8.3.
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The Gaussian functions F(A) and F(B) are expressed by equation 8.4.

F(A)=) K,ie™ (R,,-M, )

F(B)=Y Kyie ™ (R, ~M,,) (8.4)
And finally AM1 core-repulsion function becomes (equation 8.5).

AMI1_ ; MNDO ZAZB [La;(Ryp M, ;)] (L Ry ~My ;)°]
EAB _EAB +— ZiKA,ie +ZjKB,je (8.5)
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In this equation 8.5, K, L and M are the Gaussian parameters. The remaining param-
eters have the same meaning as in the previous section. L parameters determine the
widths of the Gaussians and were not found to be critical by Dewar. Therefore, a com-
mon value was used for many of the L parameters. On the other hand, all K and M
parameters were optimized. Each atom has up to four of the Gaussian parameters, i.e.,
K1,...,K4,L1,...,L4, M1, ..., M4.

Carbon has four terms in its Gaussian expansion whereas hydrogen and nitrogen
have three and oxygen has two terms (only K1, K2, L1, L2, M1, M2). Because in AM1
for carbon, hydrogen and nitrogen both attractive and repulsive Gaussians were used
whereas for oxygen only repulsive ones considered, addition of Gaussian functions into
the core-repulsion function significantly increased the number of parameters to be
optimized and made the parameterization process more difficult.

As for original MNDO, one-center two-electron repulsion integrals gss, gpp, gdd, gsp,
hsp are assigned to atomic spectral values and not optimized. In contrast to MNDO,
in which parameters were first optimized for carbon and hydrogen together and then
other elements added one at a time, by increased computer resources and improved
optimization procedure a larger reference parameterization dataset was used in the
parameterization of AM1. All the parameters for H, C, N and O were optimized at once
in a single parameterization procedure.

Optimization of the original AM1 elements was performed manually by Dewar
using chemical knowledge and intuition. He also kept the size of the reference param-
eterization data at a minimum by very carefully selecting necessary data to be used
as reference. Over the following years many of the main-group elements have been
parameterized keeping the original AM1 parameters for H, C, N and O unchanged. Of
course, a sequential parameterization scheme caused every new parameterization to
depend on previous ones, which directly affects the quality of the results.

AM]1 represented a very considerable improvement over MNDO without any
increase in the computing time needed. AM1 has been parameterized for many of the
main-group elements and is very widely used, keeping its popularity in organic com-
pounds’ modeling due to its good performance and robustness. Although many of the
deficiencies in MNDO were corrected in AM1, it still has some important limitations
as outlined in the historical development section [6].
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8.1.2 Lignocellulosic Materials

Lignocellulosic materials comprising forestry, agricultural and agro-industrial wastes
are abundant, renewable and inexpensive energy sources. Such wastes include a vari-
ety of materials such as sawdust, poplar trees, sugarcane bagasse, waste paper, brewer’s
spent grains, switch grass, and straws, stems, stalks, leaves, husks, shells and peels from
cereals like rice, wheat, corn, sorghum and barley, among others [7,8].

Lignocellulose wastes are accumulated every year in large quantities, causing envi-
ronmental problems. However, due to their chemical composition based on sugars and
other compounds of interest, they could be utilized for the production of a number of
value added products, such as ethanol, food additives, organic acids, enzymes, and oth-
ers. Therefore, besides the environmental problems caused by their accumulation in the
nature, the non-use of these materials constitutes a loss of potentially valuable sources.
The major constituents of lignocellulose are cellulose, hemicellulose, and lignin, poly-
mers that are closely associated with each other constituting the cellular complex of the
vegetal biomass. Basically, cellulose forms a skeleton which is surrounded by hemicel-
lulose and lignin (Figure 8.1).

Cellulose is a high molecular weight linear homopolymer of repeated units of cellobi-
ose (two anhydrous glucose rings joined via a 3-1,4 glycosidic linkage). The long-chain
cellulose polymers are linked together by hydrogen and van der Walls bonds, which
cause the cellulose to be packed into microfibrils. By forming these hydrogen bounds,
the chains tend to arrange in parallel and form a crystalline structure. Therefore, cel-
lulose microfibrils have both highly crystalline regions (around 2/3 of the total cellu-
lose) and less-ordered amorphous regions. More ordered or crystalline cellulose is less
soluble and less degradable.

Hemicellulose is a linear and branched heterogeneous polymer typically made up of
five different sugars — L-arabinose, D-galactose, D-glucose, D-mannose, and D-xylose
- as well as other components such as acetic, glucuronic, and ferulic acids. The back-
bone of the chains of hemicelluloses can be a homopolymer (generally consisting of
single sugar repeat unit) or a heteropolymer (mixture of different sugars). According
to the main sugar residue in the backbone, hemicellulose has different classifications,
e.g., xylans, mannans, glucans, glucuronoxylans, arabinoxylans, glucomannans, galac-
tomannans, galactoglucomannans, -glucans, and xyloglucans. When compared to cel-
lulose, hemicelluloses differ thus by composition of sugar units, by presence of shorter
chains, by a branching of main chain molecules, and to be amorphous, which made its
structure easier to hydrolyze than cellulose.

O0REO00O00CON0000RACO0000N000N00000—* LIGNIN
o= ——) BN

HEMICELLULOSE

CELLULOSE

Figure 8.1 Representation of lignocellulosic materials structure showing cellulose, hemicellulose and
lignin fractions.
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Table 8.1 Main components of lignocellulose wastes.

Lignocellulosic materials waste Cellulose | Hemicellulose | Lignin
(Wt%) (Wt%) (Wt%)
Barley straw 33.8 21.9 13.8
Corn cobs 33.7 31.9 06.1
Corn stalks 35.0 16.8 07.0
Cotton stalks 58.5 144 21.5
Oat straw 39.4 27.1 17.5
Rice straw 36.2 19.0 09.9
Rye straw 37.6 30.5 19.0
Soya stalks 34.5 24.8 19.8
Sugarcane bagasse 40.0 27.0 10.0
Sunflower stalks 42.1 29.7 134
Wheat straw 32.9 24.0 08.9

Lignin is a very complex molecule constructed of phenylpropane units linked in a
large three-dimensional structure. Three phenyl propionic alcohols exist as monomers
of lignin: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. Lignin is closely
bound to cellulose and hemicellulose and its function is to provide rigidity and cohe-
sion to the material cell wall, to confer water impermeability to xylem vessels, and to
form a physic-chemical barrier against microbial attack. Due to its molecular configu-
ration, lignins are extremely resistant to chemical and enzymatic degradation.

The amounts of carbohydrate polymers and lignin vary from one plant species to
another. In addition, the ratios between various constituents in a single plant may also
vary with age, stage of growth, and other conditions. However, cellulose is usually the
dominant structural polysaccharide of plant cell walls (35-50%), followed by hemicel-
lulose (20-35%) and lignin (10-25%). Average values of the main components in some
lignocellulose wastes are shown in Table 8.1 [8].

8.1.2.1 Rice Husk

Rice husk ask (Figure 8.2) is one of the most widely available agricultural wastes in
many rice producing countries around the world. In majority of rice producing coun-
tries much of the husk produced from processing of rice is either burnt or dumped as
waste. Burning of rice husk ask in ambient atmosphere leaves a residue, called rice husk
ash. For every 1000 kgs of paddy milled, about 220 kgs (22%) of husk is produced, and
when this husk is burnt in the boilers, about 55 kgs (25%) of rice husk ask is generated.

The chemical composition of rice husk ask is similar to that of many common
organic fibers and it contains of cellulose 40-50%, lignin 25-30%, ash 15-20% and mois-
ture 8-15%. Typical analyses of rice husk ask is shown in Table 8.2. The content of each
of them depends on rice variety, soil chemistry, climatic conditions, and even the geo-
graphic localization of the culture.
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Figure 8.2 Component principal of rice husk ask.
Table 8.2 Typical analysis of rice husk ask.
Property Range
Bulk density (kg/m?) 96-160
Hardness (Mohr’s scale) 5-6
Ash (%) 22-29
Carbon (%) = 35
Hydrogen (%) 4-5
Oxygen (%) 31-37
Nitrogen (%) 0.23-0.32
Sulphur (%) 0.04-0.08
Moisture 8-9

The exterior of rice husk ask are composed of dentate rectangular elements, which
themselves are composed mostly of silica coated with a thick cuticle and surface hairs.
The mid region and inner epidermis contain little silica. Jauberthie et al., confirmed
that the presence of amorphous silica is concentrated at the surfaces of the rice husk
and not within the husk itself [9]. The properties of rice husk ash and its main compo-
sition are presented in Table 8.3. The organic materials consist of cellulose and lignin
which turn to CO, and CO when rice husk ask burns in air. The ash contains mainly
silica (90%), and a small portion of metal oxides (~5%) and residual carbon obtained
from open burning [10].

8.1.2.2 Wheat Gluten Husk

Wheat gluten is a protein composite found in foods processed from wheat and related
grain species, including barley and rye. WG gives elasticity to dough, helping it rise
and keep its shape and often gives the final product a chewy texture. WG may also
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Table 8.3 Chemical composition of Rice husk ask.

Component %
SiO, 92.498
Fe O, 0.136
ALO, 0.249
CaO 0.622
MgO 0.442
K,0 2.490
LOI 3.520
Na, O 0.023
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Figure 8.3 Structure of wheat gluten husk.

be found in some cosmetics, hair products, and other dermatological preparations
[11,12]. Commercial WG has a mean composition of 72.5% protein (77.5% on dry
basis), 5.7% total fat, 6.4% moisture and 0.7% ash; carbohydrates, mainly starches, are
the other major component [13]. WG husk is the composite of a gliadin and a glutenin
(Figure 8.3), which is conjoined with starch in the endosperm of various grass-related
grains. The prolamin and glutelin from wheat (gliadin, which is alcohol-soluble, and
glutenin, which is only soluble in dilute acids or alkalis) constitute about 80% of the
protein contained in wheat fruit. Being insoluble in water, they can be purified by wash-
ing away the associated starch. Worldwide, gluten is a source of protein, both in foods
prepared directly from sources containing it, and as an additive to foods otherwise low
in protein [11,12].

Gliadins are monomeric proteins that can be separated into four groups, alpha-,
beta-, gamma- and omega-gliadins. Glutenins occur as multimeric aggregates of high
molecular weight (HMW) and low-molecular-weight (LMW) subunits held together
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by disulphide bonds. In wheat, omega- and gamma-gliadins are encoded by genes at
the Gli-1 loci located on the short arms of group 1 chromosomes, while alpha and beta-
gliadin-encoding genes are located on the short arms of group 6 chromosomes. LMW
glutenins are encoded by genes at the Glu-3 loci that are closely linked to the Gli-1
loci. HMW glutenins are encoded by genes at the Glu-1 loci found on the long arms of
group 1 chromosomes. Each Glu-1 locus consists of two tightly linked genes encoding
one X -type and one ‘y’-type HMW glutenin, with polymorphism giving rise to a num-
ber of different alleles at each locus.

The y-type genes at the Glu-A1 locus are not expressed in hexaploid wheat. Due to
the very close linkage between the x and y type genes, HMW glutenins are classified
into alleles according to the x and y type subunits expressed. Considerable efforts have
been made to understand the relationship between gliadin and glutenin composition
and rheological properties of wheat dough. It is now well understood that the properties
of various wheat storage proteins have a major effect on dough rheological properties.

The gliadin and glutenin components contribute to dough quality either in an inde-
pendent manner (additive genetic effects) or in interactive manner (epistatic effects). It
was suggested that the apparent effects of gliadins on dough quality should be attributed
to the LMW glutenins due to the close linkage of the Gli-1 and Glu-3 loci. Generally,
HMW glutenins have been found to be more important than gliadins and LMW glute-
nins for dough rheological properties [14].

8.1.2.2.1 Composition and Properties

a) Film Forming

The film forming property of hydrated wheat gluten is a direct outcome of its viscoelas-
ticity. Whenever carbon dioxide or water vapor forms internally in a gluten mass with
sufficient pressure to partially overcome the elasticity, the gluten expands to a spongy
cellular structure. In such structures, pockets or voids are created which are surrounded
by a continuous protein phase to entrap and contain the gas or vapor. This new shape
and structure can then be rendered dimensionally stable by applying sufficient heat to
cause the protein to denature or devitalize and set up irreversibly into a fixed moist gel
structure or to a crisp fragile state, depending on final moisture content.

The open texture of leavened breads; the suspension of solid particles such as fruit
pieces or grains; and high fiber bread are examples of success due to the continuous
phase of hydrated protein. Where the loading of added solid particles is greater than
the strength possible from the flour used, “cripples” result. This is easily correctable by
addition of wheat gluten to the flour base. In addition to its film forming potential in
food systems, cast or floated films of wheat gluten can be made. Glazing of meat patties
is possible, and wheat gluten films in the form of sausage casing, tubes or shreds are
recorded in the patent literature as the product of gluten “hot melt” techniques.

b) Flavor

Properly produced and given reasonable care in storage, wheat gluten exhibits a flavor
note variously described as “bland” or “slight cereal” Wheat gluten flavors enjoy wide
acceptance and wheat gluten merges perfectly into all cereal-based products. Blending
with meats in various binding, adhesive and extension roles need not result in off-flavor
notes, even at high percentage use levels. Blending of wheat gluten with other food
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proteins which do possess characteristic flavor notes can result in imporved total flavor
as, for example, when soy/wheat gluten blends are used for textured vegetable protein
manufacture. Low and acceptable flavor levels of wheat gluten are the result of careful
selection of flours, good manufacturing procedures and proper storage at normal ambi-
ent temperatures.

¢) pH Effects
Since wheat gluten is a complex of proteins it has no sharp isoelectric (minimum solu-
bility and dissociation) point. There is thus no readily discernible point at which the
positive and negative charges exactly balance. Because glutenin is essentially insoluble
in water over normal pH ranges, wheat gluten tends to reflect the isoelectric behavior
of gliadin in pH/solubility properties. When gliadin is separately examined for pH/
solubility criteria, it displays minimum solubility over the pH range 6-9. It is in this
range that the cohesive, extensible network of wheat gluten is strongest. It is important
to note that wheat gluten becomes more soluble in acid or alkaline dispersions (Some
manufacturers utilize this effect to produce spray dried wheat gluten.

The aqueous acetic acid or ammonia used is flashed oft during the drying step, and
the powdered material retains typical vital gluten characteristics). pH manipulation
may thus provide interesting property variations in wheat gluten containing foods [15].

8.1.3 Benzophenone

Benzophenone is the organic compound with the formula (C H,),CO, generally abbre-
viated Ph,CO (see Figure 8.4). Benzophenone is a widely used building block in organic
chemistry, being the parent diarylketone.

Benzophenone is used as a flavour ingredient, a fragrance enhancer, a perfume fixa-
tive and an additive for plastics, coatings and adhesive formulations; it is also used in
the manufacture of insecticides, agricultural chemicals, hypnotic drugs, antihistamines
and other pharmaceuticals [16].

Benzophenone is used as an ultraviolet (UV)-curing agent in sunglasses, and to
prevent UV light from damaging scents and colours in products such as perfumes
and soaps. Moreover, it can be added to plastic packaging as a UV blocker, which
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Figure 8.4 Benzophenone structure.
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Figure 8.5 Glibenclamide structure.

allows manufacturers to package their products in clear glass or plastic rather than
opaque or dark packaging. It is also used in laundry and household cleaning products.
Benzophenone is widely used as a photoinitiator for inks and varnishes that are cured
with UV light. In addition to being a drying catalyst, benzophenone is an excellent
wetting agent for pigments; it can also be used in printing to improve the rheological
properties and increase the flow of inks by acting as a reactive solvent [16,17].

8.1.4 Glibenclamide

Glibenclamide (Figure 8.5) is chemically known as 5-chloro-N-[2-[4[(cyclohexylamino)
carbonyl] amino] sulfonyl] phenyl] ethyl]-2-methoxy benzamide is second generation
sulphonyl ureas drug widely used in treatment of type 2 diabetic patients. It acts by
inhibiting ATP-sensitive potassium channels in pancreatic beta cells causing cell mem-
brane depolarization (increasing intracellular calcium in the beta cell) which stimu-
lates the insulin release [18]. It was developed in 1966 in a cooperative study between
Boehringer Mannheim (now part of Roche) and Hoechst (now part of Sanofi- Aventis).

8.1.4.1 Mechanism of Action

The drug works by inhibiting the sulfonylurea receptor 1 (SUR1), the regulatory sub-
unit of the ATP-sensitive potassium channels (K, ,) in pancreatic beta cells. This
inhibition causes cell membrane depolarization opening voltage-dependent calcium
channel. This results in an increase in intracellular calcium in the beta cell and subse-
quent stimulation of insulin release.

After a cerebral ischemic insult the blood brain barrier is broken and glibenclamide
can reach the central nervous system. Glibenclamide has been shown to bind more
efficiently to the ischemic hemisphere. Moreover, under ischemic conditions SURI,
the regulatory subunit of the K, , and the NC_ , -channels, is expressed in neurons,
astrocytes, oligodendrocytes, endothelial cells and by reactive microglia.
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8.1.4.2 Medical Uses

It is used in the treatment of type 2 diabetes. As of 2011, it is one of only two oral
antidiabetics in the World Health Organization Model List of Essential Medicines (the
other being metformin). As of 2003, in the United States, it was the most popular sul-
fonylurea. Additionally, recent research shows that glibenclamide improves outcome
in animal stroke models by preventing brain swelling and enhancing neuroprotection.
A retrospective study showed that in type 2 diabetic patients already taking glyburide,
NIH stroke scale scores on were improved on discharge compared to diabetic patients
not taking glyburide [19-21].

8.2 Methodology

8.2.1 Geometry Optimization

n this study the semi-empirical methods were used for describing the potential energy
function of the system. Next a minimization algorithm is chosen to find the potential
energy minimum corresponding to the lower-energy structure.

Iterations number and convergence level lead optimal structure. The optimizing
process of structures used in this work was started using the AMBER/AMI1 methods,
because it generates a lower-energy structure even when the initial structure is far away
from the minimum structure. The Polak-Ribiere algorithm was used for mapping the
energy barriers of the conformational transitions. For each structure, 1350 iterations,
a level convergence of 0.001 kcal/mol/A and a line search of 0.1 were carried out [22].

8.2.2 FTIR

The infrared spectrum is commonly obtained by passing infrared electromagnetic
radiation through a sample that possesses a permanent or induced dipole moment and
determining what fraction of the incident radiation is absorbed at a particular energy
[23]. The energy of each peak in an absorption spectrum corresponds to the frequency
of the vibration of a molecule part, thus allowing qualitative identification of certain
bond types in the sample. The FTIR was obtained by first selecting menu Compute,
vibrational, rotational option, once completed this analysis, using the option vibra-
tional spectrum of FTIR spectrum pattern is obtained for two methods of analysis.

8.2.3 Electrostatic Potential

After obtaining a free energy of Gibbs or optimization geometry using AMBER/AM1
methods, we can plot two-dimensional contour diagrams of the electrostatic poten-
tial surrounding a molecule, the total electronic density, the spin density, one or more
molecular orbitals, and the electron densities of individual orbitals. HyperChem soft-
ware displays the electrostatic potential as a contour plot when you select the appropri-
ate option in the Contour Plot dialog box. Choose the values for the starting contour
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and the contour increment so that you can observe the minimum (typically about -0.5
for polar organic molecules) and so that the zero potential line appears.

A menu plot molecular graph, the electrostatic potential property is selected and
then the 3D representation mapped isosurface for both methods of analysis. Atomic
charges indicate where large negative values (sites for electrophilic attack) are likely to
occur. However, the largest negative value of the electrostatic potential is not necessar-
ily adjacent to the atom with the largest negative charge [24].

8.3 Results and Discussions

8.3.1 Geometry Optimization

The values of different thermodynamic parameters of both lignocellulosic materials are
described in Table 8.4. The negative value of AG (Gibbs free energy) reflects the spon-
taneity of materials [25]. Attractive interactions between 7 systems are one of the prin-
cipal non-covalent forces governing molecular recognition and play important roles
in many chemical systems. Attractive interaction between 7 systems is the interaction
between two or more molecules leading to self-organization by formation of a com-
plex structure which has lower conformation equilibrium than of the separate com-
ponents and shows different geometrical arrangement with high percentage of yield
(Figures 8.6-8.7).

The difference in the energy values are attributed to the constituents of the ligno-
cellulosic material [6]. Log P negative shows that these lignocellulosic materials can
absorb polar solvents because of its hydrophilic character characteristic of cellulose
[26,27].

8.3.2 FTIR Analysis

Table 8.5 shows the FTIR bands of rice husk where the characteristic peaks associated
with organic components are observed. CH asymmetric (5743 cm™), C = O stretching
hemicelluloses (1745 cm™) [28]. The absorption band at 3387 cm™ corresponds to the
combined bands of the NH, and OH group stretching vibration to chitosan [29]. The
vibrations of the aromatic rings can be observed at 1846, 1718, 1413 and 1077 cm™,
respectively. At 3125 and 2849 cm™ were attributed at CH stretching in cellulose-rich
material. Both cellulose/hemicelluloses -and lignin- associated bands are present in the

Table 8.4 Properties of lignocellulosic materials.

Properties Rice husk Wheat gluten husk
AG (Kcal/mol) - 258.07 -195.25

Surface area (A?) 2672.40 1479.34

Volumen (A?%) 6966.35 2772.21

Mass (amu) 3468.45 1074.18

Log P -22.24 -15.61
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rice husk, and this suggests the presence of lignin-carbohydrate matrix in rice husk. In
fact, the band at 815 cm™ shows the strongest absorption. This band corresponds to the
CO stretching vibration in both cellulose/hemicellulose and lignin, and it explains the
lignocellulosic nature of rice husk [30].

Wheat gluten husk was analyzed using FTIR to know the various chemical constitu-
ents present (see Table 8.6). At 5741 cm™ was assigned to NH stretching, from 4279 at
4029 cm™ was attributed to CH stretching, the vibrations of CH, and NH, correspond-
ing to 3695 cm™. The band at 3319 cm™ is assignment to hydrogen bonded OH stretch-
ing. The hydrophilic tendency of wheat husk was reflected at 3695 cm™ which is related
to the OH groups present in aliphatic in this material. The bands in the range 1450-
1370 cm™ were assigned from the CH symmetric and asymmetric deformations. The
region of 1200-1000 cm™ represents the CH, C-N and C-O stretching and deforma-
tion bands in cellulose and lignin [31]. The lignocellulosic material peak corresponds
to C = O and C = C bond appears to 3555, 3366 and 3024 cm™ [32]. Finally, the C-C,
C-N and C-O bond were observed to 2619 ad 1096 cm™.

Table 8.5 FTIR assignments of rice husk. Table 8.6 FTIR assignments of wheat gluten
husk.

8.3.3 Electrostatic Potential

Molecular electrostatic potential (MESP), which is related to the electronegativity and
the partial charge changes on the different atoms of the molecule, when plotted on the
isodensity surface of the molecule MESP mapping is very useful in the investigation of
the molecular structure with its physiochemical property relationships. Red and blue
areas in the MESP refer to the regions of negative and positive and correspond to the
electron-rich and electron-poor regions, respectively, whereas the green color signi-
fies the neutral electrostatic potential [33]. The MESP in case of Figure 8.8(a) clearly

Table 8.5 FTIR assignments of rice husk.

Assignments Wavenumber (cm™)
CH asymmetric 5743
c=C 3765
C=C 3508
NH?, OH 3387
C=0 3289, 1745
CH stretching 3125,2849
C-C,C-0 2549, 2127
C-C, C-Oring 1846, 1413
CH=CH 1718
C-Cring 1077
C-0 815
C-C,C-O,C-H 656
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Table 8.6 FTIR assignments of wheat gluten husk.

Assignments Wavenumber (cm™)
NH 5741

CH? stretching 4279-4029

OH groups 3695

OH stretching 3319

C=0, C=C 3555, 3366, 3024
C-C,C-N, C-O 2619
C-C,C-N 2226

NH 1454
C-C,C-N, C-0 1289, 1096

suggest that each C-OH, C-O-C bonds represent the most negative potential region
of rice husk with a 0.986 at 0.066 eV. Figure 8.8(b) shows that NH and CH bond pres-
ent neutral potential electrostatic region, glutenine structure represent the most nega-
tive potential region and finally the CH, and CH represent the most positive potential
region. This potential has a value of 1.013 at 0.067 eV.

8.3.4 Absorption of Benzophenone
8.3.4.1 Geometry Optimization

Table 8.7 shows that negative values of AH suggested that the exothermic nature of the
adsorption. Negative values of AG indicated the spontaneous nature of the adsorption
process of benzophenone [34]. One can see that the properties change with the addi-
tion of benzophenone, for example the Log P values in both cases determined that
the materials tend to be more negative which found that tend to absorb water (polar
solvents) because of its hydrophilic character characteristic of cellulose [26,27]. Figures
8.9-8.10 show the absorption of benzophenone, in where the formation of hydrogen
bonds can be seen after calculating Gibbs free energy, the negative regions were located
in the C = C and C-OH bonds respectively.

8.3.4.2 FTIR

Table 8.8 shows the FTIR bands of rice husk/benzophenone where the characteristic
peaks associated with absorption process are observed. Comparing the results of Tables
8.5 and 8.8, can be seen that there are shifts in the peaks of rice husk attributed to the
absorption of benzophenone, so the existence of one or more aromatic rings in a struc-
ture is normally readily determined from the CH and C = C-C ring related vibrations.
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Figure 8.8 Electrostatic potential of (a) rice husk and (b) wheat gluten husk, respectively.

The CH stretching occurs above 2893 cm™ and is typically exhibited as a multiplic-
ity of weak to moderate bands, compared with the aliphatic CH stretch [35-37]. The
characteristic infrared absorption frequencies of carbonyl group in cyclic ketones are
normally strong in intensity and found in the region 1585-1621 cm™. The interac-
tion of carbonyl group with other groups present in the system did not produce such
a drastic and characteristic change in the frequency of C = O stretch as did by inter-
action of NH stretch. The carbon-oxygen double bond is formed by prn-pm between
carbon and oxygen. Because of the different electronegativities of carbon and oxygen
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Table 8.7 Properties of lignocellulosic materials with benzophenone.

Properties Rice husk/ benzophenone | Wheat gluten husk/benzophenone
AG (Kcal/mol) -190 - 55.68

Surface area (A%)  [2952.04 2395.89

Volumen (A?) 7973.28 4409.02

Mass (amu) 4014.10 1620.84

Log P -27.18 -24.25
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Figure 8.10 Wheat gluten husk/benzophenone structure after Gibbs free energy.

atoms, the bonding electrons are not equally distributed between the two atoms. The
lone pair of electrons on oxygen also determines the nature of the carbonyl group. The
position of the C = O stretching vibration is very sensitive to various factors such as the
physical state, electronic effects by substituents, ring strains. Normally carbonyl group
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Table 8.8 FTIR of rice husk/benzophenone.

167

Assignments

Wavenumber (cm™)

C-H asymmetric stretching (rice husk)

5662

CH, asymmetric stretching (rice husk) 5492

C = C (rice husk) 3810, 3724, 3653
CH = CH (rice husk) 3260

C-H (rice husk) 3038

C-H (benzophenone) 2893

C = O (rice husk) 2858

C-H 2678, 2367
C-C scissoring 2026, 869
C-C, C-O (rice husk) 1843, 1008
C = O (benzophenone) 1770, 1685
Ketone 1585, 1621
C-0, C-H (rice husk) 1610

C-C stretching (benzophenone) 1482

C-H (benzophenone) 1416

C-H (benzophenone), C-C and C-O (rice husk) 1326

Table 8.9 FTIR of wheat gluten husk/benzophenone.

Assignments Wavenumber (cm™)
NH, 6111

N-H and C-H (wheat gluten husk) 5749, 3502

CH, asymmetric stretching (wheat gluten husk) 5411, 4876, 4319
C-H (wheat gluten husk) 4564, 691

CH _scissoring (wheat gluten husk) 3920

O-H stretching 3394

C =C, C= 0O (benzophenone) 3715, 3677, 3234
C = O stretching (wheat gluten husk) 3258, 2853

C-C, C-N, C-O (wheat gluten husk) 2619

C-C (benzophenone) 2229

C-H (benzophenone) 1792

C-C, C-N (benzophenone) 1487

C-0, C-C (wheat gluten husk) 992

vibrations occur in the region 1770 and 1685 cm™. The band at 1482 cm™ is due to C-C

stretching frequency of aromatic ring [37].

While that the Table 8.9 shows the FTIR bands of wheat gluten husk/benzophenone
where the characteristic peaks associated with absorption process are observed. The
NH and CH stretching modes arising from amino groups appear around 5749 and 3502
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cm™. The stretching modes of NH, group were assigned to the bands at 6111cm™'[31,
36]. The aromatic CH stretching vibrations appear weak just above 4564 cm™. A highly
intense and well defined peak observed at 3258, 2853 cm™ is due to the C = O stretch-
ing vibration of carbonyl group (benzophenone).

The C = C vibrations of aromatic ring are confirmed at 3725, 3677 and 3234 cm™.
The group of bands at 1792 and 691 cm™ is due to aromatic CH bends [38].

8.3.4.3 Electrostatic Potential

The electrostatic potential of rice husk and wheat gluten husk with benzophenone can
be observed in Figure 8.11. The results show that the negative (red) regions of MESP
were related to electrophilic reactivity and the positive (blue) regions to nucleophilic
reactivity. The negative regions are mainly localized on the C = O bond. Also, a negative
electrostatic potential region is observed around the OH groups (oxygen atom) [35].
The values of the Figures 8.8-8.9 show that the electronegativity of the benzofenone
produces a decrease in nucleophilic areas (blue) of both lignocellulosic materials.
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Figure 8.11 MESP of (a) rice husk/benzophenone and (b) wheat gluten husk/ benzophenone,
respectively.
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8.3.5 Absorption of Glibenclamide
8.3.5.1 Geometry Optimization

Structural properties of rice husk and wheat gluten husk with glibenclamide are listed
in Table 8.10 where the Gibbs free energy is spontaneous for both lignocellulosic mate-
rials. The solubility of glibenclamide is an important factor in determining the rate
and extent of its absorption process [39]. The computed Log P values (P is the parti-
tion coeflicient of the molecule in the water—octanol system), show that the absorption
is effected due to the hydrophilic character and additionally the absorption plays an
important role in both partition and receptor binding processes of drug action. Drug
design is an iterative process which begins with a compound that displays an interest-
ing biological profile and ends with optimizing both the activity profile for the mol-
ecule and its chemical synthesis. It is therefore, important to know if drug molecules
exist predominantly in the basic or protonated forms [40]. Rice husk/glibenclamide
and wheat gluten husk/glibenclamide structure are appreciated in Figure 8.12, where it
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Table 8.11 FTIR results of Rice husk/glibenclamide.

Assignments Wavenumber (cm™)
CH, stretching (O-CH, glibenclamide) 5505

CH, O-H (rice husk) 3754

C = C (rice husk) 3640, 3506

NH stretching (glibenclamide) 3368

CH scissoring (rice husk) 3166

C = C (rice husk) 2986

C-C (rice husk) 2709

C-C, C-H and C-O (rice husk)C-C, C-H (glibenclamide) | 2412

C-C, C-0 (rice husk) 1955, 1334, 1090, 924
C-C, C-N, C-H (rice husk) 1758

C=0,S =0 (glibenclamide) 1549

O-H, C-H and C-O (rice husk)C-C, C-H (glibenclamide) | 793

O-H, C-H (rice husk) 695

Table 8.12 FTIR results of Wheat gluten husk/glibenclamide.

Assignments Wavenumber (cm™)
CH, O-H asymmetric stretching (glutenin: wheat gluten 5879
husk)
NH asymmetric stretching (glibenclamide) 5583
CH asymmetric stretching (glibenclamide) 5007
CH, stretching (glibenclamide) 4511
CH, (O-CH.: glibenclamide) 4028
CH = CH (glibenclamide) 3529
CH (gliadin: wheat gluten husk) 3392
C = C (ring: glibenclamide) 2830
C=C,C=0,8§=0 2474
C-C, C-H, C-O (glutenin: wheat gluten husk) 2022
CH deformation (glutenin: wheat gluten husk) 1739
C-C, C-N, C-O (glibenclamide) 1332, 1124, 1028, 569
C-C, C-N, C-O (gliadin: wheat gluten husk) 819

observed that the glibenclamide is absorbed through the formation of hydrogen bonds
between C = O, NH, C-O and CH bonds.

8.3.5.2 FTIR

In the FTIR results of rice husk/glibenclamide can be seen in Table 8.11, the principal
absorption peaks appeared at 5505 cm™ was attributed to CH, stretching, at 3368 cm™
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due to the NH stretching, the absorption of C = O and S = O were observed at 1549
cm™'[41]. In the rice huks, the band at 3754 cm™ is representative of the CH and OH
bonds. Both bands are ascribed to the stretching of hydrogen bonds and bending of
hydroxyl (OH) groups bound to the cellulose structure. The absorption phenomenon
was observed at 2412 and 793 cm™' refers to the bending frequency of C-C, CH, C-O
and OH respectively, while the absorption around 1955, 1334, 1090 and 924 cm™ were
refers to the C—C and C-O of the cellulose component. The results indicate that the
glibenclamide was absorbed by rice husk [42]. Table 8.12 shows FTIR results of wheat
gluten husk/glibenclamide where, the first characteristic peak appears at 5879 cm™ asa
result of C-H and O-H stretching, indicating the presence of bonded hydroxyl groups
in the molecular structure of glutenin (wheat husk) [43]. Between 5007 and 5583 cm™
are principally attributed to NH and CH asymmetric stretching vibrations of gliben-
clamide. The peaks characteristics of glibenclamide were observed to 4511, 4028 and

Slibenclamide

Glibenclamide

Figure 8.13 MESP of (a) Rice husk/glibenclamide, (b) wheat gluten husk/glibenclamide.
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3529 cm™ and attributed to CH, stretching, CH, (O-CH,) and CH = CH, respectively.
The wheat gluten husk components were assigned to 3392, 2022, 1739 and 819 cm™.

8.3.5.3  Electrostatic Potential

Figure 8.13 shows the rice husk/glibenclamide and wheat gluten husk/glibenclamide
MESP, where can be observed that the values are very similar at lignocellulosic mate-
rials (see Figure 8.8). The negative regions were appreciated at OH groups (C-OH
bonds). The absorption of the glibenclamide can be seen mainly in to the rice husk by
the formation of hydrogen bonds between the OH and NH, respectively.

8.4 Conclusions

The rice husks and wheat gluten husk on an individual basis and such as benzophenone
and glibenclamide absorption systems were analyzed to determine the applications of
lignocellulosic materials. It was determined that the negative value of the AG verifies
that the absorption process is carried out in a way spontaneous. The negative values of
Log P show that the absorption is affected due to the hydrophilic character and addi-
tionally the absorption plays an important role in both partition and receptor binding
processes of absorption (benzophenone and glibenclamide). FTIR results show that
there are shifts in the peaks of rice husk and wheat gluten husk attributed to the absorp-
tion of benzophenone and glibenclamide. The MESP values indicated the nucleophilic
and electrophilic regions mainly in the NH, C-O and C = O bonds respectively.
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Abstract

Oil palm is an edible oil-yielding crop native to Africa, grown in Africa, Malaysia, India, Thailand
and other Southeast Asian countries. The fiber extracted from the empty fruit bunches which is
left over after oil extraction has been proven to be a good raw material for biocomposites. The
cellulose content of oil palm fiber (OPF) is in the range of 43% to 65% and lignin content in the
range of 13% to 25%. A compilation of the morphology, chemical constituents and properties
of OPF as reported by various researchers have been collected and are presented in this chapter.
The suitability of OPF in various polymeric matrices such as natural rubber, polypropylene,
polyvinyl chloride, phenol formaldehyde, polyurethane, epoxy, polyester, etc., to form bio-
composites as reported by various researchers in the recent past are compiled. The properties
of these composites viz., physical, mechanical, water sorption, thermal, degradation, electrical
properties, etc., are summarized. Oil palm fiber loading in some polymeric matrices improved
the strength of the resulting composites, whereas less strength was observed in some cases. The
composites became more hydrophilic upon addition of OPE. However, treatments on the fiber
surface improved the composite properties. Alkali treatment on OPF is preferred for improv-
ing the fiber-matrix adhesion compared to other treatments. The effects of various treatments
on the properties of OPF and that of resulting composites reported by various researchers are
compiled in this chapter. The thermal stability, dielectric constant, electrical conductivity, etc.,
of the composites improved upon incorporation of OPE. The strength properties were reduced
upon weathering/degradation. Sisal fiber was reported as a good combination with OPF in
hybrid composites.
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9.1 Introduction

Oil palm (Elaeis guineensis Jacq.) is the highest edible oil-yielding crop in the world. It
is produced in 42 countries worldwide on about 11 m ha [1]. West Africa, Southeast
Asian countries like Malaysia and Indonesia, Latin American countries and India are
the major oil palm cultivating countries [2]. An oil palm plantation produces about 55
tonnes/ha/year of total dry matter in the form of fibrous biomass, while yielding 5.5
tonnes/ha/year of oil [3]. The trunk, frond, empty fruit bunch (the fibrous bundle left
behind after stripping of the fruits) and mesocarp waste (the fibrous residue left after
extraction of the oil from fruit) are the sources of lignocellulosic fibers from oil palm.
Among these, empty fruit bunch (EFB) is preferable for fiber in terms of availability
and cost [4]. It was reported that EFB has the potential to yield 73% fibers [5]. The palm
oil industry has to dispose of about 1.1 tonne of EFB per every tonne of oil produced
[6]. The only current uses of this highly cellulosic material are as boiler fuel [7] in
the preparation of fertilizers or as mulching material [8]. When left on the plantation
floor, these waste materials create great environmental problems [7, 9]. A view of EFB
wastes piled up for disposal in one of the palm oil mills in India is shown in Figure 9.1.
Thus there is need to find utilization for the EFB. Lignocellulosic fiber information
has been generated on its characterization and utilization, particularly in biocomposite
applications.

Biocomposites are defined as the materials made from natural/bio fiber and petro-
leum-derived nonbiodegradable or biodegradable polymers. The latter category;, i.e.,
biocomposites derived from plant-derived fiber (natural/biofiber) and crop/bioderived
plastic (biopolymer/bioplastic), are likely to be more eco-friendly and such composites
are termed as green composites [10]. Use of natural fiber as filler in polymeric matrix
offers several advantages over conventional inorganic fillers with regard to their lower
density, less abrasiveness to processing equipment, environmentally-friendly nature,
lower cost [11], greater deformability, biodegradability [12], renewable nature, non-
toxicity, flexible usage, high specific strength [13], low energy cost, positive contri-
bution to global carbon budget [14], combustibility, ease of recyclability [15], good

Figure 9.1 View of EFB wastes piled up on the premises of a palm oil mill.
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thermal and insulating properties [16, 17], good electrical resistance, good acoustic
insulating property, worldwide availability, etc. Replacing man-made fibers with natu-
ral fibers in polymeric materials has an additional advantage of composting or recover-
ing the calorific value at the end of their cycle, which is not possible with glass fibers
[18]. Considering these advantages, there is a growing interest in natural fiber compos-
ites for various applications. Automotive giants such as Daimler Chrysler use flax-sisal
fiber mat embedded in an epoxy matrix for the door panels of the Mercedes Benz
E-class model. Coconut fibers bonded with natural rubber latex are being used in seats
of the Mercedes Benz A-Class model. The Cambridge Industry (an automotive indus-
try in Michigan, USA) is making flax fiber-reinforced polypropylene for Freightliner
Century COE C-2 heavy trucks and also the rear shelf trim panels of the 2000 model
Chevrolet Impala [10]. Besides the automotive industry, lignocellulosic fiber compos-
ites have also found application in the building and construction industries such as for
panels, ceilings, and partition boards [16]. Nowadays fiber-reinforced plastic compos-
ites are used in many structural applications such as in the aerospace industry, auto-
motive parts, sports, recreation equipment, boats, office products, machinery, etc. [19].

In this chapter, the developments on characterization of oil palm empty fruit bunch
fiber and its utilization in biocomposites are compiled. Various methods to improve
the compatability of the fiber and polymeric matrix and its effect on the properties of
fibers and resulting composites are also discussed. For the purpose of convenience , the
term oil palm fiber in the subsequent sections refers to oil palm empty fruit bunch fiber.

9.2 Oil Palm Fiber

9.2.1 Extraction

It is important to note that oil palm fresh fruit bunches (FFBs) receives a high pres-
sure (3 kg/cm?) —temperature (130°C) steam treatment for a duration of 1 h before
stripping off the fruits and EFB being available for fiber extraction, as steam treatment
(sterilization) is an essential step in palm oil milling sequence. A diagram of the fresh
fruit bunch (FFB) and cross-section of EFB showing fiber arrangement is presented
in Figure 9.2. It is reported that the fiber from bunches can be extracted by retting
process. The available retting processes are as follows: mechanical retting (hammer-
ing), chemical retting (boiling and applying chemicals), steam/vapor/dew retting and
water or microbial retting. Among these, the water retting is the most popular process
in extracting fibers from empty fruit bunches [11]. Many researchers in their studies
on oil palm fibers followed retting method for fiber extraction [2, 7, 20]. Mechanical
extraction would be environmental friendly comparing to other methods as the later
pollute water bodies. A machine for the extraction of fiber from oil palm empty fruit
bunches was developed by [21]. It decorticates the bunches and separate the pith mate-
rials and also grade fiber into different fractions.
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Figure 9.2 Sketch of A) oil palm FFB; B) Cross-section of EFB showing fiber arrangement.

9.2.2 Morphology and Properties

Oil palm fiber is hard and tough, and show similarity to coir fibers [7, 22]. The scanning
electron microscopy (SEM) image [1] of the transverse section of oil palm fiber (Figure
9.3) shows a lacuna like portion in the middle surrounded by porous tubular structures
[23]. The pores on the surface have an average diameter of 0.07um. This porous surface
morphology is useful for better mechanical interlocking with the matrix resin for com-
posite fabrication [7]. However porous surface structure of oil palm fiber also facilitate
the penetration of water into the fiber by capillary action especially when the fiber is
exposed to water [14]. The vessel elements in the cross-sectional view of the fibers can
be clearely seen in the longitudinal view also (Figure 9.4). However some researchers
are of opinion that each fiber is a bundle of many fibers [13, 24].

Granules of starch are found in the interior of the vascular bundle (Figure 9.4). Silica
bodies are also found in great number on the fiber strand. They attach themselves to
circular craters which are spread relatively uniformely over the strand’s surface. The
silica bodies are hard, but can be dislodged mechanically. The removal of silica bod-
ies leaves behind perforated silica-crater, which would enhance penetration of matrix
in composite fabrication leading to interfacial adhesion stronger [25]. A compilation
of the chemical composition and physico-mechanical properties of oil palm fiber
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Figure 9.4 SEM image of longitudinal section of oil palm fiber (750x%).

reported by various researchers are presented in Tables 9.1 and 9.2, respectively. As
differences were observed between the values reported by different researchers, the
ranges of values are compiled.

The physical properties and dielectric constant of OPFs [39] are given in Table
9.3. The true density of OPF is 1503 kg/m’. This value is in confirmation with ear-
lier reported values for most plant fibers in the range of 1400-1500 kg/m?®[40]. The
OPFs obtained from oil mill contains nearly one fourth impurities, which necessitates
hygienic disposal of EFB in palm oil mills and also ensuring efficient washing and
drying system in the fiber processing line towards industrial utilization of OPFs. The
values of equilibrium moisture content (EMC) of fibers indicate that increase in rela-
tive humidity by 25% nearly doubles the EMC. The dielectric constant value of OPF
is in agreement with the values reported earlier for other natural fibers. Size reduc-
tion caused increase in dielectric constant, while alkali treatment on fibers caused a
decrease in dielectric constant.

The thermal degradation behavior of OPF in comparison with flax and hemp fibers
was studied [39]. They reported that OPF is thermally more stable comparing to hemp
and flax fibers as its first decomposition peak occurs at 301.71°C, whereas for flax it was
286.66°C and for hemp, it was only 243.18°C. They have also reported the specific heat
capacity of OPF at varying temperatures in the range of 20°C to 150°C in comparison
to that of flax fiber and hemp fiber. The specific heat capacity of OPF varied from 1.083
J/g°C to 3.317 J/g°C when the temperature increased from 20°C to 150°C. This trend
was similar to that exhibited by flax fiber and hemp fiber. However the specific heat
capacity values of OPF is less than the other two fibers at all temperatures, whereas
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Table 9.1 Chemical composition of oil palm fibers.

Constituents Range References
Cellulose,% 42.7-65 [1,7,14, 25, 26]
Lignin,% 13.2-25.31 (5,7, 14, 27-30]
Ash content,% 1.3-6.04 [1,5,7,25,27-29, 31, 32]
Extractives in hot water, (100°C),% 2.8-14.79 [5,7, 25,26, 28, 32, 33]
Solubles in cold water (30°C),% 8-11.46 [5,7]

Alkali soluble,% 14.5-31.17 [5,7, 25, 26,28, 32]
Alfa-cellulose,% 41.9-60.6 [27, 28, 33]
Hemicellulose,% 17.1-33.5 [14, 25, 30, 33]
Alcohol-benzene solubility,% 2.7-12 [5, 7,28, 33]
Pentosan,% 17.8-20.3 [28, 30]
Holocellulose,% 68.3-86.3 [1,25, 26-29, 32, 33]
Arabinose,% 2.5 [25]

Xylose,% 33.1 [25]

Mannose,% 1.3 [25]

Galactose,% 1.0 [25]

Glucose, % 66.4 [25]

Silica (EDAX),% 1.8 [25]

Copper, g/g 0.8 [25]

Calsium, g/g 2.8 [25]

Manganese, g/g 7.4 [25]

Iron, g/g 10.0 [25]

Sodium, g/g 11.0 [25]

specific heat capacity of flax fiber and hemp fiber were on par except at higher tem-
peratures. This may be one of the reasons why OPF is thermally more stable than flax
and hemp fibers.

The high toughness value [42] and high cellulose content [15] of oil palm fibers
make it suitable for composite applications. However the presence of hydroxyl group
makes it hydrophilic, which cause poor interfacial adhesion with hydrophobic polymer
matrices and lead to low compatibility, causing poor mechanical and physical proper-
ties to the composite [11]. Oil palm fibers contain residual oil of the order 4.5% [27].
The fiber-matrix compatibility is adversely affected due to the presence of oil residues
on the fiber, the ester components of which may affect the coupling efficiency between
the fiber and polymer matrix as well as the interaction between fiber and coupling
agents [43]. By the implementation of surface modification of the fibers, the proper-
ties can be improved substantially. Chemical treatments would not only decrease the
moisture absorption of the fibers but also would significantly increase the wettability of
the fibers with the polymer matrix and the interfacial bond strength [44]. There are a
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Table 9.2 Physico-mechanical properties of oil palm fiber.

Property Range References
Diameter, pm 150-500 [32, 34, 35]
Microfibrillar angle, ° 46 [32]

Density, g/cm® 0.7-1.55 [30, 34. 36, 37]
Average fiber length, mm 1.20 [36]

Tensile strength, MPa 50-400 [13,27, 32, 36, 38]
Young’s modulus, GPa 0.57-9 [7, 24,27, 30, 32, 35]
Elongation at break,% 4-18 [24, 30, 27, 30, 32, 35, 36]
Tensile strain,% 13.71 [37]
Length-weighted fiber length, mm 0.99 [24]

Cell-wall thickness, pm 3.38 [25]

Fiber coarseness, mg/m 1.37 [25]

Fines (<0.2 mm),% 27.6 [25]

Rigidity index, (T/D)*x10* 55.43 [25]

Table 9.3 Physical properties and dielectric constant of OPE

Property Untreated OPF Alkali treated OPF

Density, kg m? 1503 1425

Impurity content,% 23.18 -

EMC,% (30°C, 25% Rh) 3.21 -

EMC,% (30°C, 50% Rh) 6.61 -

EMC,% (30°C, 75% Rh) 12.97 -

Color L* =47.83,a* =556, |L*=46.22,a*=5.99,
b*=18.44 b* =19.64

Dielectric constant, 425u-840y size range | 7.94 7.76

Dielectric constant, 177u-425p size range | 8.12 7.89

Dielectric constant, 75y-177 size range 8.31 8.05

number of treatment methods for oil palm fibers to improve their properties and make
them compatable with the matrix.

9.2.3 Surface Treatments

The treatments to improve fiber-matrix adhesion includes chemical modification of
the lignocellulosic (anhydrides, epoxies, isocyanates, etc.), grafting of polymers onto
the lignocellulosic and use of compatabilizers and coupling agents [38].

Various treatment methods onto oil palm fibers are already discussed in detail
[22, 23, 45-47] including a detailed discussion on various treatments on lignocellu-
losic fibers in general to improve their properties [48]. Reviews on the developments
in chemical modification and characterization of natural fiber-reinforced composites
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Table 9.4 Effect of surface treatments on properties of oil palm fiber.

Treatment

Effect on oil palm fiber

Mercerization

Amorphous waxy cuticle layer leaches out.

Latex coating

Partially masks the pores on the fiber surface.

y irradiation

Partially eliminates the porous structure of the fiber and causes
microlevel disintegration. It degrades mechanical properties
considerably.

Silane treatment

Imparts a coating on fiber surface

Toluene diisocyanate
(TDIC) treatment

Makes fiber surface irregular as particles are adhered to surface.

Acetylation

Removes waxy layer from the surface and makes the fiber
hydrophobic.

Peroxide treatment

Fibrillation is observed due to leaching out of waxes, gums and
pectic substances.

Permanganate Changes the color and makes fibers soft. Porous structure is
treatment observed after treatment.
Acrylation Imparts a coating on fiber surface and removes pits containing

silica bodies and keep surface irregular. It improves mechanical
properties of fibers.

Silane treatment

Keep the fiber surface undulating and improves mechanical
properties

Titanate treatment

Smoothens fiber surface.

Alkali treatment It makes the surface pores wider and fiber become thinner due to
dissolution of natural and artificial impurities
Benzoylation Imparts a rough surface to the fibers and makes pores prominent,

which helps improving the mechanical interlocking with matrix
resin.

Oil extraction

Imparts bright color to the fiber. Removal of oil layer exposes sur-
face pits and makes surface coarse.

indicates that alkali treatment of fibers is the most common and efficient method of
chemical modification and reported being used to treat almost all the natural fibers
with successful results [49]. It is worth referring to [50] the processes involved in the
chemical treatment of natural fibers and the effect of treatments.

Different treatments will have different effects on the fiber surface and selection of
the best treatment strategy is based on the desired end properties of composites. Effect
of some of the treatments on the surface properties of oil palm fibers as reported by
various researchers [7, 14, 27, 43, 50-52] are summerized in Table 9.4. Fiber surface
properties are most important in the determination of fiber-matrix bonding in com-
posite fabrication.

The surface pits in oil palm fiber became clearer upon alkali treatment as a result
of the removal of silica bodies [53]. The microstructure (SEM images) of the alkali-
treated oil palm fiber surface in comparison with that of the untreated one is pre-
sented in Figure 5. This enhanced the fiber matrix bonding and thereby reduced
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the water absorption capacity of the composites. The alkali treatment reduces fiber
weight by 22%, while silane treatment reduces weight by 6%. The fiber diameter also
reduced by chemical treatment [7]. Analysis of the thermal degradation in the same
study revealed that initial degradation temperature was higher for alkali-treated fibers
(350°C), whereas untreated and acetylated fibers degraded at 325°C and silane treat-
ment increases the degradation temperature to 365°C. Treatment reduces mechani-
cal strength of fibers. Strain to break of the fibers was considerably increased upon
treatments except silane. Young’s modulus enhanced on mercerization and silane
treatments [34]. In an innovative study on the treatment of oil palm fibers with bulk
monomer allyl methacrylate (AMA) and curing under ultraviolet (UV) radiation
(photocuring), improvement in the physicomechanical properties to a large extent was
observed [54]. It was also observed that urea treatment in combination with AMA
improved both soil and water weathering characteristics also. The response of indi-
vidual fibers to applied stress is important as the load applied to composite material is
transferred from matrix to fiber. The stress-deformation behavior of treated oil palm
fibers shows intermediate behavior between brittle and amorphous materials [50]. The
authors are of opinion that the modifications lead to major changes on the fibrillar
structure and it removes the amorphous components. This changes the deformation
behaviorr of the fibers. The brittleness of the fiber is substantially reduced upon treat-
ments. Thermo gravimetric analysis of the grafted oil palm fiber indicated that grafted
fiber is thermally stable than the untreated one [46]. Water sorption characteristics of
treated oil palm fibers shown [34] that the equilibrium mole percent uptake of water at
30°C was 13.37% for untreated fibers, which reduced to 7.26% (mercerization), 7.65%
(latex coating), 7.36% (y irradiation), 8.51% (silane treatment), 6.94% (toluene diiso-
cyanate treatment), 7.48% (acetylation) and 7.44% (peroxide treatment). Accordingly,
values of diffusion coefficient, sorption coefficient and permeability coeflicient show
major decrease upon fiber treatment. The toluene diisocyanate (TDIC)-treated fibers
exhibited the lowest water absorption. This decrease in uptake value for treated fibers
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Figure 9.5 Microstructure of the oil palm fiber surfaces: (A) untreated fiber (750x) and (B) alkali-
treated fiber (500x).
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was attributed to the physical and chemical changes occurred to the fibers upon differ-
ent treatments.

Interfacial shear strength (ISS) is one of the important parameters controlling the
toughness and strength of composites. It depends on fiber surface treatment, modifica-
tion of matrix and other factors affecting properties of fiber-matrix interface. The ISS
of OPF were 1.15 MPa, 1.5 MPa, 1.8 MPa, 1.8 MPa and 1.5 MPa, respectively for poly-
styrene, metset (unsaturated polyester with 33% styrene content), west system (epoxy),
epiglass and crystic (unsaturated polyester with more than 45% styrene content) matrix
systems [38]. The acetylation treatment improved ISS of OPFs in all these matrices.
Improvement in ISS of polystyrene on acetylation was more prominent than that with
other matrices. Chemical modification of fibers create more transactive surface mol-
ecules that would readily form bonds with matrix. These results indicate that ISS of
OPFs in thermoset matrix was higher than that in the thermoplastic matrix due to
higher wettability of thermoset system than thermoplastic system. The lignin content
and other main polymerics (hemicellulose, cellulose, etc.) are reactive to thermoset
than thermoplastic, thereby improving ‘wetting’ between the fiber and matrix leading
to higher ISS values with thermoset matrix.

9.3 Oil Palm Fiber Composites

A number of studies have been conducted in the recent past on the development and
characterization of oil palm fiber filled both thermoset and thermoplastic composites.
Mechanical, physical, electrical, thermal properties and biodegradation studies have
been carried out. Most of the studies were on the behavior of composites to different
mechanical loading, viz., tensile, flexural, impact and static, which is of great impor-
tance in the structural and load bearing applications. Studies on stress relaxation and
creep behavior for predicting the long-term mechanical performance, dimensional
stability of load-bearing structures and retention of clamping force were also con-
ducted on composites [45]. Reliable data on the thermal behavior such as crystalliza-
tion kinetics of some of developed composites have been generated for understanding
them as building materials and using them for commercial applications. Water absorp-
tion characteristics and swelling behavior of composites for applications in packaging,
building industry, waste water treatment, etc., were also taken care. Electrical prop-
erties of composites for applications in electrical insulators, electronic and electrical
components, etc., were also attempted. Biodegradation studies on oil palm fiber com-
posites were carried out to some extent. Biodegradation studies are important as the
composites must exhibit resistance to fungal attack for use in outdoor conditions and
at the end of the product life cycle it may be necessary to compost the product rather
than burning it [56].

Parameters like the type of binding agent, process, fiber loading, fiber orientation,
size and treatments, affect the fiber-matrix bonding and thereby on the end properties
of composites. The effect of these parameters on various properties of oil palm fiber
composites is compiled and given in the following sections.
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9.3.1 Oil Palm Fiber-Natural Rubber Composites

Natural rubber is derived from latex obtained from the sap of rubber trees. Its use
ranges from household articles to industrial products. Tire and tube industries are the
largest consumers of rubber and the remaining are taken up by general rubber goods
(GRG) sector. A number of research studies have been carried out in the recent past on
fabrication and characterization of OPF-NR composites.

9.3.1.1 Mechanical Properties

Effect of fiber loading: Incorporation of OPFs in NR matrix decreased its tensile
strength and elongation at break. Tensile strength decreased from 19.2 MPa to 7.28
MPa and elongation at break decreased from 1082% to 496% when the fiber content
increased from 5 parts per hundred rubber (phr) to 50 phr for longitudinally oriented
fibers [2]. Natural rubber inherently possesses high strength due to strain induced
crystallisation. When fibers are incorporated into NR, regular arrangement of rubber
molecules was disrupted and hence the crystallization ability decreased causing lower
tensile properties. The tensile strength of sisal fiber-OPF-NR hybrid composite was
less than that of pure gum [42]. However tensile strength of the composite improved
when fiber content was increased in the composite. The tensile strength of hybrid com-
posites from OPF-sisal fiber combination in NR matrix increased from 1.75 MPa to
7.5 MPa when fiber content (OPF and sisal fiber in equal proportions) increased from
10 phr to 30 phr [56]. However, further fiber loading to 50 phr decreased the tensile
strength to 3.25 MPa. At intermediate levels of fiber loading (30 phr), the population of
the fibers was just right for maximum orientation to cause effective stress transfer. The
elongation at break of NR matrix reduced from 875% to 650% upon 10 phr fiber load-
ing (both sisal fiber and OPF in equal proportions). However at 30 phr, it was 800%.
The tear strength of NR increased from 20 MPa to 30 MPa when 50 phr fiber was
added. However, the trend was not consistent at incremental fiber loadings upto 50
phr. Similarly the abrasion resistance of OPF-sisal fiber-NR bio composites increased
with fiber content, as seen from 0.33 cm® for the composites containing 50% fibers
while pure rubber matrix had an abrasion loss of 0.45 cm®.

The stress relaxation rate of OPF-sisal fiber-NR hybrid composites decreased with
increase in fiber content [35]. The relaxation in the gum compound was due to rubber
molecules alone and the relaxation got hindered due to fiber-rubber interface when
fibers were added. The dynamic mechanical analysis of OPF-sisal fiber-NR compos-
ites indicated that the storage modulus increased with increase in fiber content at all
temperatures [57]. The gum compound comprising of rubber phase gives the material
more flexibility resulting in low stiffness and hence low storage modulus. The compos-
ite stiffness increases upon fiber addition and fibers allows greater stress transfer at the
interface resulting in high storage modulus. The loss modulus also increased with fiber
loading, reaching a maximum of 755.54 MPa at 50 phr fiber loading, whereas gum has
loss modulus of 415 MPa. The damping parameter decreased with fiber loading due
to lower flexibility and lower degrees of molecular motion caused by incorporation of
fibers in rubber matrix.
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Effect of fiber size: The concept of critical fiber length in transmitting load from
matrix to fiber was introduced in 2006 [2]. At critical fiber length (Ic), the load transmit-
tance from matrix to fiber is maximum. If Ic is greater than length of the fiber, stressed
fiber debonds from the matrix and the composite fails at a low load. The tensile proper-
ties of OPF-NR composites were maximum when fiber length was 6 mm. Decrease in
the properties was observed at higher fiber lengths. This was due to the fiber entangle-
ments prevalent at longer fiber length. The longitudinal orientation of fibers in NR
matrix resulted in higher tensile strength (19.2 MPa) than transverse orientation (17.5
MPa). When longitudinally oriented, the fibers were aligned in the direction of strain
causing uniform transmission of stress. When transversely oriented, the fibers were
aligned perpendicular to the direction of the load and they could not take part in stress
transfer. Elongation at break was also less for the transversely oriented (940%) fibers
comparing to longitudinally oriented fibers (1082%).

Effect of fiber treatment: There are a number of treatments on fibers to improve
the interfacial adhesion and composite mechanical properties. Aqueous alkali treat-
ment at elevated temperatures and various bonding agents improved the physical and
adhesion properties of OPF-NR composites. Resorsinol- formaldehyde: precipitated
silica: hexamethylenetetramine (5:2:5) was found as the best combination of bonding
agents for OPF reinforced in NR matrix [28]. Alkali treatment increased the tensile
modulus, tensile strength and tear strength of OPF-NR composites and the properties
were observed to be higher when NaOH of 5% concentration was used [2]. However
further increase in concentration caused decrease in properties. At higher alkali con-
centrations, excessive removal of binding materials such as lignin, hemicellulose, etc.,
happens causing degradation of the fiber properties and obviously the composite qual-
ity. Alkali and fluro silane treatments on fibers improved the fiber-matrix interfacial
adhesion of OPF-sisal fiber-NR hybrid composites [35]. In this case, increase in alkali
concentration further improved the adhesion. Between these treatments, alkali treat-
ment resulted in higher crosslinking [42]. The tensile strength of OPF-sisal fiber-NR
hybrid composites was in the range of 6 to 11 MPa for various treatments while that of
pure NR was 14 MPa. The shore A hardness of NR was 33 MPa whereas that for hybrid
composite was in the range of 40 MPa to 82 MPa.

Fiber treatments also influence the dynamic mechanical properties of composites.
The storage modulus (E) of OPF-sisal fiber-NR hybrid composites increased when
chemical treatments were done on fibers [57]. Higher values of E” was exhibited by the
composite prepared from fibers treated with 4% NaOH. Improved interfacial adhesion
and increased surface area of fibers on alkali treatment leads to more crosslinks within
rubber matrix-fiber network and thus the storage modulus. The loss modulus increased
from 634.2 MPa for untreated fiber composites to 655MPa for 0.5% alkali-treated fiber
composites (both contain 30 phr fibers). The loss modulus further increased to 800.5
MPa when fibers were treated with 4% alkali. However, treated fiber composites exhib-
ited low mechanical damping parameter (tan §, ). The strong and rigid fiber-matrix
interface due to improved adhesion reduces molecular mobility in the interfacial zone
causing a decrease in tan §. The presence of bonding agents results in more number of
crosslinks being formed and alkali treatment on fibers lead to strengthening of these
crosslinks. As a result, molecular motion along the rubber macromolecular chain was
severely hindered, leading to low damping characteristics.
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9.3.1.2 Water Absorption Characteristics

Effect of fiber loading: The water absorption of OPF-NR composites increased with
fiber loading due to the hydrophilicity of the fibers [58]. The water absorption behavior
of NR changed from fickian to non-fickian upon addition of OPF due to the presence
of microcracks as well as the viscoelastic nature of the polymer. The water uptake of
OPF-NR composite was lower than that of OPF-sisal fiber-NR hybrid biocomposite
[58]. The incoroporation of sisal fiber containing comparatively more holocellulose
(23%), which is highly hydrophilic caused more water uptake. More over, the lignin
content of OPF (19%) was higher than sisal fiber (9%). Lignin being hydrophobic pre-
vents absorption of water.

Effect of fiber treatment: The water uptake by OPF-sisal fiber-NR hybrid com-
posites reduced upon mercirization and alkali treatment of fibers [59]. Mercerization
improves the fiber surface adhesive characteristics and alkali treatment leads to
fibrillation providing large surface area. This results better mechanical interlocking
between fiber and matrix causing less water absorption. Besides, the treatment with
NaOH solution promotes activation of hydroxyl groups of the cellulose by breaking
hydrogen bond. Among three types of silane treatments given to the fibers viz., fluro
silane, amino silane and vinyl silane, the maximum water uptake was exhibited upon
vinyl silane treatment and less by flurosilane treatment. The water uptake of OPF-sisal
fiber-NR hybrid composites was less at higher alkali concentration due to the increased
bonding between fiber and matrix. The hybrid composites approached fickian behav-
ior of water absorption at higher alkali concentration.

9.3.1.3 Thermal Properties

Generally, incorporation of plant fibers into polymeric matrix increases the thermal
stability of the system. In the thermal analysis of OPF-sisal fiber-NR hybrid composites
also, it was found that addition of more fibers resulted in increase of thermal stability
as indicated by the higher peak temperatures [35]. Increased thermal stability was also
confirmed by the decrease in the activation energy of the composites. The thermal sta-
bility of NR-sisal fiber-OPF hybrid composites improved upon chemical modification
[35]. However chemical modification resulted in lower activation energy (for decom-
position) values compared to the untreated fiber composite.

9.3.1.4  Electrical Properties

Effect of fiber content: The dielectric constant of fiber-reinforced composite system
is higher due to polarization exerted by the incorporation of lignocellulosic fibers.
The dielectric constant of OPF-sisal fiber-NR hybrid composites at all the frequencies
increased with increase in fiber content [59] as shown in Figure 9.6. Natural rubber is
a non-polar material and has only instantaneous atomic and electronic polarization
to account. The presence of two lignocellulosic fibers in NR leads to presence of polar
groups giving rise to dipole or orientation polarizability. The overall polarizability of
a composite is the sum of electronic, atomic and orientation polarization resulting
higher dielectric constant. Hence the dielectric constant increases with increase in fiber
loading at all frequencies.
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Figure 9.6 Variation of dielectric constant with frequency as a function of oil palm fiber loading.

Volume resistivity is an important property of an insulating material as the most
desirable property of an insulator is its ability to resist leakage of electric current. The
volume resistivity of OPF-sisal fiber-NR hybrid composites decreased at higher fiber
contents indicating increase in the electrical conductivity due to the presence of polar
groups [59]. In polymers, most of the current flows through the crystalline regions
and passage of current in the amorphous regions is due to the presence of moisture.
The presence of two lignocellulosic fibers increases the moisture content and hence
increases the conductivity of the system. The observation on the volume resistiv-
ity was confirmed by the direct measurement of electrical conductivity, which also
increased with fiber loading. At a frequency of 10 KHz, the volume resistivity of pure
gum reduced from 650x10* Qm to 150x10* Om upon addition of 50 phr OPF-sisal
fiber combination. Conductivity is also dependent on the dispersion of fibers. At low
volume fractions, there was a chaotic dispersion of fibers. The orientation of fibers
was too random to promote the flow of current. At high volume fractions of fibers, the
population was just right to bring about uniform dispersion facilitating flow of current.

Dissipation factor or loss tangent is defined as the ratio of electrical power dissipated
in a material to total power circulating in a circuit. The dissipation factor (tan §) of NR
matrix at a frequency of 10 kHz increased from 0.002 to 0.035 upon addition of 50 phr
OPF-sisal fiber combination [59]. The polar groups present in the composite increases
with fiber content leading to an increment in orientation polarization. The incorpora-
tion of fibers in NR matrix disrupts regular arrangement of rubber molecules lead-
ing to loss of crystallization ability. Furthermore, addition of fibers enhances flow of
current through amorphous region due to their ability to absorb moisture. Therefore
addition of fibers resulted in higher loss or higher amount of dissipation that are asso-
ciated with amorphous phase relaxations.

Effect of fiber treatment: Chemical modification of fibers decreased the dielectric
constant of OPF-sisal fiber-NR hybrid composites [59]. This was due to the decrease in
orientation polarization of the composites upon treatment. Chemical treatment results
in reduction of hydrophilicity of the fibers leading to lowering of orientation polar-
ization and subsequently dielectric constant. Alkali treatment yielded higher dielec-
tric constant comparing to silane treatment. However, higher concentration of alkali
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reduced the dielectric constant. Alkali treatment resulted in unlocking of the hydrogen
bonds making them more reactive. In untreated state, the cellulosic -OH groups are
relatively unreactive as they form strong hydrogen bonds. In addition to this, alkali
treatment can lead to fibrillation, i.e., breaking down of fibers into smaller ones. All
these factors provide a large surface area and give a better mechanical interlocking
between the fiber and matrix and thus reduce water absorption. This was attributed
as the reason in lowering the overall polarity and hydrophilicity of the system leading
to reduction of orientation polarization and consequently dielectric constant of the
composites.

9.3.2 Oil Palm Fiber-Polypropylene Composites

Polypropylene (PP) is an addition polymer made from the monomer propylene. It is a
thermoplastic polymer mainly used in packaging, stationery, laboratory equipments,
automotive components, etc. Resistance to many chemical solvents, bases and acids
makes it suitable for a variety of applications. Melt processing of polypropylene can be
achieved through extrusion and moulding. However the most common shaping tech-
nique followed is injection moulding.

9.3.2.1 Mechanical Properties

Effect of fiber loading: Loading OPFs in PP matrix reduced its tensile strength [33]
as shown in Figure 9.7. The reduction in tensile strength upon filler loading was due
to interruption caused by the filler in transferring stress along applied force and this
problem was intensified by lack of interfacial adhesion of the filler and the matrix. It is
interesting to note that addition of OPF-derived cellulose increased the tensile strength
of composites eventhough a lowering trend was observed at lower cellulose fractions.
The tensile strength was equal to that of pure PP at 40% cellulose loading. An interac-
tion with fairly concentrated aqueous solution of strong base during production of cel-
lulose to produce great swelling was the reason explained for the increase in strength.
The flexural modulus increased with increase in filler loading and cellulose composites
exhibited a higher modulus than fiber composites. Addition of 50% cellulose to virgin
PP increased flexural modulus from 1750 MPa to 4250 MPa, whereas OPF composite
of 50% fiber content increased the modulus up to 2750 MPa only. However, increasing
percentage of OPFs reduced the flexural strength. In an attempt to make OPF-filled
PP composites by reactive processing, maximum tensile strength (21.4 MPa) of the
composites was obtained at 20% weight fraction of filler [5]. However the elongation at
break decreased with increase in filler loading. The flexural strength, flexural modulus
and flexural toughness of OPF-PP composites at 40% fiber loading were 37 MPa, 2.13
GPa and 47 kPa, respectively [4]. The impact strength also increased with filler loading,
however OPF composites exhibited a less impact strength than cellulose-filled compos-
ites. The izod impact strength of pure PP was 32 J/mm, while 10% fiber and cellulose
loadings reduced it to 25 J/mm thereafter steadily increased upto 37 J/mm when 50%
cellulose was added [33]. Oil palm fiber loading of 50% resulted same impact strength
as that of virgin PP. The irregularity in shape and low aspect ratio of OPF may affect
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Figure 9.7 Effect of fiber/cellulose loading on tensile strength of PP composites.

their capabilities to support stress transmitted from the PP matrix [4, 33]. The effect
would be amplified if the proportion of OPF is increased.

The flexural properties of OPF-glass fiber-PP hybrid composites reduced upon
increasing the proportion of OPFs [60]. When the whole glass fibers were replaced
with OPFs (30% fiber content), the flexural strength, flexural modulus and flexural
toughness values reduced from 37MPa to 20 MPa, 3.75 GPa to 2.75 GPa and 25 kPa
to 13kPa, respectively. The reduction in flexural properties were due to irregular shape
and low aspect ratio of OPE Similarly, the tensile properties were also reduced when
more OPFs were incorporated. The tensile strength, tensile modulus and tensile tough-
ness of OPF-glass fiber-PP composites containing 30% fiber reduced respectively from
25MPa to 13MPa, 850 MPa to 610 MPa and 180 kPa to 105 kPa when the whole glass
fiber was replaced with OPFs.

Effect of fiber treatments: The maleic anhydride grafted polypropylene (MAPP)
has significant influence on the surface properties of OPF [44]. The OPF-PP com-
posite exhibited good tensile strength (36 MPa) and impact strength (38 J/m) upon
incorporation of 2% MAPP. However there was a substantial decrease in mechani-
cal strength with increase in concentration of MAPP above 2% in the PP matrix.
Trimethylolpropane triacrylate (TMPTA) also significantly influenced the mechani-
cal properties of PP-cellulose composite. The toughness of both the composites was
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significantly improved by addition of TMPTA. However, PP-cellulose composite
remained the better choice than PP- OPF composite as the tensile strength (43 MPa),
flexural modulus (3300 MPa) and impact strength (43 J/m) were better with the addi-
tion of 2% TMPTA. It has been reported [12] that at Maleic anhydride (MAH) chemi-
cal loading of 15%, a flexural strength of 40 MPa, flexural modulus of 4 GPa, flexural
toughness of 7 kPa and impact strength of 80 J/m was exhibited by the OPF-PP com-
posites prepared with 40 percent of 60 mesh size fibers. The MAH chemical loading
increased the flexural strength and flexural modulus of OPF-PP composites which
is due to the increased interfacial adhesion caused by the covalent bonding between
MAH and PP. The maleic anhydride treatment has enabled the compatibility between
polar functional groups of OPF and non-polar PP. The coupling agent E-43 contrib-
uted towards higher tensile strength, flexural toughness, flexural modulus and impact
strength to OPF-PP composites [4].

The tensile strength and toughness of OPF-glass fiber-PP hybrid composites were
significantly improved upon removal of residual oil from OPFs [43]. The tensile
strength increased from 7MPa to 13 MPa and toughness increased from 50 kPa to 130
kPa upon oil removal. Oil removal reduced the stress concentrations created by incom-
patible layer of esters of the oil. However, the tensile modulus (700 MPa) and elonga-
tion at break (2.3%) did not vary significantly upon residual oil removal, whereas the
flexural properties increased significantly. The flexural strength, modulus and tough-
ness of unextracted fiber composite were 13 MPa, 1.9 GPa and 7.5 kPa, respectively,
which increased to 27 MPa, 2.3 GPa and 26 kPa upon residual oil removal. Treatment
of OPF with coupling agent- polymethylene (polyphenyl isocyanate) (PMPPIC) fur-
ther increased both tensile and flexural properties. This is due to the inhibition of the
isocyanate activity with hydroxyl group of OPF by the oil. Fibers treated with other
coupling agents viz., maleic anhydride-modified PP (commercial name Epolene,
E-43) and 3-(trimethoxysilyl)-propylmethacrylate (TPM) also increased the strength
properties of the composites and the contribution by E-43 was higher [60]. The greater
reinforcement by OPF in the presence of E-43 was the reason for better dispersion of
the filler in PP and better bonding between the constituent materials. A good filler-
matrix interaction could be derived from the formation of an ester bond between the
anhydride groups of E-43 and the hydroxyl groups at the surfaces of OPF fillers and /
or hydrogen bonding between the hydroxyl groups and oxygen from carboxylic groups
so produced from the former reaction. Being a derivative of PP, E-43 is more compat-
ible with PP.

9.3.2.2 Water Absorption Characteristics

Effect of fiber loading: The water absorption of OPF-PP composites of varying
fiber fractions at the end of a six day immersion was in the range of 4.5% to 7.5%
[4]. Composites with a higher proportion of OPF absorb more water due to cellu-
lose, lignin and hemicellulose, possessing polar hydroxyl groups leading to formation
of hydrogen bonds with water. Absorption of water by the cell wall of lignocellulosic
materials causes swelling of the cell wall and thus increases in thickness of the compos-
ite. The percent thickness swelling of OPF-PP composites after a six day immersion
varied from 2.3% to 7% at different fiber loading range.
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Effect of fiber treatments: The hydrophobicity of OPF-PP composites enhanced
upon E-43 treatment to the fiber and the effect of treatment was further enhanced by
chemical loading [4]. The ability of maleic anhydride residue of E-43 to interact with
hydroxyl groups of OPE blocking the hydroxyl group-water hydrogen bonding and
the hydrophobicity imparted by the PP chain of E-43 are the reasons for enhanced
hydrophobicity.

9.3.2.3 Degradation/weathering

Weathering in general decreases strength of the composites. The flexural stress and
flexural modulus of fresh OPF-PP composites were 41.6 MPa and 3.85 GPa, respec-
tively, which reduced to 27.4 MPa and 2.69 MPa after soil exposure for 12 months [61].

9.3.3 Oil Palm Fiber-Polyurethane Composites

Polyurethane polymers are formed through step-growth polymerization by reacting a
monomer containing at least two isocyanate functional groups with another monomer
containing at least two hydroxyl groups in the presence of a catalyst. Polyurethanes
are widely used in high resiliency flexible foam seating, rigid foam insulation panels,
microcellular foam seals and gaskets, automotive suspension bushings, carpet under-
lay, hard plastic parts for electronic instruments, etc. Polyurethane is also used for
moldings which include door frames, columns, window headers, etc. Oil palm fiber
acts as a good reinforcement in PU matrix.
9.3.3.1 Mechanical Properties

Effect of fiber loading: The tensile strength of OPF-PU composites increased from
21 MPa to 30 MPa when fiber content increased from 30% to 45% [29]. Increase in
strength was due to increase in reaction between lignin and isocyanates in forming a
three dimensional network of crosslinkings when the fiber functioned as both filler and
reactive component. Modulus also increased with percent loading of OPFs, obviously
because of its inherent stiffness. The tensile strength of OPF-PU composites increased
from 10 MPa to 35 MPa when fiber level increased from 30% to 60% [62]. However
further addition of fibers lowered the tensile strength. Similar trend was observed for
tensile modulus and tensile toughness also. The modulus was 3.9 MPa and 9.5 MPa at
30% and 60% fiber loading, respectively and the corresponding values of tensile tough-
ness were 13 MPa and 60 MPa. However the strength of OPF composites decreased
with increase in fiber loading when palm kernel oil (PKO)-based PU was used [63].
However appropriate addition of OPF improved stiffness of PU composites. Hence it
is more suitable in structures where stiffness and dimensional stability are important
than structural strength. The flexural and impact strength properties of OPF-PU com-
posites were maximum at a fiber loading of 40-50%. Oil palm fiber-PU composites
exhibited a flexural strength of 75 MPa, flexural modulus of 2.25 GPa and flexural
toughness of 6.5 MPa and impact strength of 100 J/m at 50% loading of 35-60 mesh
size fibers [64]. However addition of more fibers decreased hardness of composites.
When 65% of fibers were filled in the matrix, the Shore D hardness value was 73, which
reduced to 55 when fiber concentration increased to 75% [65]. At higher fiber loadings,
the matrix was not able to cover the fibers, which resulted in physical bonding between
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the fibers where as interfacial adhesion weakened and agglomeration occurred. This
resulted discontinuous matrix, producing stress concentration points in the compos-
ite. Increased hardness at low fiber content was explained by means of ‘polymer-filler’
interactions. The hydroxyl (OH) groups present on the fiber surfaces act as electron
donors, while the PU carbonyl groups act as electron acceptors. These interactions can
therefore be considered as additional physical crosslinks within the polymer network,
so increasing the crosslinking capacity and consequently, hardness of the composite.
In the same study, it was also reported that impact strength of a material decreases if
more OPFs are added to the matrix. The impact strength of PKO-based polyeurathane
was 4000 J/m?at a fiber content of 65%, which decreased to 2225 J/m?when fiber con-
tent increased to 75%. The theory explained for decrease in hardness with increasing
fiber content hold good for impact strength also. The flexural strength also decreased
as the amount of OPFs increased in the matrix. When OPF content increased from
65% to 75% in the OPF-PU-filled composites, the flexural strength decreased from
11 MPa to 4.5 MPa and the flexural modulus decreased from 1450 MPa to 1100 MPa.

The effect of hybridization of kaolinite (a type of clay) with OPFs and PU synthe-
sized from PKO to form composites was examined by [66]. The kaolinite content of
15% was found beneficial and the resulting composites exhibited flexural strength
of 11.2 MPa, flexural modulus of 2550 MPa and impact strength of 4600 MPa. The
increase in strength of hybrid composites was due to the encapsulation of OPFs by
PU in combination with kaolinite, filling the voids between OPFs. Dynamic mechani-
cal analysis revealed that addition of kaolinite increased the storage modulus of the
composites at an optimum level of 15% loading (2150 MPa), indicating an increase
in the ability to store energy. The width of tan § peak of 15% kaolinite loaded hybrid
composite was much broader compared to others due to better molecular relaxations.

Effect of fiber size: The effect of fiber size on the mechanical properties of OPF filled
PKO-based PU foam was studied by [67]. Higher compressive stress was observed for
45-56 pum fiber particulate than higher sizes. This was due to the higher surface area of
the fiber in powder form, which may produce better hindrance to stress-impact propa-
gation. Scanning electron microscopic images indicate that small size fibers got embed-
ded in the matrix well comparing to large size fibers. However the flexural strength of
OPEF-filled PU composites decreased with decrease in filler size [64]. Similar trend was
observed for tensile properties also [62].

Effect of fiber treatments: Both TDI treatment and hexamethylene diisocyanate
(HMDI) treatment improved the tensile strength of OPF-PU composites [29]. At a
fiber loading of 40% and NCO/OH ratio of 1.1, tensile strengths of 26 MPa, 30 MPa, 28
MPa were exhibited by untreated fiber composite, TDI-treated fiber composites and
HMDI-treated fiber composites, respectively. The introduction of isocyanates from
TDI or HMDI has enhanced the interaction between OPFs and PU matrix.

9.3.3.2  Water Absorption Characteristics

Effect of fiber loading: The water absorption by OPF-PU composites increased sharply
on the day of immersion and remained constant during the following 5 days [65].
Composites with 75% fiber content absorbed 55% water and composites with 65%
fiber absorbed 48% water after 1 day of immersion. Weak bonding between the matrix
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and fiber, agglomeration of the fibers and incomplete encapsulation of matrix over
OPFs are the factors leading to poor water resistivity of OPF-PU composites.

9.3.3.3 Degradation/weathering

The dimensional stability of OPF-filled PU composites at high and low temperature
environments were studied by [67]. The dimensional stability of composites prepared
with 45-56 um fibers was within the allowable limits. However higher sizes caused
increased deformation due to the deterioration of cellular structure of the PU foam at
higher fiber sizes.

9.3.4 Oil Palm Fiber-Polyvinyl Chloride Composites

Polyvinyl chloride (PVC) is a thermoplastic polymer. It is a vinyl polymer constructed
of repeating vinyl groups having one of their hydrogens replaced with a chloride group.
Polyvinyl chloride is the third most widely produced plastic after polyethylene and PP.
It is used for sewege pipe lines and other pipe line applications as it is biologically and
chemically resistant. It is also used for windows, door frames and such other building
materials by adding impact modifiers and stabilizers. It becomes flexible on addition
of plasticizers and can be used in cabling applications as wire insulator. Oil palm fiber
is found to be in good combination with PVC to form composites.

9.3.4.1 Mechanical Properties

Effect of fiber loading: The tensile strength of OPF-PVC composite decreased with
fiber loading [68]. Tensile strength of pure PVC was 60 MPa, which reduced to 34.71
MPa when 40% of OPF was added. The broken ends of short fibers formed during ten-
sile deformation were believed to induce cracks in the matrix and lead to a reduction
in tensile strength. The inability of OPFs to support stress transmitted from the matrix
was due to its irregular shape and dispersion problems (agglomerate formation). The
impact strength also reduced with fiber loading. Pure resin had impact strength of 20
kJ/m?, which reduced to 17.41 kJ/m?at 40% fiber content. The possible reason was the
detrimental effect of fibers caused by the volume they take. Oil palm fibers are incapa-
ble of dissipating stress unlike the matrix through shear yielding prior to fracture. They
also hinder the local chain motions of PVC molecules to shear yield. Alternatively, the
tendency of OPFs to cling together in bundles and resist dispersion at higher fiber load-
ings cause decrease in the ability of the composites to absorb energy during fracture
propagation. The flexural strength of pure acrylic impact modified unplasticized poly-
vinyl chloride (PVC-U) decreased from 80 MPa to 70 MPa when 40% OPF was added,
while the flexural modulus increased from 3500 MPa to 4500 MPa [69]. The reduction
in flexural strength was attributed to agglomeration of the filler and its inability to sup-
port stresses transferred from the PVC-U matrix.

It has been reported that ultimate tensile strength (UTS) of pure PVC- epoxidized
natural rubber (ENR) blend reduced from 9 MPa to 6 MPa upon addition of 30% OPFs
[11]. The reduction in tensile strength of composites at higher fiber loading was due to
the agglomeration of the filler particles to form a domain that acts like a foreign body.
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The filler particles or agglomerates were no longer as equally separated or wetted by
the polymer matrix above a particular fiber loading. Other mechanical properties viz.,
tensile modulus and flexural modulus increased with fiber loading, while elongation
at break and impact strength reduced with fiber loading. There was only a marginal
increase in hardness with fiber loading beyond 5% level. The elasticity or flexibility of
the polymer chain was reduced with addition of fiber, resulting in more rigid compos-
ites. However the blend was believed to reach hardness of fiber beyond 5% fiber load-
ing, leading to less marginal increase in the hardness. The reduction in impact strength
of OPF-PVC-ENR composites was due to the increase in interfacial regions with more
fiber content, which is comparatively weaker than the matrix in resisting crack propa-
gation on impact.

Effect of fiber treatments: It has also been reported that [27] the residual oil on
fibers has less effect on fiber-matrix interaction and resulting mechanical proper-
ties of OPF-PVC composites. Composites with unextracted fiber of 30 phr exhibited
impact strength of 6.11 kJ/m?. Oil extraction caused only a marginal increase of 0.3%
in the impact strength. Similarly the flexural strength of OPF-PVC composites with
30 phr unextracted fiber was 72.4 MPa, which increased to 74.5 MPa when oil was
removed indicating only a marginal 3% difference. However the flexural modulus of
4142 MPa for unextracted fiber composites reduced to 3900 MPa when extracted fibers
were incorporated. Benzoylation treatment to the fibers improved the tensile strength,
impact strength and stiffness of OPF-PVC composite due to improved fiber-matrix
adhesion [68]. However addition of acrylic impact modifier caused a negative effect
on both modulus and strength [69]. Oil palm fibers when grafted with Methyl Acrylate
(MA) improved the ultimate tensile strength (UTS) of the PVC-ENR blend composites
[11]. At 10% fiber loading, untreated fiber composites exhibited UTS of 8 MPa, which
increased to 10 MPa upon grafting. Other mechanical properties viz., tensile modulus
(stiffness), flexural modulus, hardness and impact strength also reduced upon grafting,
while elongation at break increased. The crystalline structure of OPF was destroyed by
grafting with MA and resulting amorphous fiber could be easily deformed. Thus the
decline in flexural modulus upon grafting with MA is associated with the reduction in
crystallinity of the fiber. It is interesting to note that impact strength of the grafted fiber
composites was less eventhough the treatment improved interfacial adhesion as better
bonding leads to catastrophic brittle failure.

9.3.4.2 Thermal Properties

The glass transition temperature (T ) of OPF-PVC-ENR composite increased with
&

fiber content [70] However the thermal stability was not affected significantly with
addition of OPE Benzoylation treatment on fiber reduced the glass transition temper-
ature (Tg) of OPF-PVC composites (64°C) than that of pure PVC (79.16°C) whereas
Tg of untreated OPF composite (80.29°C) and pure PVC were not significantly differ-
ent 67 (Bakar and Baharulrazi, 2008). Decrease in Tg was due to plasticization effect of
fibers that diffused or dissolved into the PVC matrix.
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9.3.5 Oil Palm Fiber-Polyester Composites

Polyester is a category of polymers which contain the ester functional group in their
main chain. It is used mainly in textiles and packaging industry. It is also used to man-
ufacture high strength ropes, thread, hoses, sails, floppy disk liners, power belting, etc.
Oil palm fiber is a better reinforcement in polyester matrix.

9.3.5.1 Physical Properties

Effect of fiber loading: One of the desirable functions of natural fibers in polymeric
matrix is to reduce the mass on account of the inherent low density of the fibers. The
density of OPF powder is 1.138 g/cm® and that of polyester is 1.202 g/cm’. Addition of
55% OPF to polyester matrix reduced composite density to 1.17 g/cm’[14]. Similarly,
the density of glass fiber-polyester composites can be reduced by substituting glass
fiber with OPE The density of glass fiber is 2.6 g/cm® and that of polyester resin is 1.41
g/cm?, which obviously results in higher composite density. Oil palm fiber of 1.14 g/
cm’® density used in place of glass fiber resulted in low density composites [7]. Apart
from the lower density of the constituent fiber, the reason for reduction in density of
composites at higher fiber loading may also be due to the void formation as a result
of poor wetting of the fibers with matrix. In that case, strength and performance will
be affected. Hence reduction in density should be accounted with strength and other
performance parameters. Incorporation of 40% and more OPF in OPF-polyester com-
posites caused reduction in density from 1.15 to 1.11 g/cm®[14].

9.3.5.2 Mechanical Properties

Effect of fiber loading: The impact strength of polyester resin increased from 6 kJ/m?
to 18 kJ/m? when 55% OPFs were incorporated [71]. Similarly the elongation at break
also increased from 3% to 3.80% upon addition of 55% OPFE. However, the flexural
strength of polyester resin reduced from 50 MPa to 32 MPa upon addition of 15%
fibers and further increased upto 43 MPa upon addition of 55% fibers. The flexural
modulus of the pure resin marginally ncreased from 3.2GPa to 3.7 GPa when 55% fiber
were incorporated in the matrix [14]. The abrasion characteristics of OPF-filled poly-
ester composites was better than pure resin [14]. Oil palm fiber reinforcement reduced
the weight loss on abrasion of pure polyester resin by 50-60%. In addition, the friction
coefficient of OPF-polyester composite was less by about 23% comparing to that of the
neat polyester [24].

The flexural strength of pure polyester resin increased from 43.3 MPa to 165.4 MPa
upon incorporation of 12% glass fiber and the flexural strength remained same when
40% of this fiber fraction was replaced with OPF [7]. However when 70% of the fiber
fraction was replaced with OPF, the flexural strength reduced to 143 MPa. The OPFs
effectively transferred stress from glass fibers at 40% volume fraction. However, the
flexural strength drastically reduced below that of pure resin (36.8 MPa) when whole
fiber fraction was replaced with OPE. Hence OPF can be a substitute for glass fiber in
potential applications where it do not require high load bearing capabilities. The ten-
sile strength of OPF-glass fiber-reinforced polyester composites increased upto total
fiber content of 45% [72]. The OPF and glass fiber when incorporated in the ratio of
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70:30 in polyester caused an increase in its tensile strength from 25MPa to 48 MPa,
whereas 45% of OPF alone resulted in tensile strength of 31MPa. The elongation at
break was high at higher OPF content as it has high strain to failure characteristic
(8-18%) compared to low extensibility of glass fiber (3%). The flexural strength and
flexural modulus of OPF-glass fiber-polyester hydrid composites were maximum at a
total fiber content of 35%. The flexural strength of pure polyester increased from 50
MPa to 75 MPa when 35% fibers were incorporated (OPF: glass fiber ratio of 70:30).
The flexural modulus of the hybrid composite was more dependent on the amount of
glass fiber rather than OPF due to the high modulus of glass fiber (66-72 GPa). The
impact strength also increased with increase in fiber content up to 35%. The fiber plays
an important role in the impact resistance of composites as they interact with crack
formation in the matrix and act as stress transferring medium. The impact strength
of pure polyester increased from 7 kJ/m? to 14.7 kJ/m? when 35% fibers were incorpo-
rated (OPF: glass fiber ratio of 70:30). The Rockwell hardness of pure polyester resin
decreased from 113 HRB to 105 HRB when 55% OPF was incorporated. The water
molecules in fiber cell wall act as plasticizer which decreases hardness of composites.
Effect of fiber treatments: Alkali treatment on OPFs significantly improved its
interfacial shear strength in polyester matrix [14]. Alkali treatment washed out the
outer skin, better exposing fiber to the polyester matrix, leading to proper interaction
between their surfaces. In addition, the fine holes created on alkali treatment allowed
the polyester to penetrate into the fiber bundles in a better way. Acetylation treatment
to the fibers improved impact strength of OPF-polyester composites due to improved
fiber wettability and resulting fewer void spaces [71]. The tensile stress of OPF-
polyester composites increased slightly upon both acetylation and silane treatments
on fibers and decreased upon titanate treatment [14]. The flexural modulus of OPF-PP
composites also increased considerably upon acetylation treatment on fibers. Similarly
the abrasion resistance of OPF-polyester composites was enhanced upon alkali treat-
ment to fibers [13]. Treated fibers enhanced the adhesion resistance of polyester resin
by 75-85%, while untreated fibers enhanced the abrasion resistance only by 50-60%.

9.3.5.3  Water Absorption Characteristics

Effect of fiber loading: The water absorption pattern of unsaturated OPF-polyester
composite followed typical fickian behavior, where the mass of water absorbed increased
linearly with a function of square root of time and then gradually decreased until equi-
librium plateau or complete saturation is reached [72]. Increased water absorption of
the composites is due to swelling of the fibers leading to crack formation in the polyes-
ter matrix, which act as pathways for the water molecules to diffuse into the composite
material. Temperature facilitate water absorption. Hence the temperature dependence
of water absorption of OPF-polyester composites was established by [71]. The water
absorption characteristics of OPF-glass fiber-polyester hybrid composites was studied
by [30]. Pure polyester resin absorbs 1% water, which increased to 9% when 45% OPFs
were incorporated. The absorption percentage reduced to 6% when hybridized with
glass fibers in the ratio of 70:30. A from the hydrophilic nature of OPFs, increased
water absorption at higher volume fraction of OPF could be attributed to the poor
compatibility between OPF and glass fiber and also between OPF and polyester matrix
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[23]. Higher volume fractions of OPF in polyester matrix may lead to fiber layering
out, which creates micro-void and cracks within the composites. Thus water can easily
penetrate and diffuse through the porous structure. This mechanism involves flow of
water molecules along fiber-matrix interface followed by diffusion from the interface
into matrix and fibers. Absorption of water by the composites obviously cause swelling
as mentioned earlier. The percentage thickness swelling of pure polyester resin when
submerged in boiling water for 2 hours increased from 1.04% to 1.2% when 12% glass
fibers were incorporated [7]. Thickness swelling further increased to 2.03% when 70%
of fiber fraction was replaced by OPFs and a maximum thickness swelling of 2.46% was
observed when 100% of fiber fraction was replaced with OPFs.

Effect of fiber treatments: Acetylation treatment on fibers reduced the water absorp-
tion (at 100°C) of untreated OPF-polyester composites from 15.8% to 5.7% . Good
interfacial contact between fiber and matrix and increased hydrophobicity caused by
the treatment lead to reduced water absorption.

9.3.5.4 Degradation/weathering

Effect of fiber loading: The loss in tensile properties of OPF-polyester composites
upon degradation in soil was quantified by . Loss in tensile strength by 8%, 17% and
35% were observed, respectively after exposure of 3, 6 and 12 months. Similarly tensile
modulus, elongation at break and impact strength also reduced upon soil exposure.
A loss of impact strength by 6%, 18% and 43% were observed, respectively after 3, 6
and 12 months. Similarly the tensile stress, tensile modulus and elongation at break
decreased from 35.1 MPa, 3.29 GPa and 3.75%, 34.6 MPa, 2.32 MPa and 2.48%, respec-
tively upon soil burial for 12 months [61].

Effect of fiber treatment: Chemical treatment to the fiber considerably reduced mass
loss of OPE-polyester composites upon weathering [61]. The magnitude of mass loss
decreased in the order: unmodified fiber>titanate treated >silane treated > acetylated.
Chemical treatments also could conserve the mechanical properties of OPF-polyester
composites upon ageing [71]. The loss of tensile stress, tensile modulus and elonga-
tion at break of OPF-polyester composites during ageing in deionized water was more
prominent for untreated fiber composites. Though further reduction was observed in
the subsequent months, an increase in tensile stress and modulus was observed upon
acetylation treatment on fiber in the initial 3 month period. The improvement in com-
posite properties at short time period was due to stress relaxation of fiber embedded in
composites and also due to less debonding by fiber swelling as fiber is already swollen
upon treatment. The treatments such as acetylation, silane and titanate on fibers con-
serve the tensile properties of OPF-polyester composites even after exposure in soil for
many months [56]. The loss in strength decreased in the order: unmodified>titanate>
silane>acetylated.

9.3.6 Oil Palm Fiber-Phenol Formaldehyde Composites

Phenol formaldehyde, a synthetic thermosetting resin obtained by the reaction of phe-
nols with aldehyde, is used for making plywood, particle board, medium density fiber
boards and other wood- and lignocellulose-based panel and wood joinery. Phenolic
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laminates are made by impregnating one or more layers of a base material such as
paper, fiber or cotton with phenolic resin and laminating the resin-saturated base mate-
rial under heat and pressure. The resin fully polymerizes (cures) during this process.
A number of research reports are available on the properties of OPF-PF composites.

9.3.6.1 Physical Properties

The density of pure PF increased from 1.33 g/cm’ to 1.48 g/cm’® when 40% glass fibers
were incorporated. This could be reduced to 1.45 g/cm’ when 24% of fiber fraction was
replaced with OPF and further reduction to 1.2 g/cm’® could be achieved when 96% of
the fiber fraction was replaced with OPF [19].

9.3.6.2 Mechanical Properties

Effect of fiber loading: The tensile and flexural strength properties of OPF-glass fiber-
PF hybrid composite decreased with increase in fraction of OPF [20]. In case of com-
posite with 40% fiber content (weight fraction), tensile strength reduced from 80 MPa
to 50 MPa, tensile modulus reduced from 2500 MPa to 250 MPa, flexural strength
reduced from 87 MPa to 50 MPa and elongation at break reduced from 6.5% to 4.75%,
when 25% (volume fraction) of the glass fibers were replaced with OPE. However, the
impact strength remained the same (230 k]J/m?) even with OPF substitution. It was also
observed that further fiber loadings improved the impact strength.

The stress relaxation in OPF-PF composites was studied by [45]. Higher relaxation
was observed for composites with 30% fiber content among the 20, 30 and 40% fiber
loadings studied. Stress relaxation mechanism in the OPF-reinforced PF composite
exhibited a two step process. Fiber-matrix bond failure contributes to the first step
relaxation and the second step relaxation was pre-dominated by the matrix phase
relaxation. Hybridization of OPF with glass fiber in PF matrix reduced the relaxation
rate than both pure glass fiber-PF composites and OPF-PF composite. This indi-
cates that OPF with glass fiber results in composites of long term higher mechanical
performance.

Dynamic mechanical analysis of OPF-PF composites indicated that incorporation of
OPF increased the modulus and damping characteristics of the neat sample [20]. This
was due to the increase in interface area and more energy loss at interfaces at higher
fiber loading. The impact performance of PF resin also largely improved upon rein-
forcement with OPF [50]. Incorporation of OPF with glass fiber increased the damping
value of the OPF-PF composite and notably damping increased with relative volume
fraction of OPF [20]. Both the storage modulus and loss modulus values decreased
after the relaxation with increase in relative OPF volume fraction in hybrid composites.

Effect of fiber treatments: Oil palm fiber-PF composites exhibited maximum tensile
strength of 40 MPa, tensile modulus of 1300 MPa and elongation at break of 9% when
the fibers were treated respectively with permanganate, mercerization and latex coating.
The changes in tensile strength and tensile modulus of OPF-PF composites followed the
order: acetylated (highest) > propionylated > extracted > nonextracted (lowest) [73].
The tensile strength and tensile modulus of acetylated fiber composites were 13 MPa
and 1.6 GPa, respectively. The composites with acetylated and propionylated fibers
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exhibited higher flexural strength than unmodified fiber composites. Acetylated fiber
composites exhibited flexural strength of 23 N/mm?® whereas raw fiber composites
exhibited only 9 N/mm? strength. The effect of fiber modification on flexural modulus
was more significant than flexural strength as the incorporation of modified fiber was
still able to impart stiffness to the composites. The stiffness of acetylated and propio-
nylated fiber composites was higher than unmodified fiber composites. This was due
to the increased compatibility between the resin and fiber. The increased fiber-matrix
compatibility upon modification results in formation of a continuous interfacial region,
causing better and efficient stress transfer. The impact properties of OPF-PF compos-
ites varied in the following order: non-extracted (lowest) < extracted < propionylated
< acetyl (highest). The impact strength of OPF-PF composites increased from 6k]J/m?
to 6.8 kJ/m* upon acetylation treatment on fiber. The impact strength of pure resin
increased from 20 kJ/m? to 80 kJ/m? upon addition of 40% untreated OPF and latex
coating imparted impact resistance of 190 kJ/m* followed by acetylated (180 kJ/m?),
silane (165 kJ/m?) and TDI (155 kJ/m?) [50]. Increased hydrophobicity of the fibers
upon these treatments lead to weak interfacial linkage thereby facilitating debonding
process on stressed condition. Alkali treatment decreased the relaxation rate of OPF-PF
composites due to strong interfacial interlocking between fiber and matrix [45]. Net
relaxation in isocyanate-treated sample was less than that of untreated samples, whereas
latex treated fiber composite exhibited maximum stress relaxation. The faster relaxation
in latex treated fiber composites was due to low interfacial bonding between fiber and
matrix upon latex treatment causing decrease in strength and stiffness to the composite.

9.3.6.3 Water Absorption Characteristics

Effect of fiber loading: Oil palm fiber-PF composites exhibited lowest sorption at a
fiber content of 40% among various fiber contents in the range of 10% to 50% [23]. It
is interesting to note that maximum mechanical properties were also exhibited at this
fiber content. The OPF- glass fiber-PF hybrid composites were found more hydro-
philic than unhybridized composites due to the poor compatability between the OPF
and glass fiber. It was also observed that the water absorption of OPF-PF composites
are diffusion controlled and follow fickian behavior, whereas hybridization with glass
fibers caused a deviation from fickian behavior.

Effect of fiber treatments: The rate of water uptake by OPF-PF composites upon
different fiber treatments was in the order: extracted (highest) > non-extracted > pro-
pionylated > acetylated (lowest) [73]. The variation between the lowest and highest was
30%. It is also observed that most of the fiber treatments increased water absorption of
the composites except alkali treatment, however the treatments reduced water absop-
tion of the fibers [45]. Alkali treatment removes the amorphous waxy cuticle layer of
the fiber and activates hydroxyl groups leading to chemical interaction between the
fiber and matrix. In case of PF, the trend was different as it is hydrophilic whereas most
polymers used for composite fabrication is hydrophobic. Therefore the more hydro-
phobic the fiber in OPF-PF composites, less the extent of fiber-matrix interaction,
which facilitate sorption process [23]. For example, latex coating make the fibers most
hydrophobic and the OPF-PF composites prepared from latex coated fibers exhibit
maximum water absorption.
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9.3.6.4 Thermal Properties

Effect of fiber loading: The thermal conductivity and thermal diffusivity of OPF-
reinforced PF composites was less than that of pure resin. The thermal conductivity
(M) and thermal diffusivity (x) of untreated OPF-PF composite of 40% fiber loading
was 0.29 W/mK and 0.16 mm?/s, respectively where as the thermal conductivity and
thermal diffusivity of pure PF were 0.348 W/m K and 0.167 mm?/s, respectively [74].
The effective thermal conductivity of composite can also be predicted from individual
thermal conductivities of fibers and matrix by employing different models [75]. The
incorporation of OPF in PF matrix resulted in decrease of glass transition temperature
[20]. This was due to higher void formation at higher fiber content as voids facilitate the
chain mobility at lower temperatures resulting decrease in T _value.

Effect of fiber treatments: The thermal conductivity of fillers in OPF-PF composites
increased after chemical treatments such as KMnO,, peroxide treatment, etc., obvi-
ously causing increase in conductivity of the resulting OPF-PF composite [52]. The
cellulose radicals formed during these treatments enhanced the chemical interlocking
at the interface. However silane-treated fibers exhibited lower thermal conductivity
and thermal diffusivity compared to alkali-treated fiber composites . Silane treatment
made the fibers less hydrophilic leading to less adhesion between fibers and hydrophilic
phenolic resin. In addition to this, decrease in pore diameter upon treatment weakened
the interlocking with the resin, resulting low effective thermal conductivity and ther-
mal diffusivity. Removal of waxy cuticle layer of the fiber surface and increased polarity
of OPFs on reaction of acetic acid with cellulosic OH- groups of the fibers also caused
lowering of both thermal conductivity and diffusivity. Increase in thermal stability of
OPE-PF composites upon fiber treatments has been repoted [76]. The lignin-cellulose
complex formed during treatments imparted more stability to the fiber. Activation
energy for crystallization and thermal stability of OPF-PF composites quantified using
differential scanning calorimetry indicated that the crystallization energies of treated
and untreated samples were not significantly different. Alkali-treated samples had the
slowest rate of crystallization and maximum stability.

9.3.6.5 Degradation/weathering

Effect of fiber loading: The tensile strength of OPF-PF composite reduced from 37
MPa to 16 MPa upon thermal ageing and boiling water ageing reduced the tensile
strength upto 28 MPa [17]. The reduction in tensile strength when the specimens are
aged in thermal environment was due to the decrease in fiber-matrix adhesion owing to
shrinkage of the fiber in thermal environment. However tensile strength of cold water
aged samples was 38 MPa and biodegraded samples (8 months) was 35 MPa. Increase
in strength upon cold water ageing was due to decrease in void size at the fiber-matrix
interphase during swelling of the fiber. This could exert a radial pressure leading to
higher tensile strength. The flexural strength of OPF-PF composites also decreased on
ageing. It was also found that the Izod impact strength decreased to a very low value
upon gamma irradiation due to the bond scission and disintegration at the fiber-matrix
interface. However, an increased stress relaxation of water aged OPF-PF composites
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was observed [45]. This was due to the changes in interface properties attained during
ageing.

Effect of fiber treatments: The modulus of OPF-PF composites enhanced when
fibers were given acetylation, isocyanate, acrylate and silane treatments. Peroxide treat-
ment on resin also caused increase in modulus upon thermal ageing [16]. Similarly,
the flexural properties of peroxide-treated, latex-modified and acrylated fiber compos-
ites increased upon thermal ageing. However, untreated and most of the treated fiber
composites exhibited decrease in flexural performance on water ageing. On contrary,
the impact strength of OPF-PF composites (41 KJ/m?) increased upon water ageing
in untreated, acrylonitrile, peroxide and isocyanate treatement systems. However the
impact strength of the composite decreased upon thermal ageing, biodegradation and
also upon gamma irradiation.

9.3.7 Oil Palm Fiber-Polystyrene Composites

Polystyrene is an aromatic polymer made from styrene, an aromatic monomer which
is commercially manufactured from petroleum. Polystyrene is commonly injection
moulded or extruded while expanded polystyrene is either extruded or moulded in a
special process. Solid polystyrene is used in disposable cutlery, plastic models, CD and
DVD cases, etc. Foamed polystyrene is mainly used for packing materials, insulation,
foam drink cups, etc. Polystyrene foams are good thermal insulators and therefore
used as building insulation materials such as in structural insulated panel building sys-
tems. They are also used for non-weight-bearing architectural structures. The informa-
tion on OPF-polystyrene composites is limited.

9.3.7.1 Mechanical Properties

The modulus of OPF-polystyrene composites increased with fiber loading up to 30%,
however the maximum strain and flexural strength decreased [7]. The drop in strain
was suspected due to irregular shape of the fibers, which caused inability of transfer-
ring stress from the matrix. The flexural properties viz., maximum stress, maximum
strain, modulus of elasticity and Young’s modulus of OPF-polystyrene composites at
10% fiber content (300-500um size fibers) were reported as 46.43 MPa, 0.027 mm,
1665.35 MPa and 2685.84 MPa, respectively. The flexural properties were not affected
by fiber size when the size was below 300 um. The flexural properties of polystyrene
composites improved upon benzoylation due to better interfacial adhesion and hydro-
phobicity of the fibers.

9.3.8 Oil Palm Fiber-Epoxy Composites

Epoxy or polyepoxide is a thermosetting polymer formed from reaction of an epoxide
resin with polyamine hardener. Epoxy is used in coatings, adhesives and composite
materials. They have excellent adhesion, chemical and heat resistance, good mechani-
cal properties and electrical insulating properties. Epoxies with high thermal insulation,
thermal conductivity combined with high electrical resistance are used for electronics
applications. There are a few studies conducted on OPF-epoxy composites.
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9.3.8.1 Mechanical Properties

Effect of fiber loading: The ultimate tensile strength of OPF-epoxy composite decreased
from 47.78 MPa to 46.13 MPa when fiber content increased from 35% to 55%, whereas
the ultimate tensile strength of carbon fiber-epoxy composite and pure epoxy resin are
246.99 MPa and 62.49 MPa, respectively [36]. This indicate that OPF failed to act as a
reinforcement in comparison to carbon fiber in epoxy resin. Oil palm fiber do not con-
tribute towards the fatigue strength of epoxy as increase in fiber volume ratio resulted
in lowering the fatigue resistance of OPFs. Oil palm fiber-epoxy composite with 10%
fiber would be able to support about 200 kg load with a maximum deflection of 0.2
mm for a 7 m span using the T-beam configuration [77]. This outcome indicates the
potential use of OPF to build moderate load supporting structures thereby reducing
the cost of short span bridge.

The tensile strength of glass fiber-epoxy composite decreased from 111 MPa to 24
MPa when glass fiber was replaced with OPF [17]. This indicates that the hybrid com-
posite has intermediate strength characteristics. Oil palm fibers composed of individ-
ual fibers bonded by strong pectin interface, which cause individual fibers not loaded
uniformely or in some case no loading at all. Hence the OPF is unable to support the
stress transferred from the epoxy matrix successfully. Poor adhesion between epoxy
matrix and OPF also lead to a weak interfacial bond, resulting in inefficient stress
transfer between epoxy matrix and OPE. The elongation at break of OPF-epoxy com-
posite (4%) was slightly lower than that of glass fiber-reinforced composite (4.75%),
however the hybrid composite exhibited higher elongation at break. This exceptional
behavior of the hybrid composites was due to the existence of a load sharing mecha-
nism between the plies of glass fiber and OPE The failed glass fiber plies were able to
continue to carry the load while redistributing the remaining load to OPF ply. The
incorporation of glass fibers into OPF composite increased the stiffness of the hybrid
composites. Increase in stiffness of the hybrid composites with addition of glass fibers
was due to the higher tensile modulus of glass fibers (66-72 GPa) than that of OPFs
(1-9 GPa). The OPF-epoxy composite exhibited a lower impact strength (18 kJ/m?)
than glass fiber composite (107 kJ/m?). As OPF composite was subjected to a high
speed impact load, the sudden stress transferred from the matrix to the fiber exceeded
the fiber strength, resulting in fracture of OPFs at the crack plane without any fiber
pullout.

9.3.9 Oil Palm Fiber-LLDPE Composites

Linear low density polyethylene (LLDPE) is significantly stronger than LDPE and has
better heat sealing properties. However it has higher melt viscosities and is more dif-
ficult to process. Linear low density polyethylene is used mainly for packaging applica-
tions, toys, covers, lids, pipes, buckets, containers, covering of cables, flexible tubing,
etc. The low processing temperature (less than 130°C) of LLDPE makes biocomposite
fabrication possible without partial melting or annealing of the fibers. The high tough-
ness of LLDPE imparts a good impact-resistant to composites. Short processing time,
unlimited storage time and solvent free processing are the other advantages of natural
fiber composites based on LLDPE.
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9.3.9.1 Physical Properties

Effect of fiber loading: Addition of oil palm fibers increased density of OPF-LLDPE
composites as reported by [39]. Density of composite is expected to decrease at higher
fiber loading due to lack of wetting and resulting void formation. The reverse trend in
case of OPF-LLDPE composites was due to much higher density of oil palm fiber (1503
kg/m?®) than that of LLDPE (925 kg/m?). The maximum values of true density, bulk
density and porosity of the oil palm fiber-LLDPE composites were 1177 kg/m?, 1122
kg/m? and 11.3 percent, respectively.

Addition of fiber in LLDPE in the same study reduced the L" value at lower fiber
contents and increased at higher fiber contents. The a” value of the polymer origi-
nally in the negative region turned out to positive (reddish) upon addition of oil palm
fiber and continue to be constant upon further fiber loadings. Similarly the b" value of
the polymer in the negative region indicating the color towards blue turned positive
(yellow) at higher fiber contents. The L', a'and b'values of the oil palm fiber-LLDPE
composites varied in the range, 38.1-59.7, 5.8-7.4 and 15.7-22.2, respectively. Opacity
of LLDPE specimen of 3 mm thickness was 63.58 percent. Addition of 10 percent oil
palm fiber itself increased opacity to 99 percent and further addition of oil palm fiber
resulted 100 percent opaque specimen.

The percent water absorption of oil palm fiber-LLDPE composites initially increased
linearly with time of immersion and thereafter maintained constant, which is typical
of Fickian behavior [53]. During 8 days period of immersion, the composite specimen
of 50 percent fiber content absorbed maximum upto 25 percent water. The rate of
water absorption of oil palm fiber-LLDPE composites increased with increase in fiber
loading. The values of permeability and thermodynamic solubility also increased with
fiber loading. Increase in fiber content caused increase in diffusion coefficient upto
40 percent and reduced thereafter. The thickness swelling increased with fiber load-
ing. In addition to thickness swelling, composites expanded linearly also during water
absorption, however linear expansion was considerably less than thickness swelling.
Similar to thickness swelling, linear expansion was sharp in initial days of sorption,
which leveled off in subsequent days. Higher fiber loading and alkali treatment caused
more linear expansion.

Effect of fiber size: Lowering the fiber size caused increase in composite density due
to less volume being occupied by the fibers at lower sizes, whereas variation in fiber size
did not make much change in porosity [39]. However the composites with higher fiber
size exhibited higher water absorption [53].

Effect of fiber treatments: Alkali treatment of fibers slightly increased the density of
composites as a result of low void content indicating better interfacial adhesion between
matrix and fiber [39]. Alkali treatment considerably reduced the porosity, indicating
better fiber-matrix adhesion. The principal cause of increase in porosity in composites
is the presence of voids in the fiber-matrix interface due to lack of compatibility. Study
on water absorption characteristics of OPF-LLDPE composites [53] indicated alkali
treatment on fibers reduced water absorption at higher fiber loadings of 40 and 50 per-
cent. Composites made from alkali-treated fibers exhibited more swelling compared to
untreated fiber composites except at 50% fiber loading. Alkali treatment caused more
linear expansion.
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9.3.9.2  Electrical Properties

Effect of fiber loading: From the studies on the dielectric constant of OPF-LLDPE com-
posites, the dielectric constant is found to increase with fiber loading [39]. This trend
of increase in effective dipole moment of the composites was due to the polar groups in
the filler material [78]. Similar trend for coconut fiber-polypropylene composites were
also observed [79]. It is interesting to note that the increase in dielectric constant with
OPF loading was more prominent in case of alkali-treated fiber composites.

The volume resistivity of pure LLDPE decreased from 2.96x10° MQ-m to 2.16x10*
MQ-m when 50 percent fibers were incorporated [17]. The resistance decreased gradu-
ally with increase in fiber content. Only slight variation in the breakdown was observed
between specimens. The breakdown voltage of the composites was in the range of 5.6
to 6.2 kV/mm.

Effect of fiber size: The dielectric constant of alkali-treated fiber composites changed
slightly with fiber size, however untreated fiber composites did not show variation with
fiber size [39]. The effective dielectric constant decreases with increasing filler size due
to increased interface volume when filler of less particle size was used for a given vol-
ume fraction of filler [31]. Also at a given volume fraction of filler, the smaller particle
size has more polarization in the interface surface as a result of increased moisture
absorption for small size fillers due to increased surface area [78]. Water has unfavor-
able dielectric properties, which increases the dielectric constant.

Effect of fiber treatments: Alkali-treated fiber composites exhibited a lower dielec-
tric constant, particularly at high fiber loading [39] and similar trend was also observed
in case of sisal-LDPE composites [80]. They have explained this trend as reduction in
the water absorption capacity of the sisal fiber with alkali treatment. Alkali treatment
resulted in unlocking of the hydrogen bonds making them more reactive. In untreated
state, the cellulosic-OH groups are relatively unreactive as they form strong hydro-
gen bonds. In addition to this, alkali treatment can lead to fibrillation, i.e., breaking
down of fibers into smaller ones. All these factors provide a large surface area and
give a better mechanical interlocking between the fiber and matrix and thus reduce
water absorption. This results in lowering the overall polarity and hydrophilicity of
the system leading to reduction of orientation polarization and consequently dielectric
constant of the composites.

9.3.9.3 Mechanical Properties

Effect of fiber loading: The tensile strength of oil palm fiber-LLDPE composites
decreased with increase in fiber content [17]. The composites exhibited a tensile
strength of less than 17.7 MPa, which is the tensile strength of pure LLDPE. Addition of
10 percent fiber reduced tensile strength to a range of 15-16.57 MPa. At a fiber content
of 50 percent, the tensile strength was as low as 8.64-10.44 MPa. The tensile modulus of
pure LLDPE was 250.7 MPa, which increased up to 707 MPa upon addition of 50 per-
cent fiber. The elongation at break reduced with fiber content. The elongation at break
of pure LLDPE of 18.7 mm decreased upto 1.4 mm for composites with 50 percent fiber
content. The flexural strength of oil palm fiber-LLDPE composites decreased steadily
with increase in fiber content. The flexural strength of pure LLDPE increased from
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20.9 MPa to 23.9 MPa with addition of 20 percent fiber, whereas further fiber loading
reduced the flexural strength. The impact strength of pure LLDPE (211 J/m) decreased
to 90 J/m when 50 percent fiber was incorporated. The hardness of pure LLDPE was
57.4, which increased to 59.7 when 30 percent fibers were incorporated. However the
composites with 50 percent fiber content exhibited hardness of 58.8.

In the stress relaxation behavior study of OPF-LLDPE composites, it was observed
that irrespective of the fiber content and fiber size, the stress decayed with time and the
decay (relaxation) was faster in the beginning [17]. The stress in the composite decayed
to 68-88 percent within 2.5 min of withdrawal of the load. The stress relaxation in the
composite was a stepped process in comparison to the uniform stress decay of pure
LLDPE. Faster relaxation was observed for pure LLDPE, compared to the fiber-rein-
forced composites and the rate reduced successively as the fiber content increased in
the composite. The same trend was observed for composites with different sized fibers
also.

Dynamic mechanical analysis (DMA) of OPF-LLDPE biocomposites showed that
as the frequency increased, storage modulus values increased at all temperatures [81].
The modulus values decreased with increase in temperature. The reduction in E’ is
associated with softening of the matrix at higher temperatures. It was observed that
E’ increased with increase in fiber loading except for composite with 10% fiber load-
ing. The pure LLDPE is more flexible resulting in low stiffness and low E’. Addition
of fibers increases the stiffness of the material causing increase in storage modulus.
The increase in E” with fiber addition was also attributed to the decrease in molecular
mobility of LLDPE contributed by the stiff fibers. Higher values of E’ is an indication
of increased ability to store energy. It is also interesting to note that the increase in
modulus with fiber loading was in the same order in both glassy and rubbery regions.
The loss modulus (E") values increased upon fiber loading, however, at temperatures
lower than 50°C, the composite with 10% fiber content exhibited E” values lower than
that of matrix. It is observed that the loss modulus values decreased sharply between
respective glass transition temperatures and 80°C, indicating sharp decrease in the vis-
cosity in this region. This decrease in modulus was less abrupt at higher fiber loadings.
Higher tan 6 was observed for unfilled LLDPE except between a temperature range of
-100°C and 25°C.

Effect of fiber size: The composite tensile modulus decreased with increase in fiber
size and also upon alkali treatment. It was interesting to note that fiber size did not
make any difference in E’ values at temperatures above -90°C, whereas the difference
was prominent at temperatures below -90°C. Higher modulus was exhibited by fiber in
the size range of 425u-840u and the modulus successively reduced with fiber size. The
high stiffness offered by the large size fibers and resulting decreased molecular mobil-
ity is the reason for increased E’ for composites with 425u-840u size fibers. However,
the effect was not prominent at higher temperatures as the system is more flexible with
increased molecular mobility at high temperatures, wherein the difference in fiber size
could not make much difference. Lowest tan § values were observed for lower size
fibers, however only between a temperature range of -40°C to 60°C. A consistent trend
could not be observed at other temperatures scanned.

Effect of fiber treatment: The flexural strength of oil palm fiber-LLDPE compos-
ites increased with fiber content up to 20 percent and thereafter decreased in case of
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alkali-treated fiber composites [17]. Alkali-treated fiber caused increase in impact
strength whereas reduction in fiber size decreased the impact strength. It was found
that E’ increased with alkali treatment on fiber indicating better fiber matrix adhesion.
The increase in modulus upon alkali treatment is due to greater interfacial adhesion
and bond strength between matrix and fiber. It was also observed that the E" values
increased upon alkali treatment at all temperatures scanned. While comparing the
composites fabricated with different size fibers, it was found that the lowest values of
E"was exhibited by the lowest size fraction, viz., 75u-177u. Lower size fibers get mixed
well with the matrix offering a comparatively more homogeneous system. However a
consistent trend could not be observed between the other two size fractions through-
out the temperature range. Alkali-treated composite exhibited higher tan § values at
temperature below 25°C and interestingly, the trend reversed at higher temperatures.

9.3.9.4 Thermal Properties

Effect of fiber content: The degree of crystallinity of OPF-LLDPE composite samples
was in the range of 39.3 percent to 53.8 percent when the fiber content varied from 10
to 50 percent [17]. Addition of fibers reduced degree of crystallinity of oil palm fiber-
LLDPE composites comparing to that of pure LLDPE and the reduction in degree
of crystallinity was proportional to the fiber content. Comparison of melting endo-
therms of pure LLDPE and composite indicates that each curve is characterized by
single peak and a narrow melting region. Higher enthalpy of melting was exhibited
by pure LLDPE samples (156 kJ/kg) and as the fibers were incorporated, it reduced
successively (80-125 kJ/kg). The pure LLDPE started melting at 124.75°C and its peak
melting temperature was less than that of composites. Oil palm fibers do not essentially
contribute to the melting endotherm as it does not present any transitions within the
melting temperature range of LLDPE. The specific heat capacity (CP) of the composites
in the temperature range 20°C to 100°C in the range of 0.9-2.3 kJ/kg K. The heat deflec-
tion temperature (HDT) of the composites increased with an increase in fiber con-
tent. Addition of 10 percent fiber in pure LLDPE increased HDT from 76.4 to 99.7°C.
Marginal increase (2.5°C) was observed when fiber content was increased from 40 per-
cent to 50 percent. When the fiber content increased from 10 percent to 50 percent, the
Coefhicient of thermal expansion (CTE) decreased steadily from 9.6x10°/°C to 1.5x107
/°C, reflecting the thermal restraint of the LLDPE matrix by the reinforcing oil palm
fibers in the oil palm fiber-LLDPE biocomposite. From the TGA thermograms of pure
LLDPE and selected combination of oil palm fiber-LLDPE composites, no consider-
able weight loss was observed in the temperature range 50°C to 300°C. The degradation
temperature of pure LLDPE was 443°C whereas the second degradation peak corre-
sponding to matrix degradation in all the composite samples ranged between 454°C
and 459°C. The first exothermic peak in the thermogram of alkali-treated oil palm fiber
was 297.1°C and the first degradation temperature of composites with 50 percent fiber
was 297.9°C. However at 10 percent fiber content, the first degradation temperature
was higher (316.2°C).

Effect of fiber size: Fiber in the size range of 425u-840p imparted maximum degree
of crystallinity to the composite and minimum crystallinity was caused by 177u-425u
sized fibers [17]. The HDT increased gradually when fiber size was reduced and
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alkali-treated fiber composites exhibited less HDT comparing to untreated fiber com-
posites. The CTE reduced steadily with reduction in fiber size.

Effect of fiber treatment: Alkali-treated fiber caused higher crystallinity to the OPE-
LLDPE composites [16]. Higher CTE was observed for untreated fiber composites
than alkali-treated ones.

9.4 Conclusions

Oil palm, the highest oil-yielding crop is popular in many parts of the world as a cheap
source of edible oil. The chemical and physical characteristics of the oil palm fiber, a
byproduct in palm oil milling, makes it compatable with a wide spectrum of polymer
materials for making biocomposites. Easy extraction procedure and availability of this
promising fiber in bulk in palm oil mills makes it further suitable for industrial man-
ufacture of composites. Nowadays, the word ‘biocomposites’ became synonium for
‘conservation of nature’ itself. Biocomposites are getting wide popularity in number of
applications ranging from packaging marterials to automotive industry and aerospace
applications. Hybrid composites can also be fabricated from oil palm fibers in combi-
nation with other natural and artificial fibers. Completely biodegradable or green com-
posites from oil palm fibers need to be developed in future. The biodegradability of the
composites and effect of degradation on various properties also need to be evaluated.
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Abstract

Natural fibers-reinforced polymer matrixes provide more alternatives in the materials market
due to their unique advantages. Poor fiber-matrix interfacial adhesion may affect the physi-
cal and mechanical properties of the resulting composites due to the surface incompatibility
between hydrophilic natural fibers and non-polar polymers. The results presented in this chap-
ter focus on the properties of palm and pineapple fibers in terms of their physical and chemical
structure, mechanical properties and processing behavior. The final properties of these fibers
with thermoplastics matrixes are also presented, paying particular attention to the use of physi-
cal and chemical treatments for the improvement of fiber-matrix interaction.

Keywords: Palm fibers, pineapple fibers, polypropylene, high-density polyethylene, adhesion,
mechanical properties

10.1 Introduction

Natural fiber-reinforced polymer composites represent one of today’s fastest growing
industries. Possessing mechanical properties comparable to those of manmade fibers
such as carbon, glass or aramid, natural fibers are a potential alternative in reinforced
composites because of growing environmental awareness and legislated require-
ments [1-3]. These fibers have gained significant importance in technical applications,
such as in the automotive industry. Additionally, they are obtainable from renewable
sources, are biodegradable, low cost, and have low specific density [4-6]. Natural fibers
are used to reinforce the polymer and improve mechanical properties such as stiffness
and strength. The interest in using natural fibers such as different non-wood (plant)
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and wood fibers as reinforcement in plastics has increased dramatically. Many stud-
ies have examined the development of natural fibers such as sugarcane bagasse [7-10]
and straw [6], sisal [11], hemp and jute, as green alternatives to conventional materials
[12-16]. The potential of these fibers to be incorporated into materials with engineered
properties is enormous. Availability, price and performance are some of the factors that
have catalyzed the surge in using lignocellulosic fibers, first as fillers and more recently
as reinforcements, in polymeric materials [17]. Despite the variability of the mechani-
cal fibers, natural fibers offer many advantages when compounded with, for instance,
thermoplastics.

Composites based on thermoplastic resins are now becoming popular due to their
processing advantages [18-20]. Among different thermoplastics, polypropylene (PP)
processes and high-density polyethylene (HDPE) have outstanding properties such
as low density, good flex life, good surface hardness, very good abrasion resistance,
and excellent electrical properties. The combination of lignocellulosic material with
thermoplastic matrix can present a considerable problem: incompatibility between the
polar and hygroscopic fiber and non-polar and hydrophobic matrix. Because of this,
treatment of natural fibers or the use of coupling agent and other methods are benefi-
cial in order to improve interfacial adhesion [21-25].

The results presented in this chapterfocus on properties in terms of the physical and
chemical structure of palm and pineapple fibers, mechanical properties, processing
behavior and final properties of these fibers with thermoplastics matrixes, paying par-
ticular attention to the use of physical and chemical treatments for the improvement
of fiber-matrix interaction.

10.2 Palm Fibers

Palm trees are considered among one of the oldest plants on the earth, and their records
date back 120 million years. They are the most characteristic components of tropical
forests that have important features that ensure the sustainable development of agri-
cultural and horticultural systems. These features are due to the variability of shapes,
structures in communities of palm trees and various products they offer.

The greatest diversity of these plants are in the Tropics and Subtropics, and inter-
est in the cultivation of this species of plants has increased significantly due to their
indisputable landscape, where palms are of immense ecological and economic
importance [26].

Archontophoenix alexandrae, commonly known as King Palm, is a species of the
family Aracaceae originally from Queensland, Australia, a tropical region with altitude
below 1100 m. The climate required to cultivate this species can be hot and humid. This
plant adapts to various soil types, very sandy soil or soil with high clay content, and they
tolerate low pH [27].

The plants of this species form a very dense root system, which makes them very
important in preventing the erosion of river banks. The heart-of-palm, also known as
palmito, can be extracted from various species of palms. The A. alexandrae produce
heart-of-palm of noble type, with higher quality and superior flavor compared to other
species of palm. The harvesting of palm heart takes place after a period of 4 years [28].
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However, a lot of residue is generated from this cultivation [28]. For each extracted
palm harvested there are approximately 400 g of commercial palm heart. The residue
constitutes 80-90% of the total palm weight, with some variation depending on species
[27]. The residues from king palm are constituted mainly of leaves and leaf sheathes
(Figure 10.1). Some quantity of this highly cellulosic material is currently used as boiler
fuel, in the preparation of fertilizers or as mulching material, whereas a major portion is
left on the mill premises itself. When left in the field, these waste materials create great
environmental problems [29].

Several studies are seeking to add value to this raw material produced from the
extraction of palm heart, applying it in other ways.

The stem of some species of palm tree is composed of plastic material such as fiber,
protein and polysaccharides (cellulose), which give them their shape, and nutritional
material that fills the interior of cells such as sugar and starch. Previous studies used
the leaves and leaf sheaths in the production of flour and its characterization showed
interesting results, especially from the point of view related to the content of dietary
fiber and minerals [28].

Other studies attest to more applications of these fibers, for example, filtration with
palm fibers could be a potential technology for tertiary wastewater treatment as it pro-
vides a “green engineering solution” [30]. Kriker et al. examined four types of palm
surface fibers and determined their mechanical and physical properties for applica-
tion of this raw material in concrete structures [31].

It should be mentioned here that included in theresearch into the application of
these wastes in a sustainable way, is their increasing use in polymeric composites, par-
ticularly in the automobile industry, as they demonstrate increased mechanical perfor-
mance along with low cost and weight reduction.

10.2.1 Effect of Modification on Mechanical Properties of Palm Fiber
Composites

The mechanical properties of the natural fiber-reinforced composites are dependent on
some parameters such as volume fraction of the fibers, fiber aspect ratio, fiber-matrix
adhesion, stress transfer at the interface, and fiber orientation [32]. Several studies on
natural fiber-reinforced composites involve mechanical properties characterization as

Heart of palm

Figure 10.1 Schematic of the residues from palms: leaves and leaf sheath [28].
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a function of the fibers content, effect of the fibers treatments, and the use of coupling
agents.

Both the matrix and the fibers properties are important to improve the mechanical
properties of the composites. The tensile strength is more sensitive to matrix proper-
ties, whereas the modulus is dependent on the fibers properties. To improve the tensile
strength, a strong interface is required, whereas fiber concentration, fiber wetting in
the matrix phase, and high fiber aspect ratio determine tensile modulus. The aspect
ratio is very important to determine the fracture properties. In short fiber-reinforced
composites, there is a critical fiber length that is required to develop its full stress con-
dition in the polymer matrix [33-35]. For impact strength, an optimum bonding level
is necessary. The degree of adhesion, fiber pullout, and a mechanism to absorb energy,
are some of the parameters that can influence the impact strength of a short fiber-filled
composite.

Below is a brief description of modifications done on surface palm fibers to improve
mechanical properties.

10.2.2 Alkali Treatment and Coupling Agent

In this treatment, parameters such as type and concentration of the alkali solution,
operational temperature, temperature treatment time, material strength, as well as
the applied additives are considered. Optimal conditions of mercerization ensure the
improvement of tensile properties and absorption characteristics, which are important
in the process [36].

Alkali treatment improves the adhesive characteristics of the fibers surface by
removing natural and artificial impurities, thereby producing a rough surface topog-
raphy. Moreover, alkali treatment provides fiber fibrillation, i.e., breaking down of the
composite fiber bundles into smaller fibers. In others words, alkali treatment reduces
the fiber diameter and thereby increases the aspect ratio. Therefore, development of a
rough surface topography and enhancement in aspect ratio offer higher fiber-matrix
interface adhesion with a consequent increase in mechanical properties [36].

The alkaline treatment promotes the removal of partially amorphous constituents
such as hemicelluloses, lignin, waxes and oils soluble in alkaline solution, and therefore
reduces the level of fiber aggregation, making a surface rougher.

During the alkaline treatment, the OH groups present in the fibers react with sodium
hydroxide according to Equation 10.1.

Fibre-OH + NaOH - Fibre-O-Na + H,O (10.1)

Sipido et al. [37] studied the mechanical properties of high-density polyethylene
(HDPE) composites reinforced with palm fiber-treated alkali solution.

Firstly, fibers were dried at 50°C for an hour, and after being ground in a mill, finally
sieved to obtain a sample that passed through a 45 mesh. To remove the soluble extrac-
tives and to facilitate adhesion between fibers and matrix, palm fibers were pretreated
with sodium hydroxide solution (1% w/w) for an hour under constant stirring at room
temperature. Once the time of treatment was reached, the solution was filtered in a
vacuum filter and fibers were washed with distilled water until neutral pH was attained.
Then, fibers were dried in an oven at 50°C for 24 hours.
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(c) (d)

Figure 10.2 Morphology of the untreated palm fibers at different magnifications.

The pretreated palm fibers were mixed with the polymeric matrix (HDPE) in a ther-
mokinetic mixer model MH-50H, with the speed rate kept at 5250 rpm, in which fibers
were responsible for 5 and 20 wt% of the composition.

Scanning electron microscopy (SEM) is an excellent technique for examining the
surface morphology of the fibers. Figure 10.2 shows SEM micrographs of pretreated
and untreated palm fibers.

Examination of the untreated fibers shows a large amount of debris adhering to
the surface of the fiber bundles. After the treatment on palm fibers, the removal of
ashes on the fibers surface was observed (Figure 10.3). The elimination of superficial
layer was also verified, increasing the contact area of exposition of fibrils (reentrance)
and globular marks (salience). As a consequence, an increase in the roughness of
fibers was observed, which can increase the adhesion between fibers and matrix.

Figure 10.4 shows the infrared spectra of palm fibers. The most visible differences
between the spectra of in-nature and pretreated palm fibers are the modifications of
the signal at 2885 cm™ and 1732 cm’, characteristics of the stretching of symmetrical
CH groups and stretching of unconjugated CO groups present in polysaccharides and
xylans. Considering the first region, the ratio between intensity of the C-H stretch-
ing band (~2900 cm™) is lower in the spectrum of the pretreated palm fibers than
observed for the in-nature palm fibers On the other hand, at the second region modi-
fications may be observed, especially in the ratio between the intensities of the C = O
stretching band (~1730 cm™).
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Figure 10.4 FTIR spectra of pretreated and untreated palm fibers.

Mechanical properties of studied composites reinforced with pretreated fibers are
summarized in Table 10.1. Composites showed distinct mechanical properties, indicat-
ing that the pretreatment affects the fibers-matrix interaction compared to the pure
polymer (HDPE). However, the amount of added reinforcement contributes to varia-

tion of the tensile modulus.
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Table 10.1 Mechanical properties of Pretreated Palm Fibers/High-Density Polyethylene.

Samples Elongation (%) | Tensile Strenght (MPa) Tensile Modulus (MPa)
HDPE 8.9+0.8 15.7+ 1.1 732.5+91

CP5% 8.1+0.6 158+ 1.7 733.7 £ 65

CP10% 7.4+0.3 18.6 + 0.8 862.2 + 28

CP20% 6.5+ 0.6 19.9+0.3 928.4 £ 45

CPT5% 7.4+0.2 18.2+0.7 942.5 £ 99

CPT10% 6.5+0.2 23.5+0.1 979.0 £+ 38

CPT20% 5.7+0.3 258+ 0.4 1229.3 + 35

CP (composites reinforced with in-nature palm fibers); CPT (composites reinforced with modified palm
fibers).
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Figure 10.5 Tensile modulus of the composites.

Upon analyzing the data of Table 10.1, it was observed that the tensile strength of
composites reinforced with fibers modified by mercerization increased compared to
pure HDPE and the other composites. However, an increase in the strength of compos-
ites occurred when compared to the pure matrix.

Furthermore, the stiffness of the composites increased by inserting higher fiber con-
tent. This difference in composite stiffness can be explained by the chemical modi-
fication performed on the fibers. Figure 10.5 evidences tensile modulus obtained in
composites reinforced with in-nature and modified fibers; and with different amounts
of fibers reinforced in the matrix.

The elongation at maximum tensile of the composites decreases compared to pure
HDPE. This difference in elongation occurred due to the amount of reinforcement
added in the matrix and the interaction between fiber/matrix, which contributes to
increase of the strength.

On the other hand, it was observed that upon using coupling agent in obtaining the
composite, a greater decrease in elongation occurred (Table 10.2).

Upon analyzing the composite compatibilized with PP-g-MAH, a significant increase
in stiffness was noted when compared to composites without the use of coupling agent.
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Table 10.2 Mechanical properties of Pretreated Palm Fibers/High-Density Polyethylene with
coupling agent.

Samples Elongation (%) Tensile Strenght (MPa) | Tensile Modulus (MPa)
CP5% 8.1+0.6 158+ 1.7 733.7 £ 65

CPT5% 74%0.2 18.2+0.7 942.5 £ 99

CPC5% 6.2+0.5 21.3+0.3 1359.4 + 66

CP (composites reinforced with in-nature palm fibers); CPT (composites reinforced with modified palm
fibers); CPC (composites reinforced with fibers and coupling agent (Epolene E-43 Wax)).

This occurred because the coupling agent in contact with the surface fibers interacted
strongly by covalent bonds or hydrogen bonds, causing better interaction between fiber
and matrix.

10.3 Pineapple Fibers

The pineapple originated in the Americas, and is grown in Asia, Africa and the Americas
(North, Central and South). Thailand, the Philippines, Brazil, China and India stand
out as the main pineapple producing countries.

The pineapple plant has been an inspiration for painting, architecture and sculp-
ture; and is used on masonry pillars at the entrance of houses, villas and gardens. The
stem is used by the food industry asraw material to obtain ethyl alcohol and gums. The
rest of the pineapple can be used in animal feed such as silage or fresh material. The
fruit is consumed fresh or in the form of ice cream, candy, popsicles, soft drinks and
homemade juices. When industrialized, the results can be presented as pulp, syrup,
jelly, sweets in syrup or bottled juice. In some countries, in hot and dry regions, wine
is obtained with the sweet fruit.

Pineapple fiber is rich in cellulose, has a relatively low cost and is abundantly avail-
able. Because of these characteristics numerous research studies are being carried out
[38-44]. The fibers from pineapple have been applied as reinforcement in several poly-
meric matrices due to the advantages they present such as low cost, low density and
high specific properties.

Threepopnatkul et al. [38] studied the properties of pineapple leaf fiber-reinforced
polycarbonate composites. The surface of pineapple leaf fiber (PALF) was pretreated
with sodium hydroxide (PALF/NaOH) and modified with two different functionalities
such as c-aminopropyl trimethoxy silane (PALF/Z-6011) and c-methacryloxy propyl
trimethoxy silane (PALF/Z-6030). The effects of PALF content and chemical treat-
ment were investigated by Fourier transform infrared spectroscopy, scanning electron
microscopy and mechanical testing. The modified pineapple leaf fibers composite also
produces enhanced mechanical properties. Youngs modulus is the highest in the case
of the PALF/NaOH composites. The PALF/Z-6011 composites showed the highest ten-
sile strength and impact strength. In thermal property, the results from thermogravi-
metric analysis showed that thermal stability of the composites is lower than that of
neat polycarbonate resin, and thermal stability decreased with increasing pineapple leaf
fiber content.
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Arib et al. [40] investigated the tensile and flexural behaviors of pineapple leaf fiber-
reinforced polypropylene composites as a function of volume fraction. The tensile
modulus and strength of the composites were found to increase with fiber content in
accordance with the rule of mixtures. The flexural modulus gives higher value at 2.7%
volume fraction. Scanning electron microscopic studies were carried out to understand
the fibers-matrix adhesion and fibers breakage.

George et al. [42] evaluated the effects of fiber orientation, fiber loading and fiber
length on the viscoelastic properties of pineapple fiber-LDPE composites. Longitudinally
oriented composites showed maximum value of the storage modulus. Dynamic storage
and loss modulus increased with fiber loading. From the dynamic viscoelastic proper-
ties it was found that 2 mm is the optimum fiber length for reinforcement.

Liu et al. [43] studied soy-based bioplastic and fiber from pineapple leaf green com-
posites. These composites were manufactured using twin-screw extrusion and injection
molding. Thermal, mechanical and morphological properties of the green composites
were evaluated with Dynamic Mechanical Analyzer (DMA), United Testing System
(UTS) and Environmental Scanning Electron Microscopy (ESEM). The effects of fiber
loading and polyester amide grafted glycidyl methacrylate (PEA-g-GMA) as compat-
ibilizer on morphological and physical properties of pineapple leaf fiber-reinforced
soy-based biocomposites were investigated. The mechanical properties including ten-
sile properties, flexural properties and impact strength of the biocomposites increased
with increasing fiber content and the presence of the compatibilizer. The ESEM studies
reveal that the dispersion of fiber in the matrix became worse with increasing fiber con-
tent but improved with addition of compatibilizer. The addition of the compatibilizer
also decreased the water absorption. The corresponding improved mechanical proper-
ties of the composites in the presence of the compatibilizer, is attributed to interactions
between hydroxyl groups in the pineapple leaf and epoxy groups in PEA-g-GMA.

Mangal et al. [45] studied the simultaneous measurement of effective thermal con-
ductivity (A\) and effective thermal diffusivity (k) of pineapple leaf fiber-reinforced
phenolformaldehyde (PF) composites by transient plane source (TPS) technique in
different weight percentage (15, 20, 30, 40 and 50%). It was found that effective ther-
mal conductivity and effective thermal diffusivity of the composites decreased, as com-
pared with pure PF, as the fraction of fiber loading increased.

Below is a brief description of modifications done on the surface of pineapple fibers
to improve mechanical properties.

10.3.1 Alkali Treatment

Sipido et al. [22] studied the mechanical properties of polypropylene (PP) composites
reinforced with pineapple fiber-treated alkali solution.

Pineapple fibers were extracted from the crown and dried at 80°C for 24 h.
Afterwards they were ground in a mill and sieved. To remove the soluble extractives
and to facilitate adhesion between fibers and matrix, the in-nature pineapple crown
fibers were modified by pretreatment with alkaline solution 1% (w/v). Next the fibers
were filtered in a vacuum filter and were washed with distilled water until neutral pH.
Then, the fibers were dried in an oven at 100°C for 24 h.
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The physical structures of the pineapple crown fibers were evaluated by X-ray dif-
fraction technique. X-ray diffractograms were obtained in a Shimadzu diffractrometer
model XRD6000. Conditions used were: radiation CuKa, tension of 30 kV, current of
40 mA and 0.05 (20/ 5 s) scanning from values of 20 it enters 10 to 70° (20).

A JEOL JSM5310 model scanning electron microscope (SEM) was used to observe
pretreated and untreated pineapple crown fibers. The samples to be observed under
the SEM were mounted on conductive adhesive tape, sputter-coated with gold and
observed in the SEM using a voltage of 15 kV.

The pretreated pineapple fibers were mixed with the PP in a thermokinetic mixer
with speed rate maintained at 5250 rpm, in which fibers were responsible for 5 wt% in
the composition. After the mixture, composites were dried and ground in a mill. The
composites were placed in an injector camera at 165°C and 2°C min™ heating rate in
a required dimension pre-warm mold with specific dimensions for impact specimens.

The mechanical properties of pretreated pineapple fiber-reinforced polypropylene
(PP) composites were determined. Five specimens were analyzed, with dimensions in
agreement with the ASTM D 6110, ASTM D638 and ASTM D790 standards.

An X-ray diffractogram of pineapple crown fibers is shown in Figure 10.6 . It shows
two peaks, which are well defined. The presence of these diffraction peaks indicates that
the fiber is semicrystalline. According to several authors [30] the two peaks situated at
20 = 15.4° and 20 = 22.5° can be attributed to cellulose I and IV. These two peaks are
attributed to the (2 0 0) and (1 1 0) crystallographic planes, respectively. Crystallinity
index (CI) is estimated using the Equation 9.2:

Cl=H /H __(9.2)

25 H16.5 225

where H, . is the height of the peak at 26 = 22.5° and H, . is the diffracted intensity
at 20 = 18.5°. According to this expression 1, treated and untreated pineapple fibers
presented 42% and 38% of crystallinity, respectively. These values can be attributed to
the fibers modification.

The change in surface morphology of the pretreated pineapple fiberswas studied by
scanning electron microscopy. Figures 10.7 and 10.8 show SEM micrographs of pre-
treated and untreated pineapple fibers. Examination of the untreated fibers shows a

large amount of extractives (Figure 10.7). It was observed that after pretreatment of

] Treated pineapple fibers
Untreated pineapple fibers

Intensity (a.u)

T T T T T T
10 20 30 40
20 degree

Figure 10.6 X-ray diffractogram of pretreated and untreated pineapple crown fibers.
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Figure 10.7 Morphology of the untreated pineapple crown fibers at different magnifications (a, b,
and d).

the pineapple fibers, these extractives had been removed from the surface fibers. It was
also verified that with the elimination of superficial layer the contact area for exposition
of fibrils (reentrance) and globular marks (salience) increased. As a consequence, an
increase in the roughness of fibers was observed, which contributes to the increase of
the adhesion between fibers and matrix (Figure 10.8).

Table 10.3 presents the interactions between fibers and matrix obtained by mechani-
cal properties during the mixing process, which depends on fiber/matrix interface.

Composites presented better mechanical properties when compared to the pure
polypropylene. This fact can be explained by interfacial bonding between fibers-
matrix. This interfacial bonding was obtained from examining composite fracture
composites (impact tests). Figure 10.9 shows the fractured region after impact t bond-
ing tests, which verified fiber distribution in the matrix, fibers fractured in the matrix
and pull-out fibers, characterizing mechanism of fragile fracture. Energy dissipa-
tion was also observed during the frictional process mechanics.

10.3.2 Acid Hydrolysis

Sousa et al. [46] studied the mechanical properties of polypropylene (PP) composites
reinforced with pretreated pineapple fibers with sulfuric solution. Pineapple fibers were
extracted from residue SuFresh and dried at 80°C for 24 h. After being ground in a
mill and sieved, the fibers were pretreated in a 350 L stainless steel reactor, under these
conditions: 1.0% (w/v) H,SO, solution in a 1:10 solid:liquid ratio, 120°C for 10 min.
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Figure 10.8 Morphology of the pretreated pineapple crown fibers at different magnifications (a, b, ¢

and d).

Table 10.3 Results of materials obtained by impact test.

Samples Tensile Tensile Flexural Flexural Impact
Strength Modulus Strength Modulus Strength
(MPa) (MPa) (MPa) (MPa) (J.m2)

PP 22 £0.04 991 +71 25+0.9 744 + 53.5 36£1.1

PP/FA5% |22+0.1 2509 + 59 29+0.9 926 +28.4 41+0.8

Figure 10.9 SEM of fracture surface of PP/FSB20% composites.
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Figure 10.10 Morphology of the untreated pineapple fibers from residue juice at different
magnifications (a, b, c and d).

After reaction, the resulting solid material (cellulignin) was separated by centrifuga-
tion, washed with water until neutral pH, and dried at 50 £ 5°C to attain 50% mois-
ture content. The modification of the fibers surface was analyzed by scanning electron
microscopy (SEM) technique. The pretreated pineapple fibers were mixed with the PP
in a thermokinetic mixer with speed rate maintained at 5250 rpm, in which fibers were
responsible for 10 and 20 wt% in the composition. After the mixture, composites were
dried and ground in a mill. The composites were placed in an injector camera at 165°C
and 2°C min™ heating rate in a required dimension pre-warm mold with specific dimen-
sions for impact specimens. The impact tests of pretreated pineapple fiber-reinforced
PP composites were determined using a Pantec machine (model PS30). Five speci-
mens were analyzed, with dimensions in agreement with the ASTM D 6110 standard:
12 mm with 63.5 mm length and 12 mm thickness. The absorbed energy and impact
strength were evaluated. Figures 10.10 and 10.11 show SEM micrographs of pretreated
and untreated pineapple fibers from juice residue. Upon analyzation of the morphology
of the untreated fibers (Figure 10.10), an amount of extractives was observed.

The pretreatment of pineapple fibers evidenced the removal of these extractives,
causing the elimination of the superficial layer of the contact area. As a consequence,
an increase in the roughness of fibers was observed, which contributed to the increase
of the adhesion between fibers and matrix (Figure 10.11).

Because of this fact, results obtained in the impact test showed composites have
more strength when compared to pure polypropylene. This increase occurred due to
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Figure 10.11 . Morphology of the pretreated pineapple fibers from residue juice at different
magnifications (a, b, c and d).

Table 10.4 Impact strength of composites.

Samples Impact Strength (KJ.m?)
PP 36.1£0.3

PP/Fibers in nature 10% m/m 58.7 +17.8

PP/Fibers in nature 20% m/m 92.9 + 16.5

PP/Modified fibers 10% m/m 38.2+12.6

PP/Modified fibers 20% m/m 42.2+18.4

insertion of fibers in matrix, causing an increase in absorbed energy, and consequently
in strength. Table 10.4 shows the results obtained in the impact tests.

The pineapple fibers from the juice residue reinforced with polypropylene compos-
ites presented higher strength compared to modified fibers from the juice residue rein-
forced with polypropylene composites.

The amount of reinforcement in the matrix also contributes to the increase
in strength. The modification of the pineapple fibers from the juice residue improved
the adhesion between fiber/matrix, facilitating the energy transfer of impact, which
is one of the influencing factors of this property. However, the unmodified fibers
also facilitated the adhesion; this occurred because the acidity in the juice production
favored treatment in the fibers from the residue.
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Figure 10.12 SEM of fracture surface of composites at different magnifications (a, b, c and d).

The insertion of fibers in the matrix also increased the impact strength, due to the
mechanism of energy dissipation. The fibers were pulled-out of matrix and energy dis-
sipated during the mechanical friction.

Figure 10.12 shows the region of the fracture after the test, in which uniformity of
fiber distribution by matrix and fractured fibers were observed.

Thus, it was found that the fibers facilitated the diffusion of matrix inside the fiber,
increasing the impact strength.
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