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Preface

Biocomposites are natural fibre-reinforced biopolymers or synthetic fibres that
remain bonded together by physical or chemical interactions but retain their individ-
ual physical or chemical identities. Their melting point and viscosity are influenced
by the type of polymer matrix, while their mechanical properties are governed to a
large extent by the type and amount of filler. Their applications are based on their
physical, mechanical, and processing properties. Nowadays, many investigators have
developed these materials via eco-friendly methods using lignocellulose, keratin, silk,
rice straw, paper sludge, coconut coir, polylactic-co-glycolic acid, alginate, chitosan,
graphene, gelatin, dextran, starch, gum, and so on as alternatives to conventional
materials due to their sustainability, nontoxic nature, biodegradability, low cost, and
more. In this book, researchers from all over the world highlight the importance of
biocomposites and natural products.

Green composites are promising because they are renewable, biodegradable, and
durable for non-renewable composites. In Chapter 1, Bhat et al. discuss green bio-
composites and their importance. In Chapter 2, Sharma discusses the opportunities
of extractive, cellulosic, and lignocellulosic fibres from non-wood forest products
in biocomposites. In Chapter 3, Akhond and Sharif demonstrate the function of
biocomposites in various engineering and biomedical materials. In Chapter 4,
Sushant et al. examine the ability of biopolymers isolated from natural sources

as novel bioexcipients in the design of novel drug delivery. In Chapter 5, Saddem
and Koubaa present the properties of high-density polyethylene-polypropylene
wood composites. In Chapter 6, Basel reviews the characterization, modelling, and
production processes of biopolymers in the textile industry, which is an exciting
and innovative area of research. In the final chapter, Harekrishna and Brajesh discuss
the pharmacological applications and nutritional properties of Aegle marmelos,

a rare species of tree also known as bael.

I am grateful to my wife, Kumari Smita, for her helpful comments on several
chapters and excellent support in conceptualizing this book.

Dr. Brajesh Kumar
Department of Chemistry,
TATA College,

Kolhan University,
Chaibasa, Jharkhand, India






Chapter 1

Eco-Friendly and Biodegradable
Green Composites

Kalmanje Mugdha Bhat, Jyothsana Rajagopalan,
Rajeshwari Mallikarjunaiah, Nagashree Nagaraj Rao
and Ashwani Sharma

Abstract

Natural fibers, are environmental friendly, biodegradable, abundantl, renewable
and cheap with low density. Plant fibers are light compared to glass, carbon and
aramid fibers. The biodegradability of plant fibers contribute to a healthy ecosystem
while their low cost and high performance fulfills the economic interest. The effect
of fiber content on the properties of natural fiber reinforced composites is particu-
larly significance. Important factor that significantly influences the properties and
interfacial characteristics of the composites is the processing parameters used.
Biocomposites offers a significant market in automotive and decking market but
application in other sectors has been limited. Green composites are promising
because they are renewable, biodegradable and sustainable for non-renewable
composites.

Keywords: biocomposite, biodegradable, eco-friendly, sustainable, fibers

1. Introduction

Globalization and sustainability has made life not only feasible but challenging
too. Materials which are obtained from resources that are renewable tend to be
suitable for sustainable development. These materials have a global value since they
can act as a counter to the various environmental issues such as waste management
problems, increase in global warming, the constant rise in oil prices and the deteri-
orating fossil resources. Different varieties of renewable materials have been used
for many years across the food, furniture, and textile industry such as vegetable
oils, starch and cellulosic based polymers, cotton, natural fibers, silk, and wool [1].
On the other hand, it is only recently that these materials have gained interest as a
potential alternative to synthetic based polymers for different kinds of industrial
applications like automotive, films, construction, paper coating, packaging and
biomedical applications. The synthetic polymers pose many drawbacks towards the
environment in ways such as the amount of vapors and toxic gases released after
incineration and improper disposal, there has been more research work being
focused on new green biopolymeric materials and their effective utilization in green
composite applications.

Over the years, bioproducts have gained commercial importance. Chemical
processes such as production of ‘green’ ethylene through dehydration of ethanol
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and further production of ‘green’ polyethylene, polyvinyl chloride and some other
plastics have been reviewed. Certain technological developments have also been
used to enhance certain material properties of polymers that are bio-based; an
example of which is development of heat resistant polylactic acid, thereby allowing
extensive applications. Bio-fibers with stable properties are being produced over
time by optimizing plants. There have been numerous applications occurring lately
such as packaging, biomedical products, textile, agriculture, construction where
these biodegradable biopolymers and biocomposites are an appropriate sustainable
replacement [1, 2].

Biospecific and biosimulation materials cover the whole field of biofunctional
materials. Biofunctional materials are synthesized from the view point of function-
ality design. The functionality design is based on determination of the polymer
structure that realizes the desired functionality and property of materials, and on
exploration of the appropriate method of polymer synthesis, polymer reaction, and
polymer modification that yields the designed polymer structure.

1.1 Concept of composites

A composite is a structural material which includes a combination of different
entities that are insoluble in each other and are mixed together at a macroscopic
level [1]. One of the constituents is known as the reinforcing phase and the other
one into which the reinforcing phase is embedded is called the matrix (Figure 1).
The reinforcing phase materials are found to be made of varying textures that can
be in the form of flakes, fibers or particles [2]. On the other hand, the matrix phase
materials are generally made of continuous phases [3, 4]. One of the most common
examples of naturally found composites includes wood (cellulose fibers are
reinforced into lignin matrix) and bones (reinforcements of bone-salt plates
consisting of phosphate and calcium ions are added to the soft collagen matrix).
Each constituent of the composite has different roles giving rise to a strong struc-
tural material. The matrix component within composite materials gives a defined
shape, protects the reinforcements from environmental damage, transfers loads to
reinforcing phase and improves the toughness of material [5]. The reinforcements
in composites get strength from the matrix, stiffness and other mechanical proper-
ties; contain a high thermal expansion coefficient, high conductivity and good
thermal transport [6].

1.2 Pros and cons of composites materials
1.2.1 Pros of composites

Composite materials have various advantages that can be used for different
applications. Composite materials are very lightweight and have a low density

—l

Fibre Matrix reinforcement = Composite

Figure 1.
Concept of biocomposite.
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making it easier to mold into complex forms and modules like Modular construc-
tion. These materials have a high specific stiffness, creep resistance and strength
with an improved friction and wear properties. Composites have low thermal
expansion and electrical conductivity giving rise to good dumping properties and
good fatigue resistance. These composite materials are easily bondable, have lower
radar visibility and have the capability to store and release internal energy, leading
to a lower overall system cost. Composite products are known to have excellent heat
sink properties. The mechanical properties such as strength-weight ratio, stiffness-
weight ratio and fatigue properties of the composite products are better than most
of the common engineering metals like steel or aluminum. With improved corro-
sion resistance and a high resistance to impact damage, the composites have indef-
inite shelf life just like metals. Composites can be used to obtain a varied
combination of properties which cannot be attained in other materials such as
polymers, ceramics or metals alone. One of the major advantages of composites is
the ability to incorporate sensors into the matrix which can be used to monitor and
correct the material performance, giving rise to a range of applications towards
Smart composites (Table 1).

1.2.2 Limitations of composites

Though composite materials possess a huge number of advantages, there are
certain limitations to the same. The composite materials are known to have a low
ductility and have certain temperature limits. Due to the presence of more than one
component, the material can be subjected to solvent or moister attack. The matrix
component of the composite is generally weak giving rise to low toughness, higher
brittleness, higher susceptibility to damage and weak transverse properties. The

The properties of bio composites Characteristics

Mechanical Physical Chemical/
Biological
Intrinsic properties (based on Flow limit Density Flow limit
chemical composition) Tensile/ Form and geometry  Tensile/
compression Color esthetics compression

resistance
Poisson ratio
Electricity modulus

resistance
Poisson ratio
Electricity modulus

Behaviour Breaking strength ~ Coefficient of Biofunctionality
Fatigue resistance  thermal expansion Bioinert
Crack resistance Electrical Bioactive
Rigidity conductivity Biostability
Wear resistance Refractive index Biodegradation
Shock resistance

Surface properties Bending modulus Surface topology Adhesion
Hardness Texture
Shearing modulus ~ Roughness
Bending resistance  Hardness
Shearing resistance  Coefficient of

friction
Processing Reproducibility, can be sterilized, Packaging feature
Table 1.

Biocomposite properties different categories.
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composite materials are difficult to attach onto other materials, requiring the need
of additional materials such as fasteners. Repairing composites can introduce many
other problems, making the disposal and reuse of composites very difficult. Com-
posites have a limited shelf-life discouraging its usage for long term applications.
Composite materials have a very complicated manufacturing and fabrication pro-
cess requiring sophisticated tools and high cost raw materials. Composite materials
require refrigerated transport and storage. In most of the cases, hot curing is neces-
sary which takes time and requires special tools; overall adding to the high expense
of producing composite materials.

1.3 Difference between smart and composite material

Though smart materials and composite materials sound similar, they are funda-
mentally different. Smart materials have a minimum dual function whereas com-
posite materials consist of dual or more components/phases (thereby being called
hybrid materials).

Smart materials serve various functions within one product, some common
instances of which include actuator/sensor ability in addition to having form, hav-
ing the ability to bear structural weight without breaking. The classic example
having huge industrial value is Nitinol, an alloy of Nickel-Titanium. This material
can be mechanically deformed like bent and can be returned to the pre-deformed
shape by heating the material. Another good example of a smart material will be
Lead-Zirconate-Titanate (PZT) which is a ceramic that mechanically deforms when
an electrical potential is generated. PZT alloy has found an actuator application
because a reverse potential produces expansion of the material geometrically
(Figure 2).

As mentioned previously, composites consist of many different materials in two
or more phases, which allow us to specifically engineer the composites to produce
desired properties like enhancing mechanical stress, conductivity, etc. The

Matrices
—
| i T ]
: Carbon and
Polymer Metal Ceramic Graphite
Thermosets L Alloys
i Fl Glass
(Epoxy, Polyester) (Steels, Aluminiums)
Thermoplastics Ceramics

1 (Semi conductors,

B (Polystyrene, Nylons) Cermets)

— Cements

Figure 2.
Classification of composite materials with respect to matrices.
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compound will be considered a composite material as long as the base materials
retain their physical morphology and characteristics.

1.4 Applications of biocomposites

Electrical, Electronics ¢ Antennas
¢ Cable tracks, Windmills
¢ Insulation for electrical construction
¢ Circuit breakers, Printed circuits
¢ Armors, boxes
* Television towers - Top

Buildings and Public Works * Facade panels
¢ Covers (domes, windows)
¢ Chimneys
¢ Profiles, Partitions
* Swimming pool
» Concrete molds

Road and Rail Transports * Casings, cabins
¢ Panels
¢ Isothermal trucks
* Body components
* Power units, wagons, doors, seats
* Bottles for gas
* Wheels, grills
* Ventilation housings
* Chassis, Suspension
* Highway tankers
* Shafts and suspension springs
e Trailers

Marine and Cable Transports * Boats: Pleasure and racing canoes
e Crafts, Patrol boats, Trawlers
* Cabins: Telecabins, Telepherique
* Anti-mine ships, Landing gears

Air and Space Transports * Rocket boosters
¢ Shields
* Passenger aircrafts and Gliders
¢ Reservoirs, Nozzles
* Blades, Propellers
 Shafts and Brake discs
* Aircraft components: radomes, ailerons, stabilizers

Mechanical applications * Weaving machine rods
» Compressed gas bottles, Tubes for offshore platforms
* Gears, Bearings, Casings
¢ Pneumatics for radial frames
¢ Jack body, Robot arms, Flywheels
* Pipes, Components of drawing table

Sports and Recreation ¢ Skates, Bows and arrows
* Rackets, Fishing poles
¢ Javelins, Helmets
* Skis, Poles used in jumping
¢ Sails, Surf boards

2. Constituents of composites

Biocomposite materials are a hybrid of a reinforcement material made of natural
fibers (plants or from cellulose derivatives) and a matrix material (resin). The resin
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is generally a polymer matrix made of either renewable or non-renewable resources.
The natural fibers, also called biofibres, can be made from wood fibers (softwood
and hardwood) or from non-wood fibers (hemp, wheat, flax, jute, sisal, kenaf, etc).

2.1 Classification of composites materials

The classification of composite materials can be done into different classes based
on the phases:

* One of the most commonly used classifications is based on the material of the
matrix. The major classes include Organic Matrix Composites (OMCs),
Ceramic Matrix Composites (CMCs) and Metal Matrix Composites (MMCs).

* The class Organic Matrix Composite is a more general term which includes
subclasses, including Carbon matrix composites or carbon-carbon composites
and Polymer Matrix Composites (PMCs).

Another commonly used classification is based on the material of the reinforce-
ment used. The classes are namely fiber reinforced composites, particulate com-
posites, and structural composites.

* Fiber Reinforced Composites, as the name suggests, are made from fibers that
are embedded into the matrix material. The Fiber Reinforced composites
(FRP) can be further classified into 2 types - Short-fiber reinforced composites
(those containing discontinuous fibers) and Long-fiber reinforced composites
(those with continuous fibers). A fiber composite can be called a discontinuous
one when the properties of the material vary according to the fiber length. On
the other hand, the composite can be called continuous fiber if further increase
in the fiber length has zero effect on the elastic modulus of the composite. The
fiber particles are small in diameter. Although these fibers tend to have really
good tensile properties, they can be bent easily when pushed axially. Hence, to
prevent buckling and bending of the individual fibers, they must be constantly
supported externally.

* Structural Composites consist of different layers of material with different
orientations, held intact because of the matrix. Sandwich structures and
Laminates are important examples in this category.

* Particulate Composites are made of a dispersed phase, which is in the form of
particles, embedded in a matrix body. The dispersed phase particles may have
preferred orientation (flakes) or have random orientation (powder form). Some
examples that fall under this category include concrete and wood particle boards.

2.2 Types of polymer based matrix

The major functions of polymer based matrices in biocomposites are to permit
the transference of tension between fibers, to prevent mechanical abrasion of sur-
face fibers and to act as an effective barrier against hostile environments. The
structural composites’ tensile load carrying capacity is influenced by the function of
the matrix. Key component of the biocomposite is the matrix or binding agent.
Polymer, metallic, ceramic, and carbon are the various kinds of matrices generally
used. Presently, polymer based matrices are highly utilized in industrial applications
and these polymer resins are available in two kinds [6]:



Eco-Friendly and Biodegradable Green Composites
DOI: http://dx.doi.org/10.5772/intechopen.98687

a. Thermosetting: Upon heating application, the thermoset being a firm and
inflexible cross linked component does not get molded [7]. They are pretty
rigid and non-elastic in nature unlike elastomers and thermoplastics. Natural
fiber composites use different kinds of polymers as matrices. Epoxy based
resins such as fiberglass, phenols, polyamides, acids etc., are the frequently
used thermoset polymers [3]. Due to their unique properties and their use in
various applications, unsaturated polyesters are most preferred to be used as a
matrix in a biocomposite. Owing to the polymer benefits such as room
temperature curing property, decent mechanical characteristics, and
clearness, they are manufactured more industrially in comparison to
thermoplastic based resins. Studies have stated about cellulose fibers being
reinforced with polyesters [8]. Few other systems which have similar
potential are polyesters combined with pineapple leaf fibers, sisal, jute, coir,
straw etc. [4].

b. Thermoplastics: These polymers tend to mold when heat is applied and can
regain their shape after cooling. Their properties do not get affected even if
they are reheated and reshaped numerous times. Polymethacrylate, high
density polyethylene, polyvinyl chloride, low density polyethylene,
polystyrene etc. remain the commonly used thermoplastics as matrix in
biocomposites.

The kinds of thermoplastics that can be utilized for biocomposites are the ones
whose processing temperature does not exceed above 230°C such as polyolefins,
polypropylene, and polyethylene. Some of the technical based thermoplastics which
need temperature > 250°C for processing cannot be utilized for creating
biocomposites. The fibers have to be degraded initially for further use. Examples:
polyesters, polyamides, and polycarbonates.

3. Natural fibers reinforced composite

Reinforced phase plays a very important role in determining the overall proper-
ties of the composite. Natural fibers can be broadly classified into 3 categories: Plant
- based fibers, Animal - based fibers, Mineral - based fibers. One of the commonly
used reinforcements is the mineral - based fibers, including carbon, fiberglass and
Aramid [9].

3.1 Carbon fibers

Carbon fibers are unidirectional reinforcements. Due to this unique structural
property of Carbon fibers, they can be structured in a way wherein the composite is
stronger in a particular direction making it easier for the composite to bear heavy
loads. The physical properties of carbon fiber can be modified by controlling dif-
ferent parameters such as the alignment of fiber, nature of the matrix, fiber-matrix
volume fraction and the molding conditions.

3.2 Glass fibers

Glass is known to be extensively used as reinforcement in most of the polymeric
matrix composites (PMCs). The main advantages observed during usage of glass
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fibers include low cost of production, good chemical resistance, high tensile
strength, and excellent insulating properties.

3.3 Kevlar fibers

Kevlar fibers are known to belong to highly crystalline aramid (aromatic amide)
fibers. These fibers have a very high ratio of tensile strength to weight and the
lowest specific gravity among the currently used reinforcing fibers. Due to their
superior mechanical properties, they tend to find major applications in marine and
aerospace industries.

3.4 Boron fibers

Boron fibers are especially known for having extremely high tensile modulus.
Another prominent feature of these fibers is the buckling resistance that results in a
high compressive strength for boron fiber reinforced composites (Figures 3 and 4).

Though the present composite industry majorly depends on synthetic reinforce-
ment fibers, the use of natural fibers have been gaining attention in recent years for
academic as well as industrial purposes. In the present time, many different plant-
based natural fibers have been explored and researched upon to identify unique
properties. Some of these are used in plastics as an reinforcement; some examples of
which include hemp, kapok, jute straw, paper mulberry, oil palm empty fruit
bunch, wood, wheat, barley, kenaf, rye, rice husk, cane (sugar and bamboo), flax,
reeds, oats, sisal, grass, coir, pennywort, water hyacinth, raphia, ramie, pineapple
leaf fiber, banana fiber and papyrus [5].

One of the on-demand natural fiber reinforced composite is the thermoplastic
matrix containing reinforcements made of special wood fillers due to them being
light in weight, possessing reasonable stiffness and strength. Natural fibers have
shown immense potential to be used in replacement to non-renewable materials due
to their low cost, promising thermoplastic properties, minimal to zero health haz-
ards and can act as a solution for environmental pollution [10, 12]. Some plant
proteins have also been used as reinforcements. One such example is the wheat
gluten, which when plasticized have a unique ability to form a strong cohesive

Figure 3.
Different types of natural fibers used as veinforcement in polymer composites.
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Figure 4.
Classification of various fibers of different origin and types with examples [10, 11].

blend with high viscoelastic properties [13-15]. Due to these distinctive properties,
wheat gluten has been tremendously used in the making of packaging materials and
edible biodegradable films.

Composites based on biologically degradable polyester amide and different plant
fibers like flax and cottons, have been investigated thoroughly. These composites
generally possess good mechanical properties, such as high biodegradability and
good water resistance. Kenaf is a biodegradable and environmentally friendly crop
belonging to the hibiscus family (Hibiscus cannabinus L). In a particular research
work, Aziz et al. manufactured composite made of a polyester resin reinforced with
Kenaf fiber and further studied the mechanical properties of the composite. The
properties displayed by the composite were highly satisfactory and fiber could be
blownto a height of at least 10 meter. By looking at the present research scenario,
natural fiber reinforced polymer composites have the capability to act as a substi-
tute for scarce wood and wood based materials that have many structural applica-
tions in the future [16] (Figures 3 and 4).

Plant - based fibers, also called vegetable fibers, are classified into different
types based on their origin [17]. The characteristics of plant fibers majorly depend
on certain factors such as the type of plant used, the area where it is grown, the
plant’s botanical age, and the protocol of extraction used. One such example is coir
which is known to be a tough and hard fiber with multicellular layers, with the
central portion called as “lacuna”. Another familiar example is Sisal leaf fibers
which are observed to have a high mechanical strength. Pineapple leaf fiber extracts
are soft and are rich in cellulose. Oil palm fibers, having a similar cellular structure
to coir, are hard and tough. Cellulose molecules make the major constituents in
most of these plant fibers. The hydroxyls groups present in the basic unit of cellu-
lose have the ability to form intra-molecular hydrogen bonds where the bonding is
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within the macromolecule, or intermolecular hydrogen bonding between two dif-
ferent cellulose macromolecules and or form hydrogen bonds with hydroxyl groups
present in the atmosphere [18, 19]. It can be observed that all plant fibers have a
high hydrophilicity, with their amount of retained moisture reaching about 8-13%
[20]. Though cellulose is present in a huge quantity inside a plant, they also contain
other natural substances such as lignin. The major role of lignin is to act as a
cementing or bonding material between the cells of plant fibers. The content of
lignin fibers influences a plant’s structure, its morphology and its properties.

An important property of vegetable fiber influencing its reinforcement proper-
ties is the degree of polymerization (DP). The fibers differ drastically from each
other due to the presence of cellulose molecules with differing DPs. Most of these
fibers generally consist of a mixture of a base polymer homolog with the configura-
tion (C¢H100s),. The plant fiber known to illustrate the highest DP among other
plant fibers is Bast fibers, with values nearing 10,000. In the olden times, these
fibers found tremendous applications as packaging materials such as gunny bags
and sacks, for making ropes, as a geo-textile material, for making twines and cords,
and as carpet-backing [21, 22]. The most common bast fiber found in Cannabis
sativa plants is Hemp, which is a lingo cellulosic fiber, repeatedly used as reinforce-
ment in biodegradable composites. It is used in the making of various items such as
shoes, toys and clothing, due to its non-toxicity, biodegradability and its ease for
recycling [23].

3.5 Advantages of natural fiber reinforced composite

As mentioned earlier, natural fibers being used as reinforcement in composite
materials tend to display good mechanical properties, thereby gaining a lot of
attention in recent years. They are known to be fully biodegradable, renewable,
environmentally friendly, cheap, available in abundance and have a low density
[24]. Plant fibers are observed to be considerably light in weight when compared
with mineral-based fibers. Due to their organic origins, plant fibers tend to possess
high biodegradability which contributes to maintaining a healthy balance in the
ecosystem. Due to the considerable low cost and high performance, these fibers can
be termed as economically superior to other counterparts and can find huge appli-
cations in the industries. When natural fiber-reinforced plastics are combusted at
the end of their life cycle, the amount of CO2 released from the combustion process
is equal in amount assimilated during their growth [25]. Plant fibers have very low
abrasivity which makes the recycling process of the composite materials much
easier. Plastics reinforced with natural fibers, when used along with biodegradable
polymers as matrix material, are considered to be the most environmentally
friendly compounds because of their ability to be completely decomposed at the end
of their life cycle [26, 27]. Natural fiber composites are used as a substitute to glass
in non-structural applications. One such example is the automotive components
that were initially manufactured with glass are now replaced with natural fiber
reinforced composites [11]. Most of the plant fibers, when used in the unmodified
form inside a composite, tend to produce unsatisfactory mechanical characteristics.
To avoid this problem, the surface of plant fibers are treated with certain chemicals
or compatibilizing agents prior to the fabrication of composite. The properties of
these plant fibers can be further improved either by physical treatments such as
corona treatment and cold plasma treatment, or by chemical treatments using
peroxide, sodium hydroxide permanganate, isocyanates and maleic anhydride
organosilanes [28]. In terms of mechanical properties of natural fibers, the values
are quite low when compared to glass fibers or other mineral based fibers. When it
comes to specific properties, especially stiffness, natural fibers values are near to
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those of glass fibers [29, 30]. Natural fibers have shown high tensile strength and
stiffness values. Tensile strength within composites are majorly governed by the
reinforcement used. Hence, natural fibers along with matrices can prove to produce
the desired mechanical properties needed for the specific application [6, 9].

3.6 Disadvantages of natural fiber composites

Biocomposites function and quality majorly relies on biofibre characteristics. On
the other hand, when biofibres are used for applications related to building materials,
the composites have shown some disadvantages such as possessing high moisture
absorption, low modulus elasticity, faster decomposition when surrounded by basic
conditions, during microbial encounter, and visible variability in mechanical charac-
teristics. In order to overcome these limitations, natural fibers need to be thoroughly
studied to produce better performing fibers in future. Even though biofibers have
various advantages for their usage in composites, they do possess certain disadvan-
tages like being incompatible with other matrices, reduced wettability etc. [31, 32]. As
mentioned briefly, the physical and chemical characteristics of biofibres are deter-
mined by cell wall based polymers and their matrix component (Table 2). The major
properties of the fibers such as flammability, dimensional stability and biodegrad-
ability can be directly altered using external factors such as acids, bases, and UV rays
by converting the green composite into carbon dioxide and water [30]. Therefore, to
effectively overcome these limitations, there is a requirement to improve biofibre
properties through altering the cell wall polymers chemistry [28].

In general, for achieving a decent function of short fiber reinforced polymer
composites (SFRP), the content of fiber in the composite should be considerably
higher [4]. The tensile characteristics of fiber reinforced is usually affected by
occurrence of fiber and other materials used in the matrix [3]. Therefore,
researchers are heavily focussed on studying the biofibers used in biocomposites
and how they affect it [4].

Fiber Density (g/cm3) Elongation (%) Tensile Strength (MPa) Elastic Modulus (GPa)
Hemp 1.47 2-4 550-1110 70
Banana 1.2 1.8 400 13-24
Ramie 1.47 3.6-3.8 400-938 61.4-128
Flax 1.4 2.7-3.2 500-1500 27.6
Kenaf 1.45 1.6 930 53
Jute 14 1.5-1.8 393-773 10-55
Sisal 1.3-1.5 2.0-2.5 511-635 9.4-22
Coir 1.2 30 287-800 4.0-6.0
Kraft 1.5 4.4 1000 40
Cotton 1.5-1.6 7.0-8.0 287-800 5.5-12.6
Bamboo 1.41 3.5 593 18-26
Kapok 1.69 0.7 100-1500 3-5
Phormium 1.2-1.4 0.9 250-310 26.5
Pine apple 1.1-13 1.2 188-308 11
Bagasse 1.2-13 13 300-350 12
Table 2.

Properties of selected natural and manmade fibers [6, 8, 9].
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Natural fibers are generally known to be hydrophilic in nature and the polymer
matrix tends to be more on the hydrophobic side. Due to this difference in their
polarity, the composite material usually inclines to aggregate. There is increased
water absorption as a result of hydrophilic fibers, showing a weak resistance to
moisture. This further leads to producing poor tensile property reinforced compos-
ites. In addition to the basic cellulose unit, fiber surfaces contain wax coating and
non-cellulosic compounds like lignin, pectin, and hemi-cellulose resulting in weak
bonding among the biofibers and matrix.

Hydrophilicity being an undesirable property for obtaining natural fiber
reinforced composite having good tensile properties, the fiber’s hydrophobicity
needs to be increased by using surface modifications (surface treatment). The
natural fibers are modified for enhancing hydrophobic nature, roughness, interface
bonding among the biofibres and matrix, and wettability. The modifications of the
fiber also decrease the moisture absorption of the composite which gives us
enhanced tensile properties [10, 12, 16, 17, 23].

Aspect ratio of fiber J Fiber/matrix adhesion
Degree of cure

Natural fiber variety, type, size, Natural fiber factors on Big
composite

maturity, fibrillary angle
Fiber orientation
‘ Fiber content ‘

‘ Fiber moisture content

MNatural fiber (woven, mat,
unidirectional, biaxial, short angle)

Processing content

’ Fiber extraction method ‘

4. Applications of biodegradable polymers

i. Food Industry

The two main areas having applications in this sector are food packaging
and edible films. The aim of food packaging is to enhance shelf life, ensure
food safety, minimize food losses, improves the organoleptic properties of
food like appearance, odor, and flavor. To replace the synthetic polymers,
starch based biodegradable polymers could be utilized as an effective
alternative with better properties. Although, the constituents involved in
synthetic starch based packaging materials aren’t fully inert. There is a
possibility of migration of toxic substances into the food product which can
affect humans. Due to this problem, alternative packaging materials are
being studied [29, 32]. For example, investigations have led to the
formation of starch or clay based nanocomposites that have shown low
movement of polymeric substances, enhanced mechanical properties that
can be utilized as a food packaging material. The characteristics of
biodegradable films are colorless, flavorless, odorless, non-poisonous, and
ecological. In low humidity conditions, these films exhibit very little
penetrability to oxygen and help in increasing shelf life and quality of food
product without compromising consumer acceptability. The compressed
films or trays can be easily degraded by microbes as they readily dissolve in
water medium. Therefore, starch based biodegradable polymers are of
potential interest for food industry applications.

ii. Agriculture

In this sector, the key applications of biocomposites are greenhouse
covering, mulch film, and fertilizer controlled release materials.
Agricultural films are mainly consumed. Traditional films are disposed of
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by landfill, recycling or incineration. These processes take a lot of time, are
not cost effective and pollute the environment. The important factor in
developing agriculture productions is the effective usage efficiency of
fertilizers. But, the fertilizers tend to escape to the environment because of
surface runoff, leaching and vaporization thereby causing economic
disadvantages and environmental issues. Starch based biodegradable
polymers come into the picture to overcome these limitations [2]. The
biocomposite can be utilized as a fertilizer controlled release matrix to
release the fertilizer in the desired way. The films can be disposed of later
after plowed into the soil. Due to their use, toxic residue formation does not
take place after degradation. More studies are being explored involving
starch based films in this sector. For instance, bio-nanocomposites are
created by merging starch based film with additives like titanium dioxide,
silicate or MMT to enhance mechanical characteristics.

iii. Medical industry

Starch based biocomposites can be utilized as an effective raw material due
to their benefits such as biodegradability, biocompatibility, non-toxic,
decent mechanical properties and degradation as needed.

Their usage in bone tissue engineering has been studied [22]. Structural
framework support and degradation from the area of application is fastly
offered by starch based biodegradable bone cements. Due to binning with
bioactive particles, bone growth occurs at the bone cement interface and
some amount resides because of polymer degradation. Bone tissue
engineering scaffold involves the usage of these polymers. In drug delivery
applications, starch based biopolymers are used. After drug depletion, this
device does not have to be removed surgically. The starch based hydrogels or
microspheres are used in different biomedical applications because of their
novel properties like hydrophilicity, penetrability, biodegradability that
mimics biological structures to some extent. Starch based biocomposites are
of particular interest when it comes to biomedical applications [7, 11, 17].

4.1 A shift towards greener future

There is a lot of progress happening in the current field of research and devel-
opment. Due to extensive usage of petroleum products, petroleum resources are
getting exhausted and this also affects the environment and water bodies due to
accumulation of plastics [7]. This is a huge concern as it affects the survival of
human beings and animals. Because of these limited petroleum based resources,
there is an urgent need to switch over to produce biodegradable alternatives. Bio-
degradable plastics are being produced to replace the synthetic polymers due to
excessive usage of non-renewable polymer resources. Plants and crops can be used
as suitable resources that can effectively replace the existing petroleum based
products [11]. Biocomposites which are biopolymers reinforced with natural or
biofibers can be utilized instead of synthetic composites such as glass fiber. Scien-
tists are eyeing different approaches by merging biofibers like sisal, hemp, flax etc.
with polymer matrix to produce biocomposites [11].

Composites are anisotropic in nature according to their structure. A matrix
component (resin) is usually mixed with natural fibers obtained from plant based
sources or cellulose to form biocomposites. Wood based fibers and non-wood fibers
such as hardwood, softwood, jute, kenaf etc. are used as biofibres. The
biocomposite’s main constituent is the biofiber and it is obtained from tree, plant, or
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shrub sources [3]. The structure of biocomposites looks and functions similarly to
living materials during the process and also enhances the strength properties of the
matrix being used, thereby providing biocompatibility, for instance in forming
scaffolds in bone tissue engineering. Structure and service environment are two
important factors that determine the biodegradability rate in biopolymers. Natural/
biofiber composites are suitable candidates as a potential replacement to the syn-
thetic composites especially in various industries such as automotive, packaging,
construction, and consumer products. It can also be used as an additive for ther-
moplastics. Additional investigations involve studying biological-inorganic inter-
faces to merge biological and inorganic materials while emphasizing on the design,
production, and classification of novel amalgams [31]. Starch and cellulose are the
most suitable renewable resources to create bioplastics. The cheapest source of
biodegradable polymer in the marketplace today is starch and has applications in
non-food industries as well. Cellulose plastics can be made by using cellulose from
plant sources as an alternative to petroleum feed stocks [3, 7]. Vegetable oils have
immense potential as a raw material to create biodegradable plastics, for example:
plant oils and fats of sunflower, walnut, canola, sesame etc. Biocomposites created
through biofibers and plant based bioplastics could be utilized in rigid packing,
building, and transportation applications [3].

To manufacture products like decking, fencing, siding, window and door pro-
files etc., green composites are utilized. Some of the benefits obtained when
biocomposites are utilized as construction materials are their low-cost, light in
weight, eco-friendly, durability, and biorenewable [11].

4.2 Turning waste into bio composite

The bio composite was made using the waste materials. Billion-ton resource
assessment conducted in 2011 has predicted sufficient supply of plant residues and
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Figure 5.
Synthesis of ecofriendly biocomposite using the organic waste and analysis of water potential, elongation and
tensile strength of composite material.
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wastes within various price ranges. A supply of 180 million dry tons is expected at
the end of 2030. When compared to primary plant residues, this supply seems low
excluding animal manure. Corn stover, wheat straw accounts for at least three
fourth of the residue resources whereas grains such as barley, sorghum, and wheat
covers the rest. Availability of primary crop residues are enhanced by achieving
continuous crop production and growth, large plots with less tillage, and no-till
farming.

Green composites can be produced from different raw materials which are
abundant in nature such as non-food crops and biorenewable sources. With recents
trends in this particular field, biocomposite products could definitely find its place
in the market across various applications. Different processing techniques and
reinforcements of fibers/fillers allow the fiber at the correct price. Currently, there
have been certain developments in the biopolymer industry.

In a study, the biocomposite ratio involving coconut blended with wheat husk
was 15:85. Durability or toughness is affected by coconut husk due to it being
fibrous in nature. Mixtures of wheat husk and water act as the matrix phase and
binder. In terms of its mechanical properties, the product had displayed a strain of
26%, 7 N/mm” tensile strength along with a stair-step stress strain curve. The
sample’s performance might be because of various factors like how the axis is
loaded, the relative motion among fibers through steady development across the
loading axis. Crack proliferation due to interlinking of coconut husk has shown
decent physical properties. A hybrid material is created by involving corn in the
composite. Water absorption increases with increase in corn weight (Figure 5) [3].

5. Future prospects

Construction and automotive industry are the key markets for biocomposite
materials. However, new prospects and applications will arise with certain future
innovations and performance enhancement. Due to the accumulation of waste
generated by this industry and their harmful effect on the environment which
remains a growing concern, a lot of opportunities are going to emerge in this
particular sector. Instances such as off-site construction method, for better quality
and effortless installation and build, eco-friendly resources are required; although,
these prospects could be affected by guidelines based on the present resources. A
key target would be in replacing preservative-treated wood which provides a huge
market growth. By placing strict limitations on utilization of preservatives such as
arsenic containing products, provides immense opportunities for biocomposites to
be used in applications especially when there is a threat of microbial attack.

Biocomposites can be incorporated into certain various complex technological
applications by enhancing their mechanical functions such as producing new fiber
types, processing methods, addition of additives etc. Solvent spinning process when
applied to liquid crystalline cellulose creates high strength fibers which has been
quite a hopeful research study. Resins can be formed by changing or enhancing the
content of particular triglycerides and oils in produces by using biotechnology tools.
The resins if altered appropriately would be cost effective and biodegradable com-
pared to existing ones (Figure 6). Studies are being conducted to produce cheap
biodegradable resins having decent mechanical characteristics by using novel
methods. If successfully produced, the synthetic complexes can be replaced with
these biodegradable alternatives.

Hybrid materials and products offer scope such as utilization of bio resins and
bioplastics adhesives by replacing the existing fossil-based adhesives. Reclaimed
fiber provides a decent opportunity to develop various eco-friendly, inexpensive
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Figure 6.
Scheme for hypothesizing for engineering and biocomposites.

products by utilizing medium density fibreboards or the watercourses of the paper-
making industry. Although sufficient prospects are there for these products to be in
the market, cost effectiveness is a very important factor for its commercial produc-
tion and hence the marketing strategy has to be made stronger accordingly. For
successful commercialization, the biocomposites should be demonstrated through
widespread training and education.
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Chapter2

Opportunity of Non-Wood Forest
Products in Biocomposites

Pradeep Sharma

Abstract

In recent years industries are attempting to decrease their dependency on
petroleum-based fuels and products due to increased environmental issues. The
tremendous increase in production and use of plastics in every sector of life has led
to huge plastic waste disposal problems and also an environmental threat. In order
to prevail over the present scenario, the viable and cost-effective approaches are to
prepare eco-friendly bio-composites based on non-wood forest products (NWFP),
a part of forest wealth of the globe, especially natural fibres, agricultural wastes and
extractives. Natural fibres and extractives have many advantages viz. low density,
low cost, considerable toughness properties, nontoxicity, sustainability and bio-
degradability. NWEFP based composites may be utilized to produce non-structural
parts for diverse applications in various industries as high-performance materials
with interesting properties for specific applications viz. furniture, thermal, acoustic
insulations and automotive industries etc. In the present chapter, opportunities of
extractives, cellulosic and lignocellulosic fibres from non-wood forest products in
Bio-composites will be discussed.

Keywords: Non-wood forest products, Bio-composites, Tannins, Laccase, Fibres,
Agriculture wastes

1. Introduction

Biocomposites are composites formed by the mixture of two or more than two
constituents which are firmly stacked in a specific orientation in order to provide
stability and toughness as per their requirement. Composites may be synthetic,
biocomposites or natural composites. Natural composites are the wood, bamboo,
silk, cellulose, and some animal products viz. feather, horn etc. Bio-composites
are materials formed by reinforcement of natural fibres into adhesive or a matrix.
The matrix may be a natural, synthetic material or an amalgamation of natural and
synthetic materials. Environmental concerns over the synthetic matrix and further
cost of synthetic fibres have led the encouragement of scientific community of
using natural fibres as reinforcement material in polymeric composites.

2. Non wood forest products
The non wood forest products (nwfps) comprise all the forest products other

than timber and fuelwood and are used by human beings since the time immemo-
rial [1-3]. NWFPs include medicinal plants, essential oils, spices, edible wild
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plants, gums, resins and oleoresins, fatty oils, tanning materials, natural organic
colouring materials, katha and cutch, oxalic acid, fibres and flosses, beverages
and narcotics, fodder and forage plants, saponins, fish poisons, insecticides,
green manure, beads, rubber plants, plants useful for paper, basket and wicker
work including canes, beedi leaf etc., miscellaneous materials including thatch-
ing and broom materials. Besides these plant products, animal products such as
lac, honey, silk, horns, ivory and hides (of forest origin) are included among the
nwfps [4-6]. Developing countries especially tropical region of the world more
than three-fourths of the populations are dependent on nwfps for their nutri-
tion, primary health care and livelihood subsistence. Therefore, nwfps play an
important role in the daily lives of local population in particular rural and poor
people dependency on nwifps for their daily needs of food, fodder, medicines,
gums, construction material, etc. In addition to local consumption, nwfps are
also traded in local, regional, national and international markets and the trade in
nwfps not only generates employment opportunities but also contributes in the
economic development of the country [7-9]. Among the nwfps fibres and flosses,
bamboo and canes, tans and dyes, essential oils are important forest bio-products
for livelihood support to marginal peoples residing in forest areas. After process-
ing of the essential products (dyes, essential oils etc.), the left over biomass may
be utilized for diverse industrial applications. The importance of these nwfps lies
in the following facts.

2.1 Fibres and flosses

A wide range of plants yielding fibre occur in the forests wealth. Fibres are
obtained from tissues of different parts of certain woody plants, which are used
for various traditional applications such as making cloth, rope, mat and cordages
etc. [10, 11].

2.2 Bamboo

Bamboo is abundantly found in most parts of the world, nearly 0.92 % of the
total forest area, spread over 36 million hectares (MHa) [12]. Globally, bamboo has
111 genera with more than 1575 species. India is very rich in bamboo resources and
the second major bamboo producing country having 16 MHa (22.46 %) of a total
forest cover 71.2 MHa [13] comprising of 160 species after China. China is the rich-
est in bamboo resources; it has more than 800 species [14, 15]. The bamboo is used
for various industrial purposes [16-18]. Bamboo species thrives in almost all types
of soil except in very dry soils. The bamboo is utilized for various purposes, viz.
agriculture, handicraft, building industry (bamboo concrete, scaffoldings, house
construction, etc.), interior decoration (Bamboo flooring board, mat, panelling,
curtain, etc.), paper industry, textile industry, food, bamboo charcoal, and diverse
range of daily use articles (toothpicks, chopsticks, incense sticks, etc.) [19-22].
Bamboo is a typical natural composite material with functionally gradient structure
having multi-nodes, and the fibres are arranged compactly in the outer surface
region in a definite fashion in comparison to inner surface region which provides
fracture toughness. The fracture toughness of the bamboo culm depends on the
volume fraction of fibres [23-28].

2.3 Essential oils

Essential oils from plants are widely used in pharmaceuticals, cosmetics,
perfumery and specialty applications in various industries. The value of essential

22



Opportunity of Non-Wood Forest Products in Biocomposites
DOI: http://dx.doi.org/10.5772/intechopen.97825

oil bearing crops can be augmented by utilization of wastes using facile and
economic methods. The major essential oil bearing crops are lemon grass, men-
tha, eucalyptus, lavender, rose, geranium, rosemary, basil, thyme, peppermint,
chamomile, etc. [5].

2.4 Tans and dyes

A variety of vegetable tanning materials are produced in the forests. Important
vegetable tanning materials are the myrobalan nuts and bark of wattle (Acacia
mearnsii, A. decurrens, A. nilotica and Cassia auriculata, etc.). Other tanning
materials include leaves of Emblica officinalis and Anogeissus latifolia, bark of
Cleistanthus collinus, fruits of Zizyphus xylocarpa, bark of Cassia fistula, Terminalia
alata, T arjuna, etc. The term tannin was introduced by Seguin in the year 1796 to
indicate various plant extracts, which have the capacity to convert hides and skins
into leather [5, 29, 30]. Tans and dyes are simple chemical compounds made of
carbon, hydrogen and oxygen. The structure and solubility of tannins are depen-
dent upon the source and structure of tannins, however, vegetable tannins are
water-soluble.

2.5 Wood tans

The important species yielding wood tans are Quebracho (Quebracho Colorado),
this species is widely distributed in South America. The heart-wood contains 20-27
% tannin, which is obtained by cutting the wood into small chips and extracting
the tannin with water. The cutch, a byproduct from Katha industry, obtained from
khair (Acacia catechu) heart wood is used for tanning purposes.

2.6 Bark tans

The bark of various tree species is chipped off during the operation of timber
or fuel-wood harvesting, some of the important species which yield bark tans are:
Acacia mearnsii, Acacia nilotica, Cassia auriculata, Shovea robusta, Terminalia arjuna,
Cassia fistula, Ceriops roxburghiana, Rhizophora mucronata, etc. Some other trees
such as Acacia leucophloea, Bridelia vetusa, Lagerstroemia spp., Tamarix aphylla,
Terminalia alata, Quercus spp. and Castanopsis spp. also yield bark tans and are
locally important.

2.7 Fruit tans

Fruits of some of the forest trees are utilized in tanning industries for extrac-
tion of different tannins. Some of the important species yielding fruit tans are
as follows: Acacia nilotica (Babul), Caesalpinia coriaria (Divi-divi), Zizyphus
xylopyrus (Kath bor), Emblica officinalis (Aonla), Shorea robusta (Sal), Anacardium
occidentale (Cashew nut), Tamarindus indica (Tamarind) and Terminalia chebula
(Myrobalan), etc.

2.8 Leaf tans

Leaves of some of plants provide tanning material however; they are not used on
a large scale for commercial applications. Generally, village artisans and shoemakers
use leaves for tanning leather on as a small scale. Important leaf tanning materials
are obtained from leaves of Anogeissus latifolia, Carissa spinarum, Emblica officinalis,
Lawsonia inermis and Rhus cotinus, etc.
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2.9 Natural dyes

Natural dyes are broadly classified as plant, animal, mineral, and microbial dyes.
They are obtained from the vegetable plant materials such as plant leaves, roots,
bark, seeds, and from insect secretions and minerals. Dyes are used for various
industrial applications including the coloring of textiles [31, 32].

3. Natural composites

Wood and bamboo are the natural composites, held together by the matrix as
designed by the nature (Figure 1). Lignin is the largest biopolymer and principle
cementing matrix which holds the components of natural composites together in
a definite fashion. The awareness in the society globally and harmful effects of the
synthetic materials on the environment has led to the progressive development of
eco-friendly and sustainable materials. The scientific community have shown a lot
of interest in developing sustainable bio-composites which are eco-friendly and
may substitute partly or wholly the synthetic materials. Intriguingly, using natural
fibres in development of biocomposites provides a reduction in greenhouse gas
emissions and carbon footprint of composites [33, 34]. Due to environmental con-
cern, demand for commercial raw material for utilization in composites increasing
day by day. Therefore, after harvesting the important chemicals or fresh materials
from the nwfps may be utilized on sustainable basis for making bio-composites for
various industrial sectors. Among them, use of the natural fibres as reinforcement
material, tannins and lignin as cementing material alone, in parts or in combination
with synthetic matrix subsequent to proper modification, and further, valorisation
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“What we need 15 ‘more imagination’ not more knowledge™ Albert Einstein

Figure 1.
Natural Wood Composite.
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of residues from the nwfps is an important opportunity as raw materials for bio
composites in a sustainable way.

4. Natural fibres and their utilization in bio-composites

A vast number of research papers and reviews are available for utilization of
natural fibres in sustainable development of biocomposites. However, as men-
tioned, the fibres are sustainable raw materials and may be obtained from different
sources from nwfps, further, low-cost, light-weight, availability, renewability,
biodegradability; properties and strength are important factors for their utiliza-
tion. The specific properties of the fibres are utmost important in developing the
composites. Natural fibres comprise of cellulose, hemicelluloses, lignin, waxes and
tannins etc. The percentage of these constituents varies with the source and pro-
cessing of fibres. Further, the properties of biocomposites are also dependent upon
the source of fibres and presence of these constituents. Natural fibres are obtained
from plants or animals [35]. The plant fibres are commonly used for producing
bio-composites and mostly sourced from nwfps or in some countries cultivation of
these crops is being carried out for sustainable production. The commercial sources
of fibres utilized in producing biocomposites worldwide due to their inherent
properties. The classification of fibres based on source, their specific properties and
utilization in biocomposites are summarised in Tables 1-3.

Natural fibres show a variation in properties. The fibre properties are dependent
on the geographical location, process of isolation (ratting of fibres) and maturation
period. However, some fibres exhibit highest tensile strength in a range from 300-
1100 MPa (Table1).

4.1 Merits and demerits of natural fibres

The inherent properties of the natural fibres of plants origin are important in
developing the bio-composites. Natural fibres comprise of cellulose, hemicellu-
loses, lignin, waxes and tannins etc. The percentage of the cellulose, hemicelluloses,
lignin etc., length and width of the fibres, varies with the source and processing
of fibres. Further, natural fibres possess low density (1.25-1.50 g/cm?), sufficient
mechanical properties, sustainability, recyclability, biodegradability, availability
and low-priced in comparison to synthetic fibres such as glass and carbon fibres
[51, 52]. Intriguingly, these properties do not meet the requirements of biocompos-
ites. The natural fibres are used for increasing the mechanical strength as reinforce-
ment material in composites [53]. The synthetic matrix and natural fibres are not
compatible to each other leading to poor mechanical properties properties. Further,
fibres have also water absorption capacity of cellulose due the presence of numer-
ous hydroxyl groups [54-56].

Natural fibres are used as reinforcement materials in composites. However,
due to their susceptibility to moisture [56] mechanical properties of polymeric
composites have a strong impact on the interface adhesion between the fiber and
the polymer matrix [54]. The natural fibres are rich of cellulose, hemicelluloses,
lignin, pectins, waxes and tannins etc, all of which are composed of hydroxyl
groups. Thus, there are major challenges of suitability between the matrix and fiber
that weakens interface region between matrices and natural fibres [55]. Generally,
outer surface of the composite materials absorb water and decreases gradually into
the bulk of the matrix. High water absorption capacity of the composite materials
leads to decline in their mechanical strength and pressure on nearby structures
due to absorption of water pertaining to the hygroscopic nature of the fibres and
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Fibres Common Partofthe Appearence Diameter Density  Tensile Young’
Source name plant (pm) ( g/cm3) strength modulus
(MPa) (GPa)
Agave sislana Sisal Leaf Coarse-stiff; 50-200 145 468-640 94-22
Creamy-
White
Corhorus Jute fibre Bast Fine Light 25-200 1.3-145 393-773 13-26.5
capsularis brown
Cocos Coconut Coconut Course, 100-450 1.15 131-175 4-6
nucifera fibreor  fruitouter white to
Coir shell or brown
husk
Arenga Sugar- Bast, Coarse, 50-800 1.29 190.29 3.69
pinnata palm fruit, leaf brownish-
fibre black
Cannabis Hemp Bast Silky-fine, 26.5 1.48 514 24.8
sativa fibre white to light
brown
Bamboo Bamboo Grass Creamy 10-40 503 3591
Species white
Linum Flax fibre Bast Creamy 12-16 150 345-1100 276
usitatissimum white
Hibiscus Kneaf Stem Pale 177-21.9 1.2-14
cannabinus fibre
Boehmeria Ramie Bast White 25-30 1.5-1.55  400-1600 44
nivea fibre
Gossypium Cotton Seeds Yellowish 11-22 151 400 12
Sp. fibre off-white
Conifers Soft Softwood  Variation in 20-35 1.5 1000 40
wood tracheids colour
fibre
Ananas Pine Leaf White, 8.66-63.43 144 413-1627 34.5-82.5
comosus apple smooth and
glossy
Table 1.

Plant fibres and properties [36-45].

subsequently can cause warping, buckling, bigger possibility of their microbial
inhabitation, freeze, and unfreeze leading to destruction of mechanical characteris-
tics of composite materials. Therefore, fibres are required to improve these limita-
tions by physical and chemical modifications [57].

4.2 Alteration of properties of natural fibres

The compatibility of the natural plant fibres with the synthetic matrix is the
main and foremost concern of developing bio-composites due to the different
nature and properties of these two materials. The various methods have been stud-
ied and reviewed in the past in order to increase the functionality and compatibility
of natural fibres. Fibres compatibility with the matrix and mechanical strength
thereof may be increased by physical and chemical modification of the fibres.
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Fibre Cellulose (%) Hemicelluloses (%) Lignin (%) Pectin (%)
Cotton 82-96 2-6 0.5-1 5-7
Pine apple 80-81 16-19 4.6-12 2-3
Hemp 70-92 18-22 3-5 09
Flax 72-84 16-18 0.6-5 15
Ramie 68-76 13-15 0.6-1 19-2
Abaca 61-64 21 12 0.8
Nettle 86 5.4 4 -
Banana 60-65 6-19 5-10 3-5
Jute 51-84 12-20 5-13 0.2
Kenaf 49-53 (alpha) 86.8-87.7 (Holocellulose) 14.7-21.2 -
Lemom 717 9.52 13.83 -
grass
Coir 46 0.3 45 4
Sisal 43-78 10-13 4-12 0.8-2
Bagasse 32-48 21 19.9-24 10
Bamboo 26-43 15-26 21-33 -
Kapok 53.40-62.9 29.63 19.2-20.73 -
Henequen 776 131 4.8 -
Hard wood 43-47 16-24 25-35 -
Soft wood 40-44 25-31 25-29

Table 2.

Chemistries of important plant fibers [43, 46—50].

Type of Source Plant of Use Properties
Fibres fibres
Bast Stem Jute Reinforcements Long length high stiffness
fibres and strength
Stem Ramie Reinforcements Long length high stiffness

and strength

Stalk Bamboo Bamboo Reinforcement Short and long fibres
species
Wood Soft and hard Reinforcement Short fibres
wood
Leaf Leaf Banana Reinforcement Long fibres
Leaf and sisal Reinforcement Long fibres
Seeds Cotton Cotton species Reinforcement Short fibres
Agricultural Cereals etc. Reinforcement Short and long fibres
wastes
Table 3.

Plant based fibres, source and utilization in biocomposites.
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4.2.1 Physical modification

The surface properties may be increased by physical treatments of the fibres.
However, during extraction process, the journey of fibres to a final destination also
involves the multi stepping process leading to stress and physical changes in the
inherent properties of fibres. During the extraction process there are some fibres
which involve simple process of extraction for example Agave sislana fibres. In most
of the cases, the processing of plant material containing raw material for bio-
composites as fibres encompass the physical and mild chemical treatments leading
to change in original properties of fibres. Therefore, extraction of fibres is also an
important factor in considering the evaluation of properties of bio-composites.
There are various processes developed and optimized for extraction of fibres and
well documented.

The physical treatments of the isolated fibres change the structural and surface
properties of the reinforcing fibres without altering the properties and disintegra-
tion of fibres. The physical treatments influence the mechanical properties resulting
in proper bonding to the matrix and affects interfacial adhesion. The commonly
used method for plant-based fibres is corona and cold plasma treatment, however
other physical methods are also successfully used for surface activation such as ther-
motreatment [58, 59]; calandering [60], stretching [61] and hybrid yarns [62]. The
corona treatment provides oxidation of the fibres, which changes the surface energy
of the fibres and increases the number of aldehyde groups [63-65]. The corona and
cold plasma treatment are called electric discharge methods and mostly used to
activate cellulose fibres leading to increase in mechanical strength [63, 64, 66].

4.2.1.1 Corona treatment

Corona treatment is employed for treatment of fibres to increase the morpholog-
ical and mechanical properties of lignocellulosic fibres resulting in an improvement
of the interfacial compatibility between matrix and fillers. Homogeneity of com-
posite materials, adhesion properties and mechanical properties (tensile strength,
Young modulii) increase to a certain level (10-30%) with corona treatment [67, 68].
Recently, Aloe vera fibres [69] were treated with corona discharge during different
time intervals and it was observed that rough surface morphology and degradation
of fibres occurred due to etching mechanism caused by corona treatment.

4.2.1.2 Plasma treatment

Plasma treatment is an environmentally friendly green electric discharge method
for treatment of fibres [70-72] and provides changes in surface energy, increase of
the roughness and micro-cleaning of the treated fibres. The process causes surface
crosslinking and can introduce reactive groups. Mostly low plasma treatment is
being carried out in presence of gases to alter the surface properties of fibres. The
base material is treated under atmospheric plasma glow discharge for various periods
of time using helium, helium/nitrogen, and helium/acetylene, argon, oxygen, air
etc. gas. The significance lies in the fact that sometimes desired properties obtained
in seconds. Intriguingly, changes in surface roughness, tip-surface adhesion, and
surface chemistry of the fibres and flexural strength, flexural modulus, and inter-
laminar shear stress, storage modulus and glass transition temperature increased
significantly. The treatment is successfully employed to alter the surface properties
of natural fibres used in composites as reinforcing material. The adhesion between
sisal fibres and polypropylene matrix [73] increase the interfacial adhesion between
flax fibre and matrix polyethylene and unsaturated polyester [74, 75]; improvement
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in mechanical properties of ramie fibres [76, 77] polypropylene composites, increase
in flexural strength and tensile strength of the composite prepared from jute fibre
[78-81] were obtained by employing plasma treatments.

4.2.2 Chemical modification of fibres

Natural fibres possesses high polarity in nature due to the presence of numer-
ous hydroxyl groups on the fibre surface which makes them incompatible with
the synthetic hydrophobic matrix resulting in poor interfacial bonding between
the cellulosic fibres and the matrix producing bio-composites with lesser physical
and mechanical strength. Chemical treatments of fibres are an important step
for processing of bio-composites and enhancing the compatibility of fibres to the
synthetic matrix. Bi-functional groups are introduced chemically into the fibres
leading to activation of hydroxyl groups. The activated hydroxyl groups further
react with the synthetic matrix thereby enhancing the interfacial adhesion and
compatibility between the fibres and matrix [76, 82]. Reviews and chemical meth-
ods have been reported in the past to increase the functional behaviour of hydroxyl
groups present in the polysaccharides. These methods have their own limitations
for particular industrial aspects and are used for diverse industrial applications
[83-94]. Mercerization, benzoylation, acrylation, acrylonitrile grafting, per-
manganate treatment, peroxide treatment, and isocyanate treatment, bleaching,
acetylation, silane and peroxide treatments, etherifications viz. cynoethylation,
quaternization, carboxymethylation and various coupling agents are commonly
used for lignocellulosic fiber activation [76, 87]. Mercerization of fibres using
alkali at different concentration and time period for activation and production of
modified fibres with good adhesion properties have been applied for modification
of fibres [95, 96]. Transverse strength of flax fibres may be increased sufficiently
by the alkaline treatment which led to produce better adhesion properties between
flax fibres and epoxy matrix [97]. Introduction of acetyl groups into the cellu-
losic fibres increases plasticity leading to hydrophobic character and mechanical
strength to the reinforcing material [76, 98]. Coupling agents are frequently and
successfully used to reduce the interfacial adhesion of fibres to the matrix. Various
organosilanes mostly trialkoxysilanes are variably used as coupling agents and
the process is referred as Silanization. The reactive alkoxy groups present in the
silanes chemically bond with the hydroxyl groups and the formation of polysi-
loxane structures occurs [58, 99]. Maleic anhydride is another coupling reagent
used to increase the interfacial adhesion of biocomposites [100]. Partial removal
of lignin on the henequen fibres increases the adsorption of the silane couplings
and interaction among the fibre and the matrix [101]. The mechanical properties
including tensile, flexural, impact strengths and tensile modulus of the biocom-
posites were improved several times on Jute fibre polypropylene composites using
m-isopropenyl-a-a-dimethylbenzyl-isocyanate (m-TMI) as the coupling agent
using grafting process. Further, the tensile modulus of the composites prepared
from virgin polypropylene increases manifold [102]. The use of the clay in the
bio-composites formulation led to reduced mechanical properties. Intriguingly,
techniques such as pre-coated fibres with nanoclay and maleated polyethylene
mixture enhance the synergetic effect of the clay and bamboo fiber and further
significantly increase the tensile strength, bending modulus and strength of the
high density polyethylene bamboo composites [103].

Maleated coupling agents are widely used to strengthen composites contain-
ing fillers and fibre reinforcements. The maleated coupling provides efficient
interaction of maleic anhydride with the functional surface of fibres and matrix.
Agrofibre polypropylene composites were studied by introducing maleated coupler
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that provides the flexural and tensile strengths by more than 60% with Epolene™
G-3015 increment in comparison to composites without coupler [89]. Maleic
anhydride grafted rice husk [104], hemp fibres unsaturated polyester composites
coupled with 3-isopropenyl-dimethylbenzyl isocyanate [105], maleic anhydride-
grafted polypropylene jute fibre composites [106], coir fiber and m-isopropenyl-
a-a-dimethylbenzyl isocyanate grafted polypropylene composites [107] may be
implemented in production of superior biocomposites having high mechanical
properties and strength.

5. Biocomposites from extractives
5.1 Biocomposites using tannins

Tannins are a group of polyhydroxy phenolic compounds and exhibit good alter-
natives to synthetic adhesives for green chemistry in developing composites. They
are found abundantly in nature. Their functions are to protect the plants against
predation and might help in regulating the plant growth. Tannins are heterogeneous
in nature and chemically classified into two main groups viz. hydrolysable and
condensed tannins. Hydrolysable tannins are small molecular weight (30-3000D)
compounds, heterogeneous in nature and hydrolysed by water, acidic or alkaline
conditions into smaller water soluble molecules such as gallic acid and ellagic acid
(Figure 2a and b) constituting gallotannins and ellagitannins. The gallotannins and
ellagitannins comprise of a central sugar unit esterified with several molecules of
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Figure 2.
(a) Gallic acid (b) Ellagic acid (c) 5,7,3,4- tetrahydroxyflavan— 3— ol (d) 5,7,3,4- tetrahydroxyflavan— 3,4
diol (e) ABTS (2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (f) HBT (1-hydroxybenzotriazole).
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gallic acid and a dimer of gallic acid as the basic phenolic unit known as ellagic acid
respectively. Gallotannins, or commonly tannic acid, is the acknowledged source
of the hydrolyzable tannins produced by extraction with water or organic solvents
from the galls of certain trees, Quercus infectoria and Rhus chinensis, and pods from
Caesalpinia spinosa. The European chestnut tree (Castanea sativa) and the oak
species especially Quercus montana also produce hydrolyzable tannins in sufficient
amount which are used in leather manufacture. Ellagitannins, a class of hydrolys-
able tannins produce ellagic acid on hydrolysis under acidic or alkaline conditions.
Mostly these are present in angiosperms extractives. Ellagic acid and their deriva-
tives have extensive applications as antioxidants, chelators, technical and biomedi-
cal applications. The possible applications viz. antibacterial, antifungal, antiviral,
anti-inflammatory, hepato- and cardioprotective, chemopreventive, neuroprotec-
tive, anti-diabetic, gastroprotective, antihyperlipidemic, and antidepressant-like
activities, among others have gained interest to researchers and reviewed for
commercial exploitation [108, 109].

Condensed tannins (nonhydrolyzable tannin or proanthocyanidine) the larger
polyphenol groups with high molecular weight upto 30000D compounds, form
insoluble precipitates in aqueous solution and are the polymerization products
of monomeric flavan-3-ol or flavan-3,4-diol precursors (Figure 2c and d) [110]
which are joined through stable C-C bonds between C-4 and C-8 and between C-4
and C-6. Tannins are dynamically used in tanning of animal hides in the leather
processing industry since 1960s, the beginning of the industry due to interac-
tion and precipitation of the proteins [29], adhesive making (especially wood
adhesives), fisheries, beverages manufacturing, animal feed, biosourced foams,
wood preservatives, corrosion inhibitors, polyurethane surface coatings, epoxy
adhesives, binders for Teflon coatings, as mineral absorption and protein, as iron
gall ink production, adhesive production in wood-based industry, anti-corrosive
chemical production, uranium recovering from seawater, and removal of mercury
and methylmercury from solution. In continuum, tannins are also used as bioac-
tive molecules in nutrition science, 3D printing and biomedical devices [109, 111].
Their presence in natural vegetable material has prompted scientific community
for their industrial applications in many different ways. Since historical times their
traditional use has allowed their further use after diverse chemical modification
for various end use functionalized properties. The main inherent feature of the
tannins is due to the presence of phenolic structure similar to synthetic phenols.
Mostly the condensed tannins are polymers composed of falvan-3-ol monomers
and are mainly extracted from bark and wood for commericial purposes. Structural
diversity and functions of varied range of tannins are very well described elsewhere
in the literature [112-116]. Tannins are extracted from plant material by simple
methods. Nevertheless, there are various extraction processes were developed to
isolate the tannins for diverse applications. However, the extraction process remains
a challenge due to their heterogeneity character and compositions. Recently, vari-
ous extraction processes, technological applications and their pros and cons were
reviewed and appeared in leading scientific reports [117-119]. Due to similar tannin
structural properties as that of synthetic phenols, the basis of wood adhesives was
started in the middle of 1940s. The world first commercial wood adhesive credit
goes to Australia in the 1960s using Acacia mearnsii (black wattle) bark tannins. The
successes stories of producing tannin wood adhesive are continued till date with the
advancements. The other species used in producing commercial taanins are Pinus
radiate (radiate pine) bark [120].

Condensed tannins have been in industrial use for nearly 60 years as replace-
ment for phenolic resins for wood based panels with high resistance against
moisture and water as well as for boards with very low subsequent formaldehyde
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emission. Mimosa tannins, obtained from mimosa bark are usually well appreciated
for its functional properties for wood adhesives. A wider industrial usage of tannins
suffers from the limited availability of raw materials and high transportation costs.
Only South Africa is the only actual producer of mimosa tannins on industrial scale
[121]. Tannins react with formaldehyde the main crosslinker, and form hardened
and crosslinked structures, similar to synthetic phenolic resins. The methylene
bridges are formed between two tannin molecules. These methylene bridges are
resistant to environmental factors against hydrolysis due to the strong stability

of C-C bonds. Tannin-phenolic resin (tannin wt 40%) and sisal fibres (50 wt%)
thermoset adhesives were successfully prepared and met all the required standards
viz. Izod impact strength increased significatly. Further, it was also observed that
sisal fibres and the tannin-phenolic thermosets have close values of the dispersive
component and compatible interaction between the sisal fibres and the tannin—phe-
nolic matrix at the interface [122]. A new source of tannin was also reported as a by
product during catechin extraction process from a plant leaves (Uncaria gambier)
extract and the tannin-phenol-formaldehyde wood adhesive was successfully
prepared which met all the international standards [110]. Further, a new source

of fibres, obtained from Pinus roxburghii needles, was also utilized in preparation
of composites using phenolic resin adhesives [101]. Since, the early 1990s there

are several scientific reports and reviews pertaining to natural fibres and tannin
extracts from a natural sources viz. plants, agriculture wastes are available in the
literature [122-131].

5.2 Biocomposites from fibres using enzyme and lignin

The study of enzymatic systems to activate the cellulosic fibres is a green
alternative approach to other modifications for preparation of biocomposites and
very well scientifically studied in last four decades to improve the surface, chemical,
morphological and thermal properties of natural fibres as reinforcement materials.
The enzymes offer an inexpensive and ecofriendly attractive option to improve the
surfaces of natural fibres for composites.

Laccases (EC1.10.3.1) are multinuclear copper oxidases often called ‘blue’
oxidases that catalyze the oxidation of a wide range of susbstrates including phe-
nols. Fungal laccases (benzenediol:oxygen oxidoreductase, EC1.10.3.2) are obtained
from extractives of various fungal strains as an extracellular product. This enzyme
is produced extensively in higher plants and fungi. The enzyme is produced by dif-
ferent genera of ascomycetes [132-134]; deuteromycetes [135, 136] and mainly from
basidiomycetes [137]. The production and purification of biotechnological enzymes
have been reviewed extensively [138-145] due to its overwhelming response. The
first laccase was obtained from a Japanese lacquer tree (Rhus vernicifera), since
then new fungal laccases from Trametes versicolor, Polyporus pinsitus, Rhizocotonia
solani and from Ascomycetes Myceliophthora thermophila and Secytalidium ther-
mophilum etc. were obtained and studied extensively [142, 143, 145-159].

Commercially, laccases have been used for delignification of wood, production
of ethyl alcohol and identification of morphine and codeine etc. among the vari-
ous applications [142, 160-170]. Various delignification processes using fungi have
been developed by the scientific community successfully. These enzymes were
considered to be capable of Ca-Cp cleavage of the side chain of lignin models and
it was suggested that the enzymes participate in lignin degradation [171, 172]. The
white rot fungi especially basidiomycetes degrade lignin in natural system more
robustly than other organisms. They completely degrade lignin to carbon dioxide
and water. The lignin degradation by white rot fungi was extensively studied earlier
on Phanervochaete chrysoporium and Sporotrichum pulverulentum [173, 174]. The
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enzymes lignin peroxidase and manganese peroxidase were the first isolated from
the Phanerochaete chrysoporium fungus culture. Lignin peroxidase is capable of
ionizing non-phenolic aromatic substrates as an oxidizing peroxidase and produce
aryl cation radicals [175, 176], whereas, manganese peroxidase does not degrade the
non-phenolic parts of lignin in wood [177]. Further, it was observed that laccases
exhibit strong catalytic activity and biotechnological applications in the bleaching
of kraft pulp by depolymerising and solubilising lignin in the presence of mediator
compounds [168, 178-182]. These mediator compounds were called laccase mediator
systems (LMS). A number of possible mediator compounds have been searched and
described for enhancing the activity of enzymes but mostly the ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) and HBT (1-hydroxybenzotriazole)
(Figure 2e and f), a derivative of benzotriazole have been used as the mediator
systems [173, 183]. The oxidation of benzyl alcohols with ABTS* (Figures 3 and 4)
have been experimentally proved by [182-184]. The reaction mechanism of lignin
degradation with LMS is complex due to the complex nature of LMS and various
reactive centres on the lignin molecule. The simple reaction mechanism was postu-
lated by Freudenreich [185] on the non-phenolic lignin model compound, veratryl
alcohol and suggested a possible mechanism of delignification of residual lignin.
The scientific kinetic studies of veratryl alcohol and benzyl alcohols have also been
studied in laccase mediator systems [178, 184, 186, 187].

Laccases have been found to possess catalytic ability not only to degrade lignin
and in delignification process for applications in biobleaching process but also
observed as their involvement in the iz vivo lignin biosynthesis and possibly in lig-
nification woody tissues in higher plants [188-196]. The approach of oxidation and
polymerisation of lignin by the enzymes [161, 162, 197] was advanced to another
biotechnological application for compounded materials using wood fibres, lignin
and enzyme laccase. The high tensile strength of the woody system or biocomposites
is produced by the cellulose fibres and the pressure strength is produced by the
lignin matrix which is a cementing material polymerised in situ and held cellulose
fibres together resulting in high strength to the natural composites. Cellulose and
hemicelluloses (Figure 5a) are macromolecules composed of sugar molecules.
Cellulose is composed of only glucose molecules having p-1-4 linkage (Figure 5b),
whereas hemicelluloses composed of different sugar monomers aligned in a definite
fashion. Cellulose formation by a single glucose molecule in plant cell requires four
enzymes and biosynthesis of lignin composed of phenol units utilizes peroxidases
and phenoloxidases (Laccases) [198-201]. The monomeric units of lignin comprised
of coumaryl alcohol (H-lignin) present in grasses and agriculture crops, coniferyl
alcohol (G-lignin) present in all species, dominant in conifers and syringyl alcohol
(S-lignin) present in hard wood species up to 40% (Figure 6).

The production of composites emanates the same basic principle as the forma-
tion of natural wood: wood is processed and fragmented into fibres and small pieces
as per need of the required composites. Fibres, isolated from soft or hardwood,
fibre bearing species or agriculture wastes, are embedded into a matrix. The
matrix or binder may be a urea-formaldehyde, phenol-formaldehyde, resorcinol-
formaldehyde, isocynates or in a combination as per requirement of the composites.

0O, x Laccase x Mediatorqxx R-CH,OH

H,O Laccase_, Mediator R-CHO

Figure 3.
Laccase-catalyzed oxidation of veratryl alcohol in the presence of a mediator.
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The postulated theories of delignification of lignin, lignifications of woody tissues,
activation of the surface of fibres possessing lignin, by the peroxidases enzymes
have been successfully applied to prepare green biocomposites. The use of enzyme
for bonding in the wood was first suggested by Nimz [202]. In continuum, several
scientific communities have been engaged in producing biocomposites using laccase
peroxidase enzyme. Wood fibres are incubated for a certain time with phenoloxidas
laccase enzyme and lignin crust on the fibre surface gets activated and oxidized.
Activated fibres are compressed by operating standard operating conditions of pres-
sure, temperature etc, and binderless fibre boards may be prepared as per standards
[170, 200, 201, 203-207]. The utilization of peroxidases in production of biocom-
posites was also applied to fibres in last two decades [208]. Cellulose fiber enzyme
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(a) Schematic diagram of cellulose and hemicelluloses in cellulose microfibrils arrangement, blue lines:
cellulose; red line: hemicelluloses (b) Chemical Structure of cellulose.

composites [207], hemp fibre reinforced composites using enzyme and chelators
[209], polypropylene composites using abaca fibre [210], sisal fibre/phenolic resin
composites [211], laccase-treated kenaf fibre reinforced composites with polypro-
pylene and maleic anhydride grafted polypropylene as coupling agents [212], rubber
wood fibreboards [205], laccase-mediated grafting dodecyl gallate (DG) on the jute
fiber composites [213], banana/polypropylene composites [214, 215], coconut fibre
composites [216], natural fiber medium density fibreboard [217], jute polypropylene
composites [218, 219], flax fibre epoxy Composites [220, 221] were successfully pre-
pared and studied for increasing mechanical properties and interfacial adhesion of
the biocomposites. These all studies indicated that enzymes have the potential ability
to modify the surface properties of fibres as being utilized in production of biocom-
posites. The formation of biocomposites has been shown in graphical representation
(Figure 7) [163, 165, 200, 201, 203, 204, 222-225].

6. Opportunities and future perspectives

In this chapter, we have underlined and discussed the different sources of
natural fibres, their properties and the effect of treatments on natural fibres, etc.
and further their effective use as reinforcement for polymer composite materials.
Natural fibres are lucrative and worthwhile option for biocomposites. However,
limitations such as poor thermal stability, moisture absorption and poor compat-
ibility with polymeric matrices are challenges that need to be resolved.

There are a large number of fibres obtained from the natural resources; intrigu-
ingly only few of these fibres have been studied in detail for reinforcement of
bio-composite materials and other industrial and traditional applications. In the
present chapter popular natural fibres have been discussed as reinforced composites
materials with combination of synthetic and natural polymers as modified matrix.
Among the most popular natural fibres; flax, jute, hemp, sisal, ramie, and kenaf
fibres were extensively studied and employed in different applications as reinforced
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Figure 6.
Monomeric units of Lignin (a) Coumaryl alcohol (H-lignin) (b) Coniferyl alcohol (G-lignin) (c) Syringyl
alcohol (S-lignin).

materials. But due to environmental and economic concern other fibres from
natural resources such as pine, bagasse, pineapple leaf, coir, oil palm, banana, and
agriculture residues are acquiring interest for various value added applications due
to their inherent and diverse physical properties. Merits and demerits of the natural
fibres and their inherent properties mainly influence the mechanical properties of
bio-composites due to interfacial adhesion between the fibre and synthetic matrix.
Variability in natural fibres such as processing conditions, fibre diameter and
length, lumen diameter, presence of other compounds such as amount of lignin
and hemicelluloses needs to be standardising for the processing of particular fibres.
High qualities of fibres are required to increase the potential of fibres as reinforce-
ment materials. Maleated coupling agents are extensively used to enhance the
composites strength using fibre as reinforcement material. These agents are used as
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Graphical representation of Biocomposites.

couplers and bind synthetic matrix and functional surface of fibres and economi-
cal in processing. Further, using couplers the strength of fibres increased which
lead to increase interfacial adhesion between two dissimilar components. However,
maleated couplers illustrate superior performances with polypropylenes, polylactic
acid and other polyolefins etc. Further, scientific inputs are required to improve the
strength of biocomposites using maleated couplings by incorporating varied fibres.

The diverse ranges of fibres are required to investigate the quantification of
residual lignin on the fiber surface and optimization of fiber isolation parameters
since during the processing of fibres the amount of residual lignin may be differ-
ent to the fibres isolated from the same resource. Further, the constituents and
structure of lignin is also different in the fibres sourced material viz. soft and hard
woods and vegetable crops and agriculture residues. Therefore, proper attention
is required to investigate the activation of fibre surface and binder in the biocom-
posites similar to natural composites. In continuum, diverse range of appropriate
laccase mediator systems (LMS) needs attention for biocomposites.

Green composites may be a suitable alternative for petroleum-based synthetic
non-environment friendly materials by using enzymes especially ‘laccases’ one of
the most ancient and efficient enzymes with promising future applications. The
high reduction potential of laccases has led the vast industrial applicability, despite
this, laccase potentialities are not fully exploited due to large-scale production,
cost and efficiency. Systemetic progress has been made over the last three decades
to enhance the utilization of laccase enzyme for various biotechnological applica-
tions and it is expected that laccases will be able to compete with other processes
of bio-composites. Thus, scientific efforts are need of the hour in order to achieve
the economical production of the biocatalyst, development of optimum produc-
tion conditions like pH, temperature, medium composition and efficient mediator
systems and further utilization in lignin activation of fibres.

In view of the above discussion, the following activities may be expedient in
bio-composites development from natural resources.

* Identification and search of new fibres with better inherent properties and
compatibility to the synthetic matrices.
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* Agriculture residues consisting of sufficient amount of celluloses.

» Utilization of tannins and non toxic small aldehydes for making wood
adhesives.

* Search of coupling agents and other bonding agents.

* Efficient production of laccases and other biotechnological economical
enzymes from various fungal resources.

* Utilization of waste lignin from the paper industry and activation thereof
using enzymes for lignin celluloses complexes.

* Activation of lignin on the fibre surface to act as binder and enzyme mediator
systems to form efficient lignin cellulose complexes.

* Utilization of long and short fibres simultaneously to avoid voids for increasing
the compactness and stiffness of bio-composites.

* Lignin starch/celluloses complexes for biodegradable plastics.

* Fire and water proof green bio-composites using natural fibres for interior
design of automotive, aerospace and applications in construction industry.

* Utilization of laccases, celluloses, starches and lignin for various food grade
composites as an alternative to plastic.
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Chapter 3

Functionality Based Design of
Sustainable Bio-Composite

MD Rajbanul Akhond and Ahmed Sharif

Abstract

Bio-composites have diverse functional demands for many structural, electrical,
electronic, and medical applications. An expansion of the composite functionality
is achieved by manipulating the material and design scheme. Smart selection of
matrix-reinforcement combinations will lead to applications that have never even
been considered. Research holds a huge potential to create a wide variety of usable
materials by mixing different fillers and modifying the parameters. Apart from
selecting the polymer and the filler, the engineer will have to understand the com-
patibility of the polymer and the filler, dispersion, and bonding behavior making
the design of polymer nanocomposite a rather complex system. In this chapter, we
have tried to display different functional materials development pursuit.

Keywords: bio-composite, functional design, conductive polymer,
nanotube encapsulation, bioactive, biodegradable, food packaging, medical applications

1. Introduction

Biocomposite materials derived from biodegradable, renewable sources have
perceived substantial attention in current times, in particular due to the amplified
consciousness towards more environmentally sustainable technologies. In most of
the cases bio-composites offer weight reduction, supplemented capabilities (e.g.,
structural, electrical, electronic, and medical) and occupational health benefits.
These bio-composites have great potential for their use in electronic, automobile,
packaging, insulations and construction industries with a potential to disassociate
material costs from the fluctuating price of oil and energy.

2. Design with functionality approach

Addition of reinforcements to a bio-composite matrix does more than just
enhance on the properties of the composite but also imparts some other “unex-
pected” properties that can satisfy these requirements. For example, bio-composites
with conductive polymer matrices impart unique functional properties which
makes them useful for medical applications. On the other hand, use of clay nano-
tubes as reinforcement materials not only enhances mechanical properties but also
opens the way for surface topology enhancements resulting more unique applica-
tions. Moreover, smart choice of matrix-reinforcement combinations and under-
standing their surface interactions can result in applications never even thought
about. Such as, keeping both the in-situ surface interactions and interactions with
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the environment in the mind, choice of appropriate matrix-reinforcement combi-
nation can reward us with bio-degradable food packaging materials. This creates a
situation where the excellent design of bio-composites provides an extension of the
composite functionality. By combining the filler and manipulating the parameter
space, bio-composite research holds a vast possibility to produce a wide range of
functional materials with controllable properties. To illustrate functionality-based
designs, a few of the bio-composites that have been formulated with functional
properties are presented here.

2.1 Conductive polymer bio-composites

There is an emerging attention in the field of natural fiber fortified conductive
polymer combinations in numerous aspects of technical functions. Such attention
ascends from the fact that the natural fiber supported polymer matrix composites
show conjoined possessions of useful insulation and elevated degree of anticipated
mechanical strength that allows it to be magnificent structural provision for
conductors. Such exclusive characteristics allow these composite structures to be
exploited in broadened regions for instance terminals, connectors, switches, insula-
tors, printed circuit boards, industrial and house hold plugs, panels and so on
[1, 2]. Moreover, the dielectric features of materials greatly control the transfor-
mation of the electromagnetic energy toward heat [3]. At present, several textile
fibers and fabrics such as cotton, nylon, lycra, polyester, viscose rayon, and wool,
are being employed with technical polymers for diverse functions e.g. conductive
textiles, heating appliances, electro-magnetic interference, super-capacitor, shield-
ing and antimicrobial cloths and so on [4-6]. Nonetheless, conducting polymers
with receptive to electrical stimulation are competent to bio- functions such as
tissue scaffolds for the restoration or replacement of damaged or malfunctioning
tissues [7]. A graphic demonstration showing the significance of designing biomi-
metic conducting polymer-based materials is exhibited in Figure 1. A continuing
push to foster more bio-conforming and intrinsically ecological conductive polymer
types with various functionalization techniques are evolved for different possible
applications. Optimization of various properties (e.g., conductivity, roughness,
porosity, hydrophobicity and degradability) in combination with the attachment of
biological molecules have made the conductive polymers as a promising candidate

A -
.~ Biological Activity

~
Enzymatically or T
. Huydrolytically cleavable

Topological Properties

Figure 1.
Schematic illustration of the critical considered aspects for designing biomimetic conducting polymer-based
materials. Redvawn from [7].
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for biomedical applications. This binding of organic molecules can be conducted via
four key synthetic ways [8] (Figure 2). First process is adsorption where a solu-

tion of functionalizing chemical is put together with the synthesized polymer. The
organic molecules are attached to the polymer structure due to the stable contacts
with ionic interaction [9]. Secondly, engrossing the functional molecules within

the polymer matrix. The entrapment is usually carried out by combining the matrix
monomer and functionalizing chemical agent with the polymerization reaction
afterwards [10]. Thirdly, by cementing the biomolecules to the polymer matrix with
covalent bonding. In this case, functionalization of the polymer is more stable and
long-lasting [8]. Lastly by doping practice with a wide variety of charged molecules
for inducing the polymers to conductive character [8, 11]. The obvious benefit of
conductive polymers is their immense flexibility in terms of dopant selection for
proper functionalization to suit a particular usage [12]. Therefore, the fundamental
understanding of these dielectric properties is essential for various industrial
applications.

Conductive polymers have more extensive favorable circumstances over other
electro-active biomaterials (for example electrets, piezoelectric and photovoltaic
materials) according to electrical perspective [13]. They have astounding authority
over electrical stimulus, have a high conductivity to weight ratio, can have generally
excellent electrical just as optical properties, and can likewise add to making biode-
gradable, permeable, and biocompatible items [14-17]. Their physical, synthetic,
and electrical properties can be custom fitted for providing explicit necessities of
their applications and viewed as one of their exceptional focal points. This can be
possible by fusing antibodies, proteins and other organic moieties [14, 16, 18]. In
addition, such helpful properties of conductive polymers can be controlled, and
changed even after combination through incitement (for example using various
methods like electricity, light, pH and so forth.) [19-21].

Moleculego. /

Ions

Figure 2.
Methods of functionalizing conductive polymers: (a) physical absorption, (b) entrapping, (c) covalent bonding
and (d) exploiting the doping mechanism.
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Recently, their unexpected applications in functional papers just as packaging
industries have drawn exceptional consideration. A few investigations affirmed
critical need of utilizing such conductive polymers in electrical applications. Coated
paper with conducting properties can be utilized to produce anti-static and electro-
magnetic shielding papers, anti-bacterial papers, novel wall coverings and electrical
resistive heating papers [22-24]. Johnston’s group designed conducing paper using
natural strands and conductive polymers, where unbleached bagasse as well as rice
straw filaments were injected into polyaniline (PANi). Results demonstrated that
increased conductivity was achieved with the increase of PANi in the composite
[22]. Youssef et al. also architectured a composite system based on unbleached
cellulosic bagasse or rice straw fibers and PANi as conducting polymer by means of
emulsion polymerization. In this context, PANi was formulated with in situ polym-
erization via oxidative reaction with help of ammonium persulfate accompanied
with a specific quantity of emulsifier n-dodecylbenzenesulfonic acid (DBSA) and
dopant HCI. DBSA was used as emulsifier to catalyze the polymerization reaction
of aniline via cation-radical mechanism in the presence of unbleached pulp fibers
and also to increase the electrical conductivity of the formed PANi/pulp fiber
composites.

In addition, Pramila Devi’s group have studied the cure characteristics, thermal
and microwave properties, DC conductivity, and mechanical properties of both
natural rubber (NR)/polypyrrole and natural rubber/polypyrrole/polypyrrole-
coated short nylon fiber composite. The composites were designed by a two-step
process: in situ polymerization in NR latex followed by compounding in a two-roll
mill. It was noted that the natural rubber/polypyrrole composite’s DC conductivity
was only improved at very high polypyrrole load and a maximum conductivity of
8.3 x 10~* S/cm was reached at loading time of 100 phr [25].

In addition to this, Jabbour’s group developed conductive papers of graphite
particles (GPs)/ carbon fibers (CFs)/cellulose fibers (FBs) composites with low cost
of production, good mechanical properties, and tunable electrical conductivity.
Flexible GP/FB, CF/FB and GP/CF/FB composite papers with tunable conductivity
and good mechanical properties were obtained by means of a papermaking produc-
tion process. It was perceived that ultraviolet absorbance in UV-vis spectroscopy
amplified with adding Carboxymethyl cellulose [26].

In addition, effective current carrying passages were established across agglom-
erates or scattered nano-fillers [27]. It was also determined that resistivity varied
drastically with the distribution of carbon nanofiber into polycarbonate regulated
by sonication facilities.

In addition, conductive polymer with silk fiber bunch was effectively used in the
manufacturing of thread-fashioned electrodes. In this case, conductive polyelectro-
lyte, poly(3,4-ethylenedioxythiophene) -poly(styrene sulfonate) (PEDOT-PSS) and
silk bundle were amalgamated electrochemically to produce the electrodes. It has
been shown that the polymer composite has conductivity of 0.00117 S/cm. Adding
glycerol to the PEDOT-PSS silk thread has allowed the conductivity to increase
to 0.102 S/cm. It has also been stated that such biocompatible electrodes can be
implemented in both the biomedical and health promotion sectors [28].

Different research groups investigated the dielectric properties of composites
made from natural fibers with various polymers including the conductive ones.
Chicken feather fiber (CFF)/Epoxy composites’ electrical resistivity was found to
be two to four orders of magnitudes higher than that of E-glass fiber composites.
Composites with hybrid (CFF-E-glass/Epoxy) fibers were also found to typically
have a low dielectric constant value [29].

On the other hand, Xia and Lu fabricated highly conductive polymers with
composite silk fibroin fibers through in-situ polymerization. Polypyrrole/silk
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fibroin, polyaniline/silk fibroin, and poly3,4-ethylene-dioxythiophene/silk fibroin
composite fibroins were reported to exhibit differed conductivity in the range of
3.8-4.2x10", 0.9-1.2x107 and 4.9-5.2x10" Scm™, respectively. It has also
been exhibited that these composites confirmed better electrical and thermal
characteristics showing possibility of uses in textile and biological areas as novel
functional materials [30].

Gelfuso’s group also studied the electrical resistivity of composites based on
composites made from polypropylene/coconut fibers. They aimed to investigate the
electrical properties of low-cost and composites that are environmentally friendly
in order to enhance their implementation in industrial applications [31].

Moreover, W. Jia’s group researched and analyzed the electrical conductivity of
composites based on epoxy resin with polyaniline-dodecylbenzenesulfonic acid
(DBSA) fillers. They used both conductive filler PANI-DBSA in powder and paste
forming the composite with matrix polymer bisphenol, hydride hardener, and
epoxy resin as well as accelerator. Results showed a conductivity of the order 10~ at
high filler content [32].

In addition, Wang’s group had introduced the theory of percolation and its
principles by conducting experiments to study the effect of absorption of moisture
on electrical conductivity in natural plastic composites. It was confirmed that there
is no observable electrical conductivity in the dry natural fiber-reinforced polymer
composite. But electrical conductivity for the natural fiber composite was achieved
successfully after water submersion [33].

Moreover, there was investigation of the dielectric properties of date palm fiber/
epoxy composite where three relaxation processes were found. These processes were
primarily relaxation in the a mode, relaxation due to diffusion of carrier charges for
high temperatures above glass transition and low frequencies, and relaxation in the
interfaces or Maxwell -Wagner-Sillars relaxation [34-36].

Similarly, as a biodegradable material, conductive nanocomposite using poly-
pyrrole/dextrin was synthesized. The conductivity of the nanocomposites was
investigated using four probe methods and analyzed with 2,2-diphenyl-1-picryl-
hydrazyl assay (DPPH) for antioxidant activity. It was shown that by increasing
the polypyrrole in the matrix, both the conductivity and antioxidant activity have
improved. The nanocomposites were indicated to be considerably effective against
all such bacteria studied. It was also stated that composites in the range of 30.18-
74.52% degradation is biodegradable in the natural environment [37].

In addition, Pavlovié’s group studied the effects of electrical conductivity of
electrodeposited copper powder material filled into the lignocellulose matrix.
The conductivity measurements were shown to have S-shaped dependence with
a percolation transition from non-conductive to conductive region. The concen-
tration percolation threshold was reached at a copper fraction of 14.4% (v/v)
volume [38].

2.2 Clay nanotube encapsulation for functional bio-composites

Halloysite clay is a natural medium of tubules formed by rolled kaolin sheets.
Halloysite is alumosilicate and is chemically identical to kaolin although in some
position of aluminum usually, contains a small amount of metal ions replacing it.
Usually, 10-15 layers of alumosilicate roll into the cylinder and its wall packing
can be monitored with 0.72 nm X-ray reflection (001) for dry halloysite [39-42].
Halloysite tube surface is silica, and its innermost surface is alumina, having a good
negative zeta-potential of ca. -30 mV on the surface of the tube and + 25 mV on the
innermost tube in aqueous dispersions at standard pH. The diameter of the hal-
loysite tubes is 40-70 nm with an inner lumen diameter of 10-15 nm and a length
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Figure 3.
Scheme of tightening halloysite tube walls during heating dehydration (a). Aqueous dispersion TEM and dry
powder SEM images of halloysite from Dragon Mine, Utah, Applied Minerals Inc. (b—c). Redrawn from [43].

of 1500 + 500 nm (Figure 3) [42, 44, 45]. It is interesting that sonication leads to
the formation of halloysite-like tubes over a long time of kaolin aqueous dispersion,
although the concentration of the substance is very low and the tube shape is rather
poor [46].

In contrast with platy clays such as montmorillonite, kaolin and laponite packed
in larger crystallites, halloysite has an important advantage that these nanotubes
do not need exfoliation and can easily be dispersed in water or polar polymers.
Halloysite-water dispersion is stable for a few hours and can be re-dispersed with
quick shaking or brief sonication. It was proven that nano clay-tubes have a solid
interfacial characteristic with biopolymers (e.g., polysaccharides, polyamides) and
also with polar polymers (e.g., polyacrylates, epoxy, polyvinylchloride, polyethyl-
ene). Most importantly, these nanotubes can be incorporated into polymer matrix
with proper dispersion. These clay-based nanotubes develop a sort of “structural
framework” in bulk polymers which enhances the strength the composite. In addi-
tion, these “skeleton bones” can be filled with bioactive substances, such as loading
real bones with a marrow offering additional functionality. Halloysite is biocompat-
ible “green” material and its simple processing combined with low cost makes it a
prospect for polymeric composites in nano-architecture.

The straightforward application of clay nanotubes is their use in the modifica-
tion of biological devices’ surface topography, such as microfluidic devices, to
distinguish the circulating tumor cells from non-malignant. Halloysite nanotubes
functionalized with human selectin protein have been successfully used to isolate
myeloid leukemia from colon cancer cells [47]. The system was based on internal-
coated 300 pm glass tubes with P or E-selectin molecules and alternated with nega-
tively charged halloysite nanotubes with poly-L -lysine. Microscopic experiments
showed that halloysite nanotubes adapted to the glass surface greatly decreased the
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speed of rolling and increased the number of cells captured. Improving cell separa-
tion is caused by the increase in the total surface area following the immobilization
of clay nanotubes and the resulting increase in the amount of selectin molecules
responsible for the cell capture. In some other situations, the same method can be
used where we can pick a suitable molecular agent (i.e., antibodies, receptors, and
aptamers), and then exclusively remove the cells accordingly.

In addition, it was found that the nano clay tubes could be functionalized with
sensory stimulus molecules and could be stuffed with gradually liberating mol-
ecules, enhancing the coating functionality. It was also established that enriched
human dermal fibroblast addition on halloysite nanotube coatings which spread,
proliferate and sustain the cellular phenotype [48].

An emerging application of halloysite nanotubes in biomaterials is their use in
tissue and dental engineering scaffolds. Bottino’s group investigated the manufac-
ture of three-dimensional endodontic regenerative scaffolds based on electro spun
polymers doped with halloysite nanotubes. Nanotubes were found predominantly
inside the polydioxanone fibers and allowed an increase in the diameter of the fiber.
Halloysite addition also impacted the mechanical properties of scaffolds. It has been
shown that fibroblast cells derived from human dental pulp exhibited the usual
proliferation rate, indicating high biocompatibility of polymer scaffolds doped with
electro spun halloysite [49].

Liu’s group have used the idea of using halloysite nanotubes as dopants in
the fabrication of chitosan-based tissue engineering scaffolds. Nanocomposite
halloysite-doped scaffolds demonstrated the enhanced mechanical and thermal
properties of compressive power, compressive assembly, and temperature stability
compared to pure chitosan scaffolds. Human fibroblasts had effectively colonized
these scaffolds [50].

Another fascinating field of research is the tailoring of nanomaterials to cell
surfaces that enables living microbial cells to make new functionalities. Max
Planck Institute’s team led by Helmuth Méhwald proposed layer-by-layer (LbL)
encapsulation of biological cells and it was first demonstrated for surface modifica-
tion of Escherichia coli bacteria and erythrocytes (red blood cells) [51, 52]. These
so-called “cyborg cells” have recently become a common and promising biomaterial
for composites [53-58]. For example, living cells can be anchored with surface-
attached magnetic nanoparticles by means of micro-capsules that enable in vitro
manipulation through a magnetic field. Halloysite nanotubes were also immobilized
on microbial cell walls by LbL deposition with opposite charged polymers [54, 58].

Halloysite-coated cells can be used as adaptable patterns for the manufacture of
hollow inorganic microcapsules by calcination.; On the other hand, the fascinating
uses are anticipated from live cells carrying a vehicle of halloysite nanotubes packed
with different ingredients in advance of the confinement process. These “nanocar-
rier” cells could be considered as an active composite structure that provides a load
of nutrients, defensive antibodies or biocides, DNA, and enzymes for the cells. For
example, the extended release of glucose loaded into halloysite nanotubes immobi-
lized on yeast cells has been demonstrated as a proof of principle [57].

2.3 Functional bio-composites for food packaging

Packaging must ensure its fundamental function as container and food damage
against physical damage, by displaying adequate mechanical properties, but also by
regulating the properties of mass transfer to restrict food degradation reactions. It
has been shown that lignocellulosic fibers frequently act as defects that affect both
mechanical and permeability properties, degrading the former and increasing the
latter. Increasing material permeability by choosing the right formulation seems to
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be a valuable approach, especially for the packaging of respiring products such as
fruit and vegetables.

Mechanical properties for multiple combinations of bioplastics and lignocel-
lulose fibers were widely explored and published. Despite the value of the proper-
ties of mass transit, however, the state of information on this subject remains very
weak. Clearly, a need for fundamental research turned towards full-bio-composites
emerges from this context, by developing understanding and modeling methods
capable of considering the entire intricacy of the systems. The present blockages are
the deficiency of proper know-how on the underlying characteristics of vegetable
yarns in mass transfer and the function of the interphase between the fiber and
matrix. Because of the high complexity of vegetable fibers and their vulnerability to
ecological surroundings (e.g., humidity, temperature), the assessment of numeri-
cal physical factors that could be additionally exploited in standards continues a
challenge. Lastly, owing to the great variety, heterogeneity, and sophistication of
raw constituents, we are presented with a multitude of systems and composite
structures. Thus, the overall performance of complete bio-composites is very
system-dependent, which makes the design of packaging materials with a reverse
engineering approach difficult. To overcome this bottleneck, a few main parameters
showing key effects of overall functional properties required to be established.

The key parameters evoked for regulating water vapor permeability (WVP)
include fiber content and size, fiber/matrix adhesion, and matrix crystallinity and
plasticization [59, 60]. In principle, assuming fibers are impermeable and well
distributed in the matrix, WVP is likely to decrease due to tortuosity effect. In fact,
lignocellulosic fibers are not impermeable. Thus, in most cases the composite WVP
increased with the addition of fiber. Thus, the hygroscopic fiber character should
be added to the list of the key parameters that govern WVP. Owing to aggregation
and percolation phenomena WVP will increase. For small fibers and/or weak fiber/
matrix adhesion the first one may occur. Weak adhesion of the fiber/matrix would
also create voids in the polymers which could allow the transport of water molecules
across these regions [61].

Shortly afterwards agglomeration, percolation will appear for higher fiber
content and also, more likely, for higher fiber size. WVP will also increase due to
areduction in the crystallinity of the matrix and/or plasticization of the matrix
caused by the addition of fiber.

Sonia and Dasan examined cellulose microfibers (CMF)/poly (ethylene-co-vinyl
acetate) (EVA) with the amount of up to 13 wt.% of fiber. The introduction of low
fiber content (up to 5 wt.%) resulted in an improvement in the barrier properties,
while over this limit value, the 200 mm fibers induced an increase in oxygen perme-
ability through the materials [62].

Valdés Garcia’s group studied a composite in a poly (b-caprolactone) matrix,
based on almond skin residues. Since composites produced 10, 20, and 30 wt.% of
50 mm fibers, no information is given on low fiber content, and the oxygen transfer
rate (OTR) showed the same evolution as Sonia and Dasan observed for highest
fiber loads. In all cases, the introduction of fiber increased OTR, with a 5-times rise
in the fiber content at 30 wt.%. On the contrary, Valdés Garcia’s group, measuring
10, 20, and 30 wt.% of almond skin residue content in PCL, observed a steady
increase in WVP, although no major differences were noticed for smooth PCL and
10% composite PCL (p > 0.05). Such findings were due solely to fiber agglomera-
tion that caused reduction in the homogeneity and cohesion of the matrix [62, 63].

Ludueiia’s group also reported a rise in WVP with content of cotton-based fibers
(0,.5, and 15 wt.%) in PCL, but also assessed the effect of size of fibers. There is
a competitive influence between the size of fibers and their water-related affin-
ity, thus with the matrix. The smallest type of fiber (0.20 mm), being the most
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hydrophilic form, increases WVP composites almost to the same degree as the
longest fibers (59 mm), while the medium size fiber (9.1 mm), the most hydropho-
bic, retains WVP composite at the same level as pure PCL [60].

2.4 Functional bio-composites for medical application

The bio-composites nowadays emanate with superior biocompatibility which
perform in contemporaneous manner with the body. The architecture of these
biocomposite materials is designed in such a manner that some exceptional charac-
teristics are evolved eventually.

A combination of hydroxy apatite (HA) layer with high-density polyethylene
(HDPE) as a substitution material for bone has been designed and commercial-
ized as HAPEXTM [64-70]. In these cases, the span of HA was selected between
20 to 40 volume%. Recently, bone graft consisted of demineralized bone powder
between two collagen layers was fostered and exhibited cell migration both in Vitro
and in vivo investigation [71]. In another development, hydroxyapatite and a PEG/
PBT (polyethylene glycol and poly-butylene terephthalate) block copolymer com-
posites were designed with enhanced chemical linkages by using hexamethylene
diisocyanate as a coupling agent. They showed that the HA particles in conjunction
with polymeric matrix with covalent bonding helps in achieving bone
replacement [72].

A complicated bilayer coating of graphene oxide (GO) and Poly
(e-caprolactone) (PCL)/Gelatin-forsterite nanofibers on 316 L stainless steel
(SS) were developed and ultimately it showed increased suitability as orthopedic
implant with improved corrosion resistance of SS [73]. However, toxicity of metallic
materials is still remained as a major concern for health safety. In this connection,
the biocompatibility of the scaffolds was enhanced by designing new nanocompos-
ite system with the activation of functionalized multi-walled carbon nanotubes,
kappa-carrageenan, and chitosan in hydroxyapatite (MHAp) [74].

The pursuit for targeted and coordinated drug release achieved a new dimension
with the manipulation of composite structure. Nanocomposites of N-isopropyl
acrylamide (NIPAAm) hydrogel with magnetic nano iron oxide particles was
formulated for the pulsatile drug delivery system. By alternating the high frequency
magnetic field, the heat generation in nanocomposites was controlled to regulate
the swelling transition of the hydrogel [75, 76]. For another instance, nanocompos-
ites of paclitaxel were organized using poly- (D,L-lactide-co-glycolide)/montmoril
lonite (PLGA/MMT) nanoparticles decorated by human epidermal growth factor
receptor-2 (HER2) antibody were designed for targeted chemotherapy treatment.
The NP formulation exhibited a biphasic drug release with a moderate initial burst
followed by a sustained release profile. The surface decoration speeded the drug
release. PLGA-MMT demonstrated increased cellular uptake by CaCo-2 and HT-29
cells [771].

With the development of biocomposite technology, there are various types
of dressings for different wounds were studied for better wound healing.
Consequently, many therapeutic dressings with different architecture with diverse
activity have materialized and employed medically, such as natural dressings, syn-
thetic dressings, medical dressings, and tissue engineering dressing. A promising
bio-nanocomposite from nanocellulose (NC), poly(vinyl pyrrolidone) (PVP), and
chitosan was fabricated by solution casting method for in vitro wound dressings
[78]. The solution blended PVP and chitosan mixer formed a biocompatible com-
bination with nanocellulose particles via hydrogen bonding. The nanocomposite
showed enhanced swelling, blood compatibility and antibacterial activity. Recently,
Kamel’s group have fabricated distinctive biocomposite membranes from banana
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peel nano powder (BPnP) reinforcement in chitosan matrix. In this structure,
glycerol was added as plasticizer and crosslinker to the membranes. It was found
that the swelling properties of chitosan were reduced with the incorporation of
BPnP. Furthermore, the results also showed that chitosan/BPnP membranes have a
collaborative action with the highest activity at 10 wt% of BPnP loading [79].

3. Conclusions

In this chapter we have tried to show the usefulness of functional design con-
cepts through variety of biocomposites design ideas and processes found in the
literature. To devise a biocomposite with the expected functionality, it is indispens-
able to comprehend the meticulous effect of size, shape, volume fraction, orienta-
tion, distribution of filler and its compatibility with matrix. Additionally, grasping
the interaction among these aspects is vital for fruitful design of biocomposites.
Also cost, environmental requirements, weight, complexity and processing are the
key drivers that should influence the design of biocomposites. Often, the priority of
the design drivers will determine the optimum design. Consequently, this chapter
has illuminated the development attained by scientists in engineering biocompos-
ites with different functionality.
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Chapter 4

Biopolymer: A Novel Bioexcipient

Sushant Kumar, Swarnima Pandey and NV Satheesh Madhav

Abstract

Polymers are the key material in design of drug delivery systems. These have
been shown as the spine for drug development process. These accept an essential
part in rising of novel drug delivery systems to crush different intricacies in drug
delivery. These are used for controlling the appearance of the drug in needed
manner. The hydrophilic and lipophilic polymers are the most ideal choice for
getting the ideal conveyance in controlled, manner at the target sites. Isolated of
this, these fabricated and semisynthetic polymers are made by different chemi-
cal reactions and purification measures. Since these are prepared by different
unit operations which are costly. By and by days different investigates are being
examined for avoiding the characteristic, physiological and reasonable issues
related with the synthetic and semisynthetic polymers. So an alternative rather
than synthetic and semisynthetic polymers are being investigated having inter-
est, probability, and any leftover benefits with least troublesome ramifications
for environment and physiology of the people. One of the alternatives as opposed
to designed and semisynthetic polymers is biopolymers which have pulled in
the thought of researchers by using an economical procedures. Biopolymers
are novel, adroit and sharp polymers which have been confined from various
basic sources. Biopolymers isolated from natural sources might be utilized as
novel excipients having a polymeric nature. These isolated biopolymers have
superb bioretardant, bio stabilizer, and mucoadhesive properties. These have
the brilliant film-framing capacity and biocompatibility properties. The isolated
bio-polymers have great drug release rate controlling capacities. Since these are
biodegradable and might be utilized as an option in contrast to standard manu-
factured synthetic and semisynthetic polymers. The isolated biopolymer shows
critical biodegradable, mucoadhesive, filmability, and retardability properties
which are like properties of standard polymers, may be the alternative in design
of novel drug delivery system design.

Keywords: Natural sources, Biomaterials, Biodegradable, Biocompatible,
bioretardant, bioadhesive, biostabilizer

1. Introduction

Biocomposites are natural fiber-reinforced biopolymers. Researchers are
developing these materials as an alternative to standard materials which will be
nonrenewable, recalcitrant, or manufactured by pollution emitting processes.
Biocomposites consist of a large variety of organic and inorganic compounds such
as natural polymers, synthetic polymers, polysaccharides, sugars proteins, metals,
and nanocarbon. While industrial-scale production of biocomposites is becoming
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more viable, the sturdiness of those natural materials limits application in many
environments. Biocomposites have been described as sustainable materials because
of their biodegradability, low ecotoxicity.

2. Biopolymers

Biopolymers [1] isolated from natural sources may be used as novel excipients
having a polymeric nature. These isolated biopolymers have excellent bioretardant,
bio stabilizer, and mucoadhesive properties. It has the excellent film-forming abil-
ity, and bio-stability properties [2]. The isolated bio-polymers have excellent drug
release rate controlling abilities. Since these are natural and edible, they are biode-
gradable and may be used as an alternative to standard synthetic and semi-synthetic
polymers [3]. The isolated biopolymer shows significant biodegradable, mucoad-
hesive, filmability, and retardability properties which are similar to properties of
synthetic standard polymers [4]. They have most of the novel properties which can
be safely used for drug delivery. The biopolymers are isolated from natural sources
[5] which are economical. The synthetic polymers are prepared by using the dif-
ferent chemical treatment which has many harmful effects. The biopolymers have
unique novel properties [6]. The biopolymers may be used for controlling the drug
release in a sustained way, controlled way, extended way, prolonged way and thus
are used as drug carrier bioexcipients [7]. Since they are having a natural origin
and biodegradable in nature can be sued for minimizing the unwanted effects with
synthetic polymers [8-10].

3. Advantages of novel biopolymer
1. Biodegradable
2.Biocompatible
3. Excellent bioretardant property
4.Biostabilizer
5.Excellent bioretardant
6. Natural
7.Economical
8.Environmental friendly
9.Excellent filmability
10.Excellent filmability
3.1 Bionanoparticles as novel nanoparticulate system
Bionanoparticles are the nanoparticles that are prepared by using the novel

biocompatible and biodegradable biopolymers. We can use the novel polymeric
properties in developing the bio-nano particles for targeting the drug to the brain
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via the blood-brain barrier in an easy way. The bio nanoparticles may release the
drug to the target insignificant amount. The bio nanoparticles are stable and their
excellent release rate controlling properties makes it novel [11, 12].

3.2 Novel sonication method for nanoparticles preparation

The bionanosuspension can be prepared by a novel method called the sonication
method [13]. In this method, the biopolymer as bio stabilizer cum bioretardant
was mixed with other ingredients like a preservative, surface active agent like PVA,
nanosizent with the distilled water to make a well-dispersed suspension [14]. Then
the mixture was subjected to bath sonication for 10-15 cycles to formulate the
nanosized drug-loaded bionanosuspension [15].

3.3 Evaluation parameters for biopolymeric nanoformulation

A never of evaluation parameters can be performed for the prepared nano-
suspension as well as bionanosuspension. The different parameters which should
be considered are particle size, particle size distribution, zeta potential, particle
morphology [16], dissolution study, stability study, dispersibility, % entrapment
efficacy, and in vivo study [13].

The analysis of mean particle size and particle size distribution is an important
parameter that defines the stability of the bionanosuspension. Nowadays the par-
ticle size and stability parameters can be evaluated by the Malvern zeta sizer. The
zeta particle size gives an idea about the particle size and a particle size distribution
gives an idea about the state of dispersed particle size, any agglomeration, precipita-
tion or any lump is there.

Particle morphology and state of crystallinity is a parameter that gives an idea
about for understanding any changes in drug morphology or structure on nanosiz-
ing. The amorphous drug-loaded nanoparticles can be characterized in the nano-
suspension as well as bionanosuspension. This can be evaluated by x-ray powder
extraction, scanning electron microscopy (SEM) characterization, transmission
electron microscopy (TEM) characterization. Differential Scanning Calorimetry
(DSC) is also another method for characterizing crystallinity [16].

Zeta potential measurement is another parameter for the evaluation of the parti-
cle surface charge which defines the stability of the nanosuspension as well as bion-
anosuspension. Zetasizer can be used for the measurement of the zeta potential. A
minimum of +30MV is generally required for the stability of nanosuspension.

The stability of nanosuspension or bionanosuspension evaluation is very impor-
tant for the preparation of well-dispersed bionanosuspension. As the particle size is
reduced to the nano range, the surface energy is increased and the increased surface
energy may lead to the instability of nanosuspension as well as bionanosuspension.

So the uniform particle size distribution leads to the stability of nanosuspension
as well as bionanosuspension.

3.4 Advantages of biopolymeric bionanoformulations over other formulations

1. Improved stability of bionanosuspension because of inbuilt properties of
biopolymers.

2.Maximum drug entrapment efficacy can be obtained by designing bionano-
suspension.

3. Biocompatible.
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4. Biostabilizing activity.
5.Desired nanoparticles size can be prepared to cross BBB.
6. Suitable for brain targeting through ear route administration.
7.Enhanced bioavailability.
8.Drug may be released in a retardant manner.
9. Dose reduction to many folds because of longer residence.
10. Enhanced solubility of the drug.
11. Reduction of systemic toxicity.
12. Biodegradable.
3.5 Limitations of bionanoformulations
1. Stability is a big challenge for the nanosuspension for long-term storage.
2. Storage at a specified temperature.
3.Rate of sedimentation of particles during long term storage.
4. Precipitation issues during storage.
5. Accurate dose administration in form of nanosuspension.
3.6 Researches on biopolymer

Umashanker et al, NVS et al have isolated biopolymer from testa of Lallamantia
royalena (Labiatae) and ready mucoadhesive biomaterial. Biopolymer was isolated
by non-solvent technique. Mucoadhesivity of the biomaterial was decided by
Park and Robinson and the rotating method. Spectrophotometric methods like
UV, IR, TLC were conducted. The biomucoahesivity of the isolated biopolymer
was confirmed by the IR method. In vitro and ex vivo evaluation was also con-
ducted. Kala Shivani, NVS et al have formulated and evaluated bio micro dwarfs
of nimesulide by isolating biomaterial from the rhizomes of (Zingiber Officinalis)
common ginger. A simplified method was used for the isolation of biopolymer.

IR characterization was administered for confirming the retardant activity of the
biopolymer. In vitro studies, entrapment efficiency, and particle size analysis was
also conducted. Tangri, Madhav [17] have isolated biomucoresident from the fruit
pulp of Artocarpus heterophyllus commonly known as jackfruit (Moraceae), and
formulated zidovudine loaded bio micro dwarfs. Particle size analysis, content
uniformity, and IN-VITRO studies were conducted.IR spectrophotometry was also
performed which confirmed the muco resident activity of the biomaterial. Muco
retentive study was performed in the Novel Madhav Shankar study apparatus.
Bisht, Upadhyay [18] have prepared polyherbal formulation for the treatment of
dyslipidemia. Various sources from which polyherbal formulation was prepared are
Picorrhiza kurroa, Emblica Officinalis, Syzygium cumini, Trachyspermum Ammi,
Musa paradisiacal, Terminalia arjuna, pistachio, common ginger, onion, burn plant,
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Eugenia caryophyllus, cereal oat. Various tests that were conducted for the evalua-
tion of the formulation are organoleptic, Physico-chemical investigation, viscosity,
surface tension, and crude fat content.

Ojha, Madhav [10] have isolated biomaterial from the fruit pulp of Phoenix
dactylifera commonly called date palm, and evaluated its mucoadhesivity.IR
spectrophotometric was performed for confirmation of the mucoadhesive nature of
the biopolymer. Other tests like acute toxicity studies were performed for 14 days on
rats. The shear stress method and rotating cylinder method was used for evaluating
the mucoadhesive nature of the biopolymer.

Yadav, Madhv, [19] have formulated rosiglitazone bio strips for targeting trans
labial drug delivery [4]. Authors have isolated biomaterial from the pulp of jackfruit
(Moraceae) by the simplified economical process. Folding endurance, Thickness,
content uniformity tests were conducted for evaluated various parameters of the
prepared formulation. In-vitro drug release and stability study was conducted of
the bio lip strips. Bansal Abhishek, NVS, Sharma [20] have isolated biopolymer
having bio emulgent activity from the fruit pulp of Prunus institica and formulated
o/w sort of emulsion. The prepared emulsion was compared with a simple emulsion
having acacia as an emulsifier. Various other evaluation tests conducted are FTIR,
DSC, HPLC, INVITRO drug release study. Varshney Sugandha [21] isolated bio-
polymer from the fruit pulp of Manilkara zapota and ready bio flexy films having
nanosized tiagabine as a model drug. The biopolymer which was isolated from the
fruit pulp of Manilkara zapota was used on the soft palatal surface due to its biode-
gradable, biocompatible, and non-irritant in nature. Spectrophotometric tests that
were conducted are UV, SEM, IR, colorimetry. For the evaluation of prepared bio
flex films following tests were conducted folding endurance, thickness, INVITRO
drug release study.

Varshney [21] isolated a unique biopolymer from the pulp of Solano melongena
and formulated bio flexy films using nanosized tiagabine as a model drug.. The
biopolymer which was isolated from the fruit pulp of eggplant was used on the soft
palatal surface due to its biodegradable, bio-compatible and non-irritant. Particle
size analysis was through with zeta potential. Other spectrophotometric tests that
were processed are UV, IR, SEM, NMR. For the prepared bio flexy films following
tests were conducted folding endurance, thickness, INVITRO drug release study,
weight uniformity test. Varshney [22] isolated unique biopolymer from the pulp of
Ananas Cosmoses and formulated bio flexy films loaded with nanosized tiagabine
as amodel drug. The prepared bio flexy films were used for targeting taste bud drug
delivery and therefore the biopolymer incorporated in formulation had biodegrad-
able, biocompatible nature. Solvent casting technique was used for preparation
for bio flexy films. Spectrophotometric tests that were conducted are FTIR, NMR,
UV, IR, colorimetry. Other tests were conducted are muco retention time, folding
endurance, weight uniformity test, thickness, swelling percentage study.

Varshney [23] isolated a unique biopolymer from the seed of pepper and ready
bio flexy films to tend through taste bud drug delivery. In the prepared bio flexy
films the isolated biopolymer was used as film former and therefore the bio flexy
films were used for the treatment of epilepsy. Spectrophotometric tests conducted
were FTIR, UV, NMR, DSC, Colorimetry. For the evaluation of prepared bio flexy
films muco retention, mucoadhesion, folding endurance, thickness, content unifor-
mity, IN VITRO drug release study.

Sugandha [24] had isolated a unique biopolymer from the petals of Rosa
Polyantha and used the biopolymer to organize bio-flexy films for taste bud drug
delivery. Within the bio, flexy films nano- sized Tiagabine was used as the model
drug. The isolated biopolymer had inbuilt filmability, biodegradable nature,
biocompatible, mucoadhesive nature, so it is often used soft palatal surface.
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Tests like DSC, UV, ZETA SIZING, Colorimetry was performed. The shear stress
method was used for evaluating the muco adhesivity of the biopolymer. Prepared
bio flexy films were evaluated for tests like thickness, folding endurance, content
uniformity, mucoadhesion, EX VIVO retention study, cell line toxicity studies.
Raina and Madhav [25]. Isolated biopolymer from the berries of pepper and ready
bionanosuspension using escitalopram as a drug for brain targeting through the ear.
Biopolymer isolated from pepper was used as a bio retardant within the bionano-
suspension. Formulations were subjected to varied tests like pH, content unifor-
mity, release study, and EXVIVO study. Raina Deepika et al. [26, 27] had isolated
biopolymer from the kernels of almond and used the isolated biopolymer for
preparing bionanogel loaded with chlorpromazine for brain targeting via the nose.
Prepared nanoparticles were evaluated for drug content uniformity, entrapment
efficiency, IN —-VITRO, muco -adhesivity, SEM, and IR. Mala et al [28] isolated
biopolymer from Cucumis sativus (cucumber) and used the isolated bioexcipient
with cefuroxime to organize bionanogel for the treatment of encephalitis [29]. The
isolated biopolymer was characterized by drug-polymer interaction study, Physico-
chemical characterization, and acute toxicity study. The prepared bio nanoparticles
were subjected to various evaluation tests like pH study, Viscosity, entrapment
efficiency, IN VITRO release, in vivo release, and stability study. Kirti Singh et al
[30] performed the isolation of biopolymer from the roots of Rosa centifolia and
vinifera and prepared terbinafine loaded bioadhesive layers for the treatment of
nail disease onychomycosis. Within the formulation, Beta Vulgaricus was used as

a bio penetrant. The formulated films were evaluated for various parameters like
nail adhesivity, folding endurance, thickness, content uniformity, and IN VITRO
drug permeation and stability studies. Kirti Singh et al [31] prepared bio flexy films
containing atorvastatin as model drug and biopolymer isolated from Tapioca Sago.
For the evaluation of biopolymer following tests were conducted UV, IR. The pre-
pared bio flexy films were evaluated for parameters like weight, thickness, content
uniformity, folding endurance, IN VITRO drug permeation, and surface Ph. Yogita
Tyagi, et al [15] performed a search work on the preparation of aripiprazole loaded
bionanogel containing bio retardant isolated from the bark of Cinnamomum verum.
Prepared bio-nano gels were targeted for the brain targeting through layers of skin
meninges, transcranial nerves. For the evaluation of prepared bionanogel follow-
ing tests were administered ph measurement, IN VITRO drug release, and texture,
spreadability, and a couple of entrapment efficacy and stability studies. NVS,
Yogita Tyagi et al [32] developed bionanogel containing nanosized aripiprazole for
brain targeting. The biopolymer used as a bioretardant and bio stabilizer within

the nanogel was isolated from Pudina (Mentha arvensis). Isolated biopolymer was
evaluated spectrophotometrically by IR and UV. Following tests were performed
ph measurement, surface pH study, texture, spreadability, % entrapment efficacy,
and IN VITRO drug release. Singh Bhavana et al [33] conducted a search study for
the preparation of bio flex films containing Venlafaxine drug for the treatment of
depression. For the preparation of bio Flexi films, biopolymer was isolated from the
fruits of Luffa acutangula(angled loofah). Various physicochemical tests were con-
ducted for the evaluation of biopolymers like color, solubility, and chemical tests.
Different batches of bio flexy films were evaluated for IN VITRO and in vivo drug
release, folding endurance, thickness. Bioflexy films were successful in sustaining
the drug release so it is often concluded that biopolymer isolated from angled loofah
has promising inbuilt mucoadhesive nature. Tyagi and Madhav [34] developed
bionanosuspension having biopolymer which is isolated from seeds of Buchanania
lanzan (Chironzi). In the bionanosuspension, the isolated biopolymer was used

as a bioemulgent. Prepared bionanosuspension was used for the treatment of
depression and its safety and compatibility were proved through various evaluation
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tests. For the characterization of biopolymer various spectrophotometric tests like
DSC, UV, IR, SEM, and NMR were used. Bionanosuspensions was evaluated with
the assistance of Particle size distribution studies, IN VITRO release, pH stability
studies. Tyagi and Madhav [13] developed bio nanosuspension of fluvoxamine for
the management of depression. The bio nanosuspension was incorporated with
the novel biopolymer Santalum album (sandalwood tree) and it had been designed
for ophthalmic delivery of the drug. Isolated biopolymer from solvent evaporation
method was subjected to varied spectrophotometric tests like IR, DSC, SEM; AND
NMR. Prepared bionanosuspension was evaluated for various evaluation tests like
particle size, zeta potential, entrapment efficacy, IN VITRO drug release, stabil-
ity studies. Ophthalmic delivery of fluvoxamine was proved to be the novelistic
approach for the treatment of depression.

Madhav [35] stated that a novel biopolymeric the material can be used to
prepare drug-loaded biomicrodwarfs from Arachis hypogea seeds. The goal
was to produce a product with a significant processing advantage that satisfies
pharmaceutical formulators in scale-up processes. The biopolymer was isolated
and characterized for its capability and efficacy to control the release of the drug.
Gupta et al. [36] have reported a method for isolation of a novel biodispersant
from the seeds of Cicero arietinum and formulation of Escitalopram granules
containing bio-dispersant. Bio-dispersant was isolated by the treatment of the
extract from seeds of Cicer arietinum with double distilled water and with ethanol
and the bio-dispersant was collected and further analyzed for physicochemical
properties like color, odor, particle size, shape, solubility, and IR spectral studies.
The preparation of Escitalopram, granules were done using drug, lactose, bio-
dispersant, bio-binder, and other processing agents. We have prepared six different
formulations with varying bio-dispersant concentration and bio-binder concen-
trations. Tangri et al., [37] detailed a method for the formulation and evaluation
of sustained-release tablets of atorvastatin by utilizing the biomaterial as a novel
binder for the formulation of tablets. For the isolation of biomaterial unripe fruit
pulp of Artocarpus heterophyllus was taken and the process of isolation used was
simplified economic process. The extracted biomaterial was subjected for vari-
ous physical and chemical parameters like color, color changing point, chemical
tests, and L.R. spectral study. Various formulation additives were used to prepare
Ibuprofen sustained-release tablets. The three atorvastatin-loaded formulations
(FA1-FA3) were prepared by using different drug-polymer ratios of 1:1, 1:3, 1:5,
and other excipients like starch, talc, and lactose as diluents. Erasmus et al. [38]
reported that cereal grains can also be used as an agricultural raw material rich in
several biopolymers. Cereal grains contain major biopolymers like starch, protein,
non-starch polysaccharides, and lipids. Dry milling, wet milling, or a combination
of both can be used for the primary extraction of the biopolymers. The grain is
separated into its anatomical components by conventional dry milling. Anatomical
components can be enriched in certain biopolymers like endosperm flour consist
of approximately 80% starch. Madhav et al. [39] described the novel biomaterial
from the unripe fruit pulp of Artocarpus heterophyllus and the evaluation of its
bio-emulsifying ability by the formulation of escitalopram loaded emulsions. The
isolation of biomaterial was done from the unripe fruit pulp of Artocarpus hetero-
phyllus by the simple and economic process. It was subjected to various Physico-
chemical parameters like color, color changing point, different chemical tests, and
LR. spectral study. Four drug-loaded emulsions were formulated (AH1-AH4) by
using varying ratios of the biomaterial. Escitalopram was used as a model drug
for the formulation of emulsions. Evaluation parameters like globule size, pH, the
effect of centrifugation, viscosity, surface tension, creaming, freezing and thaw-
ing cycles, and in-vitro release were conducted on the formulated emulsions. The
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presence of saturated hydrocarbons, aromatic ring secondary, and tertiary alcohol
groups was reported in the IR spectra of the isolated biomaterial. Singh [40]
described the various components involved in pharmaceutical formulation devel-
opment apart from active pharmaceutical ingredients. In recent years, the core area
of research in pharmaceutical drug delivery is the excipient development because
of its effect on the formulation designing development and targeted drug delivery
process in various ways. Because of their low toxicity, biodegradability, stability
and renewable nature biopolymers have become the choice of research as excipi-
ents. In this review, some of the most commonly used biopolymers as excipients in
pharmaceutical drug delivery systems designing have been discussed. Velde et al.
[41] described that to know the most suitable matrix polymer, before starting the
designing it is very important to know the properties of the available polymers.

It was reviewed to give information on the most suitable property of a range of
biodegradable polymers. Since the data are widely scattered over many sources and
are very scarce compared to the conventional polymer. Data were presented mostly
as ranges as well as in graphs for quick comparison reasons. One specific applica-
tion, thermoplastic pultrusion with flax as reinforcement has been also studied.
Singh et al. [42] isolated the biopolymer from Tapioca sago. After isolation, it was
characterized for different parameters like viscosity, ph, conductivity, and other
physical characteristics. The biopolymer was also tested for the presence of car-
bohydrates and proteins. The isolated biopolymer was also analyzed for different
spectral analysis like FTIR. The isolated biopolymer was used for the preparation
of bio gel loaded with curcumin for the dermal delivery. It was concluded that the
curcumin-loaded bio gel can be effectively used for the treatment of the wound by
using a novel isolated biopolymer from sago as a novel retardant cum stabilizer.

3.7 Bionanoformulation in drug targeting

Madhav et al. [6] developed and evaluated duloxetine loaded bionanosuspen-
sion. The bionanosuspension was prepared by using the biopolymer isolated
from Prunus amygdalus seeds. The biopolymer was characterized for different
Physico-chemical characterization and different spectral characterization. The
biopolymer was isolated by the simple economical extraction process and treatment
with propanone and then solicited. The residue was recovered and dried to get the
free-flowing powder. The duloxetine loaded bionanosuspension was prepared by
the bath sonication method. The prepared bionanosuspension was then evaluated
for different parameters like particle size, entrapment efficacy, dispersibility, zeta
potential, in-vitro release, and in-vitro kinetic study, and also in-vivo study for the
determination of the amount of duloxetine reached to brain via external acous-
tic meatus.

Madhav et al. [6] explored the feasibility of external acoustic meatus for
targeting escitalopram bionanosuspension to the brain. The research reveals that
escitalopram loaded bionanoparticles were found to be targeted to the brain via
external acoustic meatus administration. The bionanosuspension was prepared
by using the biopolymer from Piper nigrum in a different ratio. The biopolymer
consists of the novel retardant properties to release the drug in a sustained manner.
The research reveals that Piper nigrum can be safely used for the development of
bionanosuspension for targeting the brain via external acoustic meatus. Raina et al.
[6, 14, 25, 39, 43] described the preparation of duloxetine loaded bionanogel for
brain targeting via external acoustic meatus. In the research work, the biopolymer
was isolated from Tagetes papule and its ability in developing the duloxetine loaded
bionanogel for brain targeting. In the findings of the research, the biopolymer
was found to have a novelistic characteristic as polymeric nature in developing the
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bionanosuspension. The bionanosuspension was found to be suitable for delivering
the drug to the brain. So the conclusion was that the external acoustic route can

be used as the promising route for drug targeting to the brain in the treatment of
depression. Madhav et al. [14] describe the formulation of chlorpromazine bio-
nanogel by using the isolated biopolymer as a bioretardant from Prunus amygdalus
[44]. The prepared bionanogel was evaluated for the delivery of chlorpromazine
targeting to the brain. The nanoparticles were prepared by the solvent evaporation
method. The formulated bionanogel were evaluated for the t50%, in-vitro release,
in-vivo release study, and pharmacokinetic study. FA8 (1:15) was selected as the best
formulation. Madhav et al. [6] researched the development of nanosized duloxetine
via external acoustic meatus. The bionanosuspension was developed by using

the biopolymer from the berries of Piper nigrum. The prepared bionanosuspen-
sion was evaluated for the different parameters like ph, % transmittance, content
uniformity, and in vitro drug release and ex Vivo study. The obtained results were
found to be significant for the treatment of CNS disorder. The drug was found to be
targeted to the brain insignificant amount and this rote was found to be suitable for
the delivery of duloxetine and in the treatment of depression.

Tyagi et al. [28, 45-47] researched on a new novel innovative approach for the
development of the fluvoxamine-loaded bionanosuspension. The bionanosuspen-
sion was prepared by using the isolated biopolymer from the Santalum album. The
biopolymer was characterized for in-vitro release, t50%, r2 values, and kinetic study
to know the drug release mechanism. The results were evaluated for identifying the
best fit model in drug release. Thus it was concluded that the isolated biopolymer
can be suitably used for the development of stable drug-loaded bionanosuspension
[16, 48-50].

3.8 Isolation and characterization of biopolymers
1.Isolation of biopolymer from natural sources.
2. Preformulation study of biopolymers system.

a.Physical appearance, taste, shape, and texture.
b.Solubility study.

c. Particle size analysis by optical microscopy.
d.Bulk density determination.

e. Tapped density.

f. The angle of repose.

g.Percentage consolidation Index.

h.Melting point testing.

i. Chemical test.

j. SEM analysis.

k.FTIR spectroscopy.
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1. NMR spectroscopy.
m. Mass spectroscopy.
n. DSC testing.
o. Cell line toxicity study.

3.Formulation of drug-loaded bionanoparticles as dispersed bionanosuspension
using biopolymer.

3.9 Isolation of biomaterial from the natural source

200 gm of natural sources like seeds, bark, fruits, legumes, kernels, flowers are
soaked overnight in purified water. The upper covering of the almond was then
removed. About 100 ml of water was added to this and this mixture was mixed
in a mixer. This slurry was filtered with the help of muslin cloth and thus the
biomaterial was separated by filtration. The resultant was obtained as filtrate.
After that, the mixture was subjected to centrifugation at about 4000 rpm for
15 minutes and then the resultant supernatant layer was properly separated
and taken. Then acetone was added in the ratio of 1:1 and mixed properly. This
mixture was kept in the refrigerator overnight at 4°C and the solution was centri-
fuged at 4000 rpm for 30 minutes. The residue was collected having biomaterial
and dried in desiccators for 24 hours. This residue of biomaterial was washed
with acetone and the biomaterial was dried naturally for 10 hrs for getting free-
flowing powder. The collected biomaterial for stored in airtight containers after
passing through sieve no. 120 for further use. The schematic flow chart of the
isolation procedure has been summarized in Flow chart 4.1. This procedure was
repeated six times and optimized and then the percentage yield was calculated
and reported [6, 25].

4. Physicochemical characterization and evaluation of isolated
biomaterial

4.1 Physicochemical characterization

The color, odor, taste of isolated biomaterial were physically evaluated. The
shape of the biopolymer was also observed under the optical microscope. The
color-changing point was determined by using the melting point test apparatus.
The isolated biomaterial powder was filled in the capillary tube completely and it
was kept in a melting point test apparatus (Cystronics). The apparatus was switch
on and observed for the temperature at which color changing was observed and
melting of biomaterial starts. The temperature was observed with the help of a
thermometer. The organoleptic properties like color, odor, taste were observed.
The pH was determined for 1% w/v aqueous solution with the help of a digital pH
meter (Cystronics). The tests were performed in triplicate (n = 3) and reported
(4, 51-57].

4.2 Solubility

The solubility study of the isolated biopolymers was performed in different
solvents like water, acetone, methanol, ethyl acetate, 10%w/v hydrochloric acid
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solution, and diethyl ether and reported. The excess of the isolated biomaterial was
added in 10 ml of the specific solvent system in the beaker gradually. The solution
was dispersed well and kept for 24 hours on an orbital shaker for achieving an
equilibrium state.

Then the solution was centrifuged at 400 rpm in the centrifuge for 10 minutes
and then filtered to get the clear solution. Then the filtrate was allowed for measure-
ment in a UV spectrophotometer machine (Mapada). The procedure was performed
in triplicate for each isolated biopolymer [4, 25, 56-59].

4.3 Particle size analysis

This was performed by using the optical microscopy method. The isolated
biomaterial was taken on the glass slide and added 1 drop of glycerin. The coverslip
was placed on the drop and examined with the help of calibrated eyepiece microm-
eter under the optical microscope. During the examination, about 100 particles
were counted and the particle size distribution was determined [56]. This was
performed in triplicate, calculated, and reported with the help of the following
equation.

Xg =10x [(nixlogXi)/N]. (1)

Xg is geometrical mean diameter, ni is the number of particles in range, Xi
indicates to the midpoint of the range of particle size and N refers to a total number
of particles.

5. Flow property
5.1 Bulk density

The bulk density of the isolated biomaterial powder was calculated by taking
accurately pre-weighed biopolymer in the measuring cylinder and then the bulk
volume of the filled powder was measured. This was performed in triplicate. The
bulk density was calculated and reported [56].

5.2 Tapped density

Tapped density of the isolated biomaterial was determined by taking a pre-
weighed biopolymer in a measuring cylinder and then tapped for 100 tappings.
Then the tapped volume was determined. This was performed in triplicate. The
tapped density was calculated and reported [56].

5.3 Angle of repose

The angle of repose of isolated biopolymer was determined by the funnel
method. Accurately weight the biopolymer was taken in the funnel. The funnel was
adjusted at a height so that it just touches the apex of a heap of biopolymer powder.
The powder was subjected to flow through the funnel freely on the surface. This
was performed in triplicate. Thus the angle of repose was calculated and reported.
The obtained results were correlated with <25- with excellent flow, 25-30 with good
flow, and 30-40 —passable [60-62].
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5.4 Carr’s Index of compressibility

It was used for the determination of flow properties. It is a very simple, fast, and
widely used method for determining powder flow characteristics. % consolidation
index calculated and reported this was performed in triplicate [56].

5.5 Tapped density

According to Carr index powder with 10% flowability is considered as excel-
lent flow characteristics. Powder with less than 15% flowability is considered as a
powder with good flow characteristics [56].

6. Chemical tests of isolated biomaterial
6.1 Tests for carbohydrate

1 ml of freshly prepared biomaterial solution (5% w/v prepared biomaterial
solution in double-distilled water) was taken in the test tube. Add two drops of
Molisch reagent. Add 1-2 ml of conc. Sulfuric acid in the test tube and observed for
the appearance of purple color at the interface of two layers formed. The test was
performed and reported [4, 5, 40, 56, 63-65].

6.2 Test for protein

For testing the presence of protein in the isolated biomaterial was treated with
0.1% solution of ninhydrin reagent and 10% tannic acid solution. The presence
of blue color and yellow color precipitate indicates the presence of protein. The
test was performed and reported. Madhav and Yadav et al. [4] reported about the
proteinous nature of biomaterials.

Biuret test was performed for the confirmation of proteins. 2 ml of Prunus amyg-
dalus biomaterial was taken in the test tube (5% biopolymer solution in distilled
water), add 1 ml of sodium hydroxide solution with the addition of copper sulfate
solution drops. The mixture was kept aside for five minutes and observe any color
changes. The appearance of violet color confirms the presence of proteins [37]. The
test was performed and reported [4, 5].

6.3 Spectral analysis of the biomaterial

Spectral analysis of the isolated biomaterial was conducted like I.R, NMR, Mass
spectroscopy, SEM studies. The biomaterials were subjected to IR, NMR, Mass
spectroscopy studies, and the obtained spectra were interpreted and reported. SEM
studies of different biomaterials were also performed and the obtained results were
interpreted and reported. I.R, N.M.R, Mass spectroscopy was studied at Central
Drug Research Institute, Lucknow, and SEM studies were studied at Birbal Sahani
Institute of Paleobotany, Lucknow [62].

6.4 SEM (Scanning electron microscopy)
The isolated biomaterial’s surface morphologies were characterized by
Scanning Electron Microscope. In SEM analysis the external surface and internal

structure were characterized. Figure 1. reveals about the flaky and rough surface
of biopolymer [4].
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Figure 1.
SEM of isolated biomaterial Litchi chinesis 1500x.

6.5 FTIR spectroscopy

The FTIR spectroscopy was done by preparing the KBr discs. 1 mg of isolated
biomaterial was taken and mixed with 100 mg of dried and desiccated solid
powder of potassium bromide. The mixture was uniformly mixed in mortar and
pestle and placed in an IR lamp to remove any moisture. The mixture was con-
verted into a disc under the pressure of 10 tons. The prepared disc was placed in
the disc holder in the path of infrared radiation. In the range of 4000-200 cm ™/,
the spectrum was recorded [4, 62] Figure 2. Defines the FTIR spectroscopy
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Figure 2.
IR spectrum of the isolated biomaterial Litchi chinesis.
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of the isolated biopolymer from Litchi chinesis. The biopolymer showed the
presence of The IR spectra revealed the presence of secondary alcohol (1099.83
cm!), aromatic nitro and phenol groups (1316.59 cm™), aromatic rings (1544.70
cm™Y), and the presence of alkenes (1652.02 cm™), with -CH2 and ~-COOH
stretching (2928.35cm™) along with f-diketones and O-NO2 (1652.02 cm™"). The
presence of these functional groups were found to be similar with the functional
groups observed in standard polymers. This functional groups revealed its
polymeric nature [4].

6.6 Mass spectroscopy

It is a useful powerful technique used to quantify known materials and for iden-
tification of unknown materials and the elucidation of the structure and chemical
properties of the molecule. It is an accurate method for determining the molecular
mass of the compound. This is the laboratory technique in which the sample of
biopolymers was introduced through the inlet system. The gas-phase ions of the
compound were produced. Then molecular ion fragmentation, the ions separated in
mass spectrometer according to their mass to charge ratio.

6.7 NMR spectral analysis

The NMR spectroscopy is done for spectral analysis of isolated biopolymer. The
NMR spectra of different isolated biomaterials confirmed the biopolymeric nature
of standard polymers [4].

6.8 Differential scanning calorimetry

In DSC testing is the thermal analysis technique in which the heat flow in
or out of the sample for testing is determined as the function of temperature.
Here the biopolymer sample was taken and exposed to a controlled temperature
program. The glass transition temperature was determined. The heat flow range
was 50-300°C. The DSC thermogram was recorded, interpreted, and reported
(4, 62].

6.9 Cytotoxicity evaluation of biomaterial

Cytotoxicity evaluation of isolated biopolymer was done on the Neuroblastoma
cell line. The materials used are Cell line-SHSY-5Y, (human breast cancer cell
line), Ham F-12 media, Fetal Bovine Serum (FBS), the antibiotic-antimicotic
solution from Thermo scientific and MTT reagent from Sigma Aldrich, USA.
Tissue culture flask, 96,6 well micro-culture plates from Eppendorf, Germany.

In the method, the maintenance of cell lines, the subculturing procedure of cell
lines, trypsinization, cryopreservation of cell lines was done. In MTT assay the
formazan product is analyzed spectrophotometrically (540 nm) after dissolution
in DMSO, the spectra of treated and untreated cells giving an estimate of the
extent of cytotoxicity [13, 66].

6.10 Reagents
1.5 mg/ml MTT solution prepared in DPBS

2. Cell culture grade DMSO
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6.11 Preparation of drug dilutions: (serial dilution method)

Firstly 50 mg/ml stock solution was prepared using 100% DMSO solution. From
this prepared stock solution various desired final concentrations like 62.5, 125, 250,
and 500 pg/ml of test compound solution was prepared as follows:

The dilution factor was 2 for the MTT assay.

For 500 pg/ml: 10 pL sol. Was taken from stock and to this 990 pl media
was added.

For preparation 250 pg/ml: From 500 pg/ml solution the 500 pl was taken and
was diluted with the 500 pl with media.

For preparation 125 pg/ml: From 250 pg/ml solution the 500 pl was taken and
was diluted with the 500 pl with media.

For the preparation of 62.5 pg/ml: From 125 pg/ml solution the 500 pl was taken
and then diluted with the 500 pl with media.

Exponentially the well-growing cell lines were collected from a 25 cm2 Tissue
culture flask and a stock cell suspension of 5X104 cell/ml was prepared. A 96-well
flat-bottom tissue culture plate was seeded with 5 x103 cells in 0.1 ml of F12
medium supplemented with 10% FBS and then allowed to attach for 24 hours. Test
compounds were prepared just before the experiment conduction and serial dilu-
tion was done with medium to get the working stock of different 200, 100, 50, and
25 pg/ml solutions. After incubation for 24 hours, the cells were treated with 100 pl
of test solutions from respective above stocks, and after treating the cells were incu-
bated for 48 hrs. The cells present in the control group received only the medium
containing the 0.5-0.25% DMSO. Each treatment procedure was performed in trip-
licates. After the treatment duration, 30 pL5 mg/ml MTT solution was then added
to each well, and the whole was incubated for 3 hours at 37°C in maintained sterile
conditions. After the completion of incubation time, the MTT containing media
was removed carefully from all wells then formazan crystals were dissolved by
adding 100 pL of DMSO. The plate was shaken for 5 minutes on a gyratory shaker
machine and the optical density was noted at 540 nm in an ELISA plate reader. The
percentage of cell viability was calculated. O.D of each well was read and expressed
as % cell death: (Absorbance of control wells- absorbance of test wells/absorbance
of control wells) x 100. Results were expressed as the mean + S.E.M. The O.D values
(proportional to cell death) were plotted against the tested drug concentrations and
then interpreted [3, 4, 13, 34, 45].

7. Formulation of drug loaded bio-nanoparticulate system

The different formulations of bio-nanosuspension were prepared by using
different drug-biopolymer ratio and drug-standard polymer ratio. The bionanosus-
pension was prepared by sonication of the mixture of drug and biopolymer along
with other excipients like polyvinyl alcohol as suspending agent, sodium benzoate
as the preservative, purified water, and dextrose as nanosizent [9, 13, 67, 68]. The
lamotrigine, biopolymer, and other excipients were accurately weighed and tritu-
rated with the addition of the double-distilled water. This mixture was sonicated
for 3 cycles. Then 0.5 ml of 0.5% polyvinyl alcohol was added during sonication.
The volume of the formulations was made up to 10 ml with double distilled water
having sodium benzoate 0.1-0.5%). Add dextrose if necessary as a nanosizing agent
and allowed for sonication for 15 cycles at 4000 rpm. After sonication, the bionano-
suspension was refrigerated for two days [11, 41, 69, 70]. If no settlement is there
then it means the formulation is optimized. If the settlement is there, then 0.5 ml
of 0.5% polyvinyl alcohol was again added and allowed for sonication for 10 cycles
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and refrigerated for 48 hours. The different formulations were prepared and after
optimization, according to stability, the formulations were prepared. In the same
way, the nanosuspension was also prepared by using lamotrigine with a standard
polymer like hydroxypropyl methylcellulose [3, 4, 13].

8. Future aspects

1. The isolated biopolymers still have not explored for their novel inbuilt char-
acteristics in drug delivery, which can be used as an alternative to standard
polymers as these are biodegradable, biocompatible, and bio-retardant cum
bio stabilizer in nature [71-75].

2. The biopolymers may be isolated in economical ways from the different edible
natural sources [76-78].

3.Thus economically isolated biopolymer can be safely used for developing the
most suitable and stable drug-loaded bio-nanosuspension in drug targeting
in a very significant way route with maximum patient compliances [36, 38,
57, 79-81].

4.Thus the isolated biopolymers have a number of novel properties which can be
used as a novel bioexcipient in design of novel drug delivery design. Apart of
these inbuilt novel properties these isolated biopolymer are economical in pro-
duction. The current researches and finding provide an alternative to standard

polymers and retardant excipients in very economical rate of production with
a number of smart inbuilt bioretardant cum biostabilizing properties.
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Chapter 5

Properties of High-Density
Polyethylene-Polypropylene Wood
Composites

Mourad Saddem, Ahmed Koubaa and Bernavd Riedl

Abstract

We investigated the effects of polymer blend variation on the physical, mechanical,
and thermal properties of wood-polymer composites (WPC). We used high-density
polyethylene (HDPE) and polypropylene (PP) and a combination of 80% PP,

20% HDPE, and 80% HDPE, 20% PP as polymer blends for WPC formulations

to simulate recycled plastics. We used black spruce (Picea mariana Mill.) hammer
milled fibers (75-250 pm) at 35 wt% as a filler for all the formulations. A two-step
process was used for WPC manufacturing; pellet extrusion followed by test samples
injection. Tensile and three bending tests characterized the WPC mechanical
properties. Thermogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) characterized the WPCs’ thermal properties. Water absorption and
contact angle measurements assessed the composite dimensional stability. Infrared
spectroscopy (FTIR) and electron scanning microscopy (SEM) investigated the
WPCs’ surface chemistry and microstructure. Mechanical properties and dimen-
sional stability varied according to polymer composition, with better performance
for WPC containing higher PP proportions. Thermal properties varied with the
polymer composition in the WPC, with better thermal stability for the formulation
containing higher HDPE proportions. Surface chemistry analysis did not reveal
any chemical changes on the WPCs surface. Scanning electron microscopy analysis
revealed distinct phases in all WPCs without evidence of interfacial adhesion.

Keywords: wood fiber, polypropylene, high-density polyethylene,
wood-polymer composites, mechanical properties, water absorption,
surface chemistry, microstructure

1. Introduction

Significant progress was achieved during the last years in wood-polymer com-
posites (WPC) research and product development. In addition to the environmen-
tal advantages, the use of wood fiber in WPC manufacturing has several benefits,
including low cost, renewability, biodegradability, low specific gravity, and high
specific strength and stiffness [1, 2]. WPC use in construction and transport is in
constant evolution due to these advantages [1-3]. The increase in environmental
awareness increased the demand for environmentally friendly products [4]. WPC
presents an excellent alternative to plastic products with lower environmental
impact and cost [5]. Lately, many studies have tried to improve WPC properties
and competitiveness by introducing new additives and processes [6-9]. However,
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the polymers’ prices are very volatile and depend on petroleum prices, affecting
the competitiveness of such products. Thus, the economic aspect is also crucial to
ensure the sustainability of WPC production. Using recycled materials appears

to be an excellent way to lower the raw material cost and consequently the total
production cost. The recycled thermoplastic polymer is commonly used as a matrix
to produce WPC [10]. Moreover, the environmental advantages of using recycled
polymers could decrease the WPC production costs.

In landfills, plastics are not biodegradable. The 2019 global production of plas-
tics was 368 million tons. This important production leads to a large plastic waste
stream, making recycling a great challenge [11, 12]. Recycling plastics in relatively
long lifecycle products such as WPC could decrease the carbon footprint of the
non-renewable polyolefin and avoid their burial in landfills [13]. Waste prevention
comes to be an excellent way to avoid recycling energy uses and facilities expenses.
In some cases, waste prevention could be less favorable by diminishing the down-
stream material recycling and preventing the low-impact of secondary production
[14]. In recycling centers, sorting wastes is the most expensive part of the recycling
process. Recycled plastics are always a mix of different kinds of polymers, such as
polyethylene terephthalate (PET), low-density polyethylene (LDPE), high-density
polyethylene (HDPE), and polypropylene (PP). These polyolefins have different
chemical compositions making them incompatible during processing which could
significantly affect the properties of the resulting products.

Several reports [4, 15-21] investigated the effects of recycling on the properties
of WPC, both components of these composites could be from recycled materials.
Ashori and Sheshmani [15] showed that recycled newspapers in recycled PP com-
posites showed maximum water absorption compared to non-recycled components
formulation. Low et al. [4] used epoxy to produce recycled cellulose fiber epoxy
composites. Results showed an improvement in mechanical properties. Tajvidi and
Takemura [17] showed that recycled fibers increase the composites hydrophobicity
due to better fiber-polymer adhesion. Nerenz et al. [16] showed that the addition of
a sunflower hull diminished the tensile strength of composites compared to neat PP.
Xiaolin et al. [18] studied the feasibility of composites made with recycled newspa-
pers and magazines and recycled PP. The study showed that recycled fibers and PP
could be a viable source for producing WPC.

Petroleum-based polymers such as PE, HDPE, PET, and PP serve for WPC
production. These petroleum-based polymers are also large-scale products used for
many applications such as packaging and constitute the main component of waste
landfills.

Many studies investigated the potential of the polyolefin recycled matrix compo-
nents for WPC [10, 21-36]. Chtourou et al. [21] showed that municipal waste plastics
composed of 95% PE and 5% PP and pulp fibers produced WPC with average tensile
properties compared to virgin polyolefin. Li et al. [22] used PET and PE to produce
microfiber-reinforced composites. They reported that the mechanical properties of
the PET composites greatly improved compared to the typical PET/PE blend at the
same composition. Cui et al. [23] showed good compatibility of the treated wood
post-consumer fiber with recycled HDPE and additives, giving WPC good mechani-
cal properties. Beg and Pickering [24] studied the effect of eight times reprocessing
on wood PP composites. The study showed a decrease in mechanical properties with
the increase in reprocessing, and the thermal stability increased with the repeated
process. In another study, Beg and Pickering [25] found that the equilibrium of mois-
ture content of WPC decreases after eight times reprocessing. Ares et al. [26] showed
that with more than 10% wood flour content, the reprocessed PP composites showed
mechanical and rheological properties similar to those of virgin polymer composites.
Gonzalez-Sanchez et al. [27] showed that the fiber dispersion is not dependent on

96



Properties of High-Density Polyethylene-Polypropylene Wood Composites
DOI: http://dx.doi.org/10.5772/intechopen.101282

the polyolefin type, and reprocessed PP showed more pseudo-plasticity loss than

the reprocessed PP HDPE. Bhaskar et al. [28] used recycled PP to produce WPC and
compared the mechanical properties with virgin PP WPC. Recycled PP with less
than 50% fiber load had WPC with good properties [29]. Combining shell core with
recycled polyolefin could lead to cost-effective advantageous WPC [30]. Catto et al.
[31] showed that recycled polyolefin is a viable alternative due to its comparable
physical and mechanical properties to virgin polyolefin. Adding virgin PP to recycled
HDPE improves WPC properties [32]. De Oliveira Santos et al. [33] showed that using
recycled PET below the melting temperature could enhance the composites process-
ing and mechanical properties. Another study [34] reported that virgin and recycled
polymers give similar mechanical properties and water uptake.

The reuse of polyolefins also has environmental advantages. It contributes
to decreasing global warming and using non-renewable fossil hydrocarbons
[10]. However, the emissions of reprocessed products weaken these advantages.
Rangavar et al. [35] reported that recycled PP leads to WPC with similar or even
better properties than the virgin polymer in addition to economic and environ-
mental benefits. Thus, recycled polymers exhibit a high potential to replace virgin
polymers for producing fiber-filled thermoplastic composites [36].

This study assessed the effect of the variation of PP and PEHD proportions on
WPC properties. We used two different combinations of these two polymers (20%
HDPE + 80% PP and 80% HDPE + 20% PP) to simulate recycled plastics. We did
not use any grafting agent in all formulations to better assess their interaction and
the effects of their simultaneous presence on the WPC properties.

2. Experimental

Black spruce fibers were hammer milled with a Wiley Laboratory Mill mounted
with a2 mm opening sieve. Fibers were classified with Ro-tap Laboratory Sieve
Shaker to obtain fibers with size in the class of 200-60 mesh (75-250 pm) and oven-
dried to reach 3% moisture content. Polymers used in this study are high-density
polyethylene (HDPE) (DOW DMDA-8907 NT7, Dow Chemical) and polypropylene
(PP 4150H, Pinnacle polymers, USA). The HDPE is a semi-crystalline material
(typically 70-80%) has a 0.95 density, 9.0 g/10 min melt index, and a 135°C melt-
ing point. The PP has a density of 0.90 g/cm® and a melt flow index of 55 g/10 min
at 230°C.

Composite pellets were processed by a counter-rotating, intermeshing, conical
twin-screw extruder (Thermo Scientific HAAKE PolyLab OS Rheodrive 7 with
Rheomex OS extruding module). The screw speed was 50 rpm, and the barrel and
die temperature was 165°C. The wood fibers proportion in the composites was
maintained constant at 35 wt %. Composites were cooled in a water bath and cut
up in pellets of 3 mm size. Injection molding with Minijet Haake injection machine
produced test samples for bending and tensile tests using a mold temperature of
80°C, and barrel and nozzle temperature of 175°C.

Three-point bending properties were measured on 1 mm thick, 10 mm wide,
and 60 mm long test samples and at a test speed of 1.4 mm/min according to the
ASTM D 790 standard. Tensile properties were measured on dog-borne shaped
samples of 2 mm thickness, 4 mm width, and 75 mm length at a 5 mm/min speed
according to the ASTM D 638.

WPC water uptake was assessed according to ASTM 1037 on bending type
specimens in triplicates. Samples were soaked in distilled water, and their weight
was measured periodically up to 45 days immersion using a laboratory balance with
an accuracy of +0.001 g.
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A Shimadzu IR Tracer-100 (Kyoto, Japan) served for FTIR spectroscopy. The ana-
lyzed spectrum was 400-4000 cm ™" with a resolution of 1 cm™. We used the software
lab solutions IR de Shimadzu with 50 scans for each measurement. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) of the WPC samples were
conducted in NETZCH leading thermal analyzer using a heating rate of 10°C/min
under helium with 25 mL/min flow rate from room temperature to 900°C.

Scanning electron microscopy served to analyze fractured surfaces of WPC ten-
sile specimens. Micrographs were generated at 20 keV at a 5 mm working distance
with Hitachi S3500 (Tokyo-Japan) electron microscope. Samples were prepared and
gold-coated before observations.

The mechanical properties were subjected to an analysis of variance using the
ANOVA procedure of the IBM SPSS statistics software. Polymer variability was the
studied factor. Effects and differences between means were considered statistically
significant at p < 0.05. ANOVA assumptions were verified using graphical diagnos-
tics and Levene test for equal variances.

3. Results and discussions
3.1 Mechanical properties

Table 1 presents the tensile and bending properties for the studied polymers and
composites. Polymer variability significantly affected all WPC mechanical proper-
ties (Table 2). PP showed better mechanical properties compared to the HDPE.
Pure HDPE samples showed the lowest tensile and flexural properties (Table 1)
compared to PP and WPC. Adding wood fibers to HDPE, PP or polymer mixes
improved the tensile and flexural moduli of elasticity and strengths and decreased
the elongation at maximum strength (Table 1). Several factors explain this decrease,
including the stiff nature of the wood fiber, the poor adhesion between the fiber and
the polymers, and the incompatibility of the non-miscible polymeric chains in the
case of WPC made with a mix of polymers. The heterogeneity of composition, poor
adhesion and lack of polymers’ miscibility lead to increased microstructure cavities
and voids, which negatively affect the WPC strength and ductility.

3.2 Physical properties

Water absorption increases with the duration of immersion and remains
constant upon saturation [37]. Figure 1 illustrates the water absorption for the
investigated formulations after 45 days of immersion in distilled water. HDPE and
PP samples maintained a constant weight. They did not absorb water after 45 days
of immersion (Figure 1) due to the polymers’ hydrophobicity, weak surface energy,
and free hydroxyl groups’ absence.

For WPCs, water uptake increased with time of immersion according to the
same pattern of evolution. PP-based composites showed lower water uptake
compared to HDPE-based composites. The water uptake of polymers mix-based
composites is in between.

Wood fibers are responsible for water absorption in WPCs because of their
hydrophilic character. Adding wood fiber to PP, HDPE, or polymer mixes increased
the water uptake in agreement with previous findings [37-41]. The WPC water
absorption phenomenon is due to the capillary transport into the gaps and flaws
at the interfaces between the fibers and polymers because of poor fiber-polymer
adhesion, incomplete wettability, and impregnation, which lead to water transport
by micro-cracks formed during the processing [39-41].
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Properties Fvalue
Tensile modulus 94.4**
Tensile strength 40.3*
Elongation at maximum yield 36.3*
Flexural modulus 431.0"
Flexural strength 5433

**Significant at 1% probability level.

Table 2.
Analysis of variance (F values) on the effect of polymer variability on WPC properties.
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Figure 1.
Evolution of water uptake of WPC made from black spruce fibers and HDPE, PP polymers and their mixes
after 45 days of water immersion.

3.3 Thermal stability

Figure 2 illustrates the TGA curves of all studied formulations. The maximum
degradation of PP occurred at 490°C, while the maximum degradation of the
WPC made with 100% PP occurred at 520°C. The same tendency occurs for the
WPC made with HDPE. These results indicate that the presence of the wood fibers
improves the thermal stability of PP and HDPE. For all studied formulations,
total degradation occurs at around 600°C. The lowest degradation is obtained for
the composites made with 20% PP and 80% HDPE polymer mix. This composite
was the most thermally stable among the different composites. The HDPE and PP
curves show a one-stage degradation (Figure 2) and WPC’s two stages of degrada-
tion (Figure 2). The first stage corresponds to the wood fiber component, which
begins to degrade at 220°C, and the second stage corresponds to the polymer
degradation. The obtained patterns of variation of the TGA curves are typical of
those reported for WPC [42].

Table 3 shows the DSC results for the tested polymers and WPCs, including
the melting temperature (T¢), the enthalpy of fusion (AH¢), and the crystallinity
index (X.), the crystallization temperature (T.), and the enthalpy of crystalliza-
tion (AH.). WPCs made with polymers mixed showed two different fusion peaks.
The melting temperatures of 80% HDPE + 20% PP and 20% HDPE + 80% PP
WPCs were 132.3°C and 165.7°C, respectively. The HDPE WPC showed the highest
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Figure 2.

TGA curves of HDPE and their WPCs made with black spruce fiber and HDPE, PE, (80% HDPE + 20% PP)
and (20% HDPE + 80% PP) matrices.

Samples Te(°C) AH¢ (J/g) X, (%) T.(°C) AH. (J/g)
Polymers

HDPE 1364 1578 544 114.2 159.5

PP 1677 118.2 56.1 1101 1231

WPC 35% black spruce fibers

HDPE 130.8 75.8 74.5 1164 878
PP 165.2 46.9 64.1 115.68 59.5
80% HDPE-20% PP 132.3 738 72.7 11543 811
20% HDPE + 80% 165.7 51.3 69.7 115.60 62.8

Ty the melting temperature, AHg the enthalpy of fusion, X,: the crystallinity index, T.: the crystallization
temperature, AH,: the enthalpy of crystallization.

Table 3.

Thermal properties of pure HDPE, pure PE, and WPC made with black spruce fiber and HDPE, PP, (80%
HDPE + 20% PP) and (20% HDPE + 80% PP) matrices.

crystallinity index (X, = 74.5%) due to its better thermal stability than PP WPC

(X, = 64.1%). The 20% HDPE-80% PP showed lower crystallinity (X, = 69.7%) than
the 80% HDPE-20% PP WPC PP (X, = 72.7%). Thus, increasing PP proportion in
the polymer mix decreases the crystallinity.

Pure PP showed the lowest crystallization temperature at 110.1°C (Table 3).
The crystallization temperature of all WPCs is higher than the pure polymers
crystallization temperature because of the degradation of the wood fibers during
the heating process. Adding wood fibers decreased the fusion and the crystalliza-
tion enthalpies due to the dilution effect of the wood fiber within the polymers.
The decrease in the polymer content reduces the heat of fusion, and the increase in
wood fiber content limits the thermal movement of the polymer molecular chain
and results in a reduction in released heat fusion is reduced.

3.4 Surface chemistry
Figure 3 shows the FTIR absorbance spectra range (4000-400 cm™) of wood,

HDPE, PP, and the studied WPC formulations. Spectra of the wood fibers are
similar to those previously reported [43, 44]. These spectra show the presence of a
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Figure 3.
FTIR spectra of wood; HDPE, PP, and WPCs made with HDPE, PP, and PP-HDPE mixtures.

broad stretching band for intermolecular bonded hydroxyl groups (OH) at around
3400 cm ™. The OH groups may include absorbed water, aliphatic primary and sec-
ondary alcohols found in carbohydrates and lignin, aromatic primary and second-
ary alcohols in lignin and extractives, and carboxylic acids in extractives [43]. This
OH stretching band is flanked by prominent methylene/methyl bands appearing at
around 2900 cm ™. These bands are shifted and divided into two peaks at 2922 cm™*
and 2853 cm ™, respectively. An ester carbonyl vibration occurs at about 1728 cm ™,
emanating from carbonyl (C—O) stretching of acetyl groups in hemicelluloses and
carbonyl aldehyde in lignin and extractives. This vibration emanates from the car-
bonyl (C—O0) stretching of carboxyl groups in hemicelluloses, lignin, and extrac-
tives, as well as esters in lignin and extractives [43]. Between 1500 and 400 cm™,
we observe several absorption bands due to various functional groups of wood
constituents. The bands around 1457 cm™, 1424 cm™, and 1373 cm ™! are associated
with methylene deformation and methyl asymmetric and methyl symmetrical
vibrations [43]. The strong bands appearing at 1270 cm™" are due to either a carbon
single-bonded oxygen stretching vibration or an interaction vibration between car-
bon single-bonded oxygen stretching and in-plane carbon single-bonded hydroxyl
bend in carboxylic acids [43].

Papp et al. [44] attributed bands containing no other nearby absorption maxima
to one chemical component (1510 cm™": aromatic rings, 1270 cm™: guaiacyl units,
1158 cm™": C-O—C bonds of cellulose). The absorption band at 1158 cm™ is due to
the asymmetric stretching of C-O—C in the cellulose and hemicelluloses [43] or
the saturated fatty acid ester carbon single-bonded oxygen stretching associated
with the ester carbonyl at lower wavenumber [43]. The strong intensity bands at
1059 cm ™ and 1036 cm™ correspond to cellulose [43]. The vibrations between
896 cm™' and 810 cm ™ are due to ring stretching and out-of-plane carbon single-
bonded hydrogen [43].

The infrared spectrum of HDPE shows peaks at 2916 cm ™' and 2849 cm ™ associ-
ated with methylene asymmetric and symmetric C-H stretching, respectively. The
peak at 1472 cm™ is due to the methylene asymmetrical C-H bending, while the
peak at 1463 cm ™" is associated with methylene scissoring. The peaks at 730 and
720 cm ™" are associated with crystalline and amorphous methylene. The absorption
peaks on the infrared spectrum of PP are related to the methyl group (-CHs) and
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the methylene group. The typical peak at 1375 cm™" is associated with the symmetric
bending vibration mode of methyl group CHs. The Peak located at 840 cm™ is
assigned to C—CHj stretching vibration, while the absorption peaks displayed at 972,
997, and 1165 cm ™ are associated with =CH; rocking vibration. The peak observed at
2952 cm™ is related to ~CH; asymmetric stretching vibration. The absorption peaks
at 1455, 2838, and 2917 cm ™! are attributed to —CH,~ symmetric bending, —-CH,~
symmetric stretching, and —CH,— asymmetric stretching, respectively [45-48].

The HDPE WPC is similar to that of HDPE, with only minor changes in the
spectrum. This similarity is because the polymer coats the fiber. The PP WPC is also
identical to that of PP for the same reason. For the WPC made with polymer mixes,
the 80% HDPE-20% PP WPC FTIR spectrum is similar to the HDPE WPC, while

Figure 4.

Scanning Electron microscopic observation of fractured surfaces of the different WPCs made with black spruce
fiber (35 wt%) and HDPE ((a) x100; (b) x500); PP ((c) x100; (d) x450); 80% PP-20% HDPE ((e) x100;
(f) x600); 20% PP-80% HDPE ((g) x100; (h) x250).
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20% HDPE-80% FTIR spectrum is similar to that of PP. The disappearance of peaks
associated with wood in the two spectra is also due to the fibers coating with the
polymer mixes.

Among the slight differences between the composites and the polymer, the
spectrum is the absorbance peak at 1031 cm™. This peak is associated with the
carbon-oxygen (C-O) bonding between cellulose and hemicellulose.

3.5 WPC microstructure by scanning electron microscopy

SEM observations (Figure 4) show distinct phases without evidence of interfa-
cial adhesion. Voids and traces of pullout appear in all figures indicating the weak
interfacial adhesion between the different phases. Figure 4d shows a wood fiber
(the element with punctuations) and a crack between this element and the polymer,
demonstrating poor contact and adhesion in the interface. Figure 4e, fand h
shows a complete fiber pulled out from the polymers, confirming the weak inter-
facial adhesion. In addition, the bad dispersion seen in Figure 4e-g confirms the
non-compatibility of the two polymers and the absence of interfacial adhesion
between the polymers and the wood fibers.

4, Conclusions

Polymer variability affected the WPC mechanical, physical, and thermal
properties. The WPC formulations with higher PP proportions exhibited higher
mechanical properties and dimensional stability than those with higher HDPE
proportions. Surface chemical and microstructure analysis showed the lack of adhe-
sion between the different phases. The polymers coated the wood fibers without
chemical reaction, and PP and HDPE were not miscible.

The polymer mix simulated recycled plastic. Although WPC made with this mix
showed lower mechanical properties and dimensional stability than the composites
made with one polymer, these composites from these mixes are suitable for several
end-uses, sustainable, and have the economic advantage of being made from
recycled polymers.
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Chapter 6

Characterization, Modeling
and the Production Processes
of Biopolymers in the Textiles
Industry

Basel Younes

Abstract

The current chapter is focused on biopolymers and Bionanocomposite as
environmentally friendly materials, modeling of the production processes, and
coating of bio-textiles. Different industries use biopolymers and Bionanocomposite in
for the current environmental applications. Furthermore, composition and classifica-
tion of biopolymers, the theoretical methods, and factorial experimental designs
(FED) for optimization and modeling processes of the environmentally friendly
textiles used as an alternative to traditional chemical textile products with zero to low
environmental footprint are studied at acceptable cost. This chapter will also describe
the novel optimization, experimental factorial design, and how the novel modeling
methods will help less experienced polymer designers in taking the best experimental
decision controlled by the design factors. It also discusses how the fully biodegradable
polymers support the industry by decreasing the processing energy, material and
manufacturing costs. Finally there are an overview of the current and future develop-
ments of biodegradable polymers applications in modern bio-textiles industries.

Keywords: biodegradable textiles, biopolymers, coating, textiles industry

1. Introduction

The worldwide production of non-renewable textiles has increased, and textile
producer are searching for solutions to overcome the waste problem [1]. There is
a new generation of bio- textile materials based on petroleum, animal sources or
agricultural [2] with a reasonable solution [3]. Micro-organisms (such as fungi and
bacteria) broke down the biopolymers in the environment; such as a cotton fiber [4].

Table1 [5] illustrates how degradation results are dependent on biodegrada-
tion type, the converted substrate, and residue makeup, with full degradation.
Biodegradation happens within the biosphere, the organic chemicals are changed to
simpler compounds and mineralized.

Researchers have established many standardized testing procedures for the
evaluation of the compost-ability and biodegradability of polymers using mixed
cultures [6-11]. Others have studied the effects of blend ratios on the degrada-
tion process on biopolymers [12-14]. The life cycle analysis is one of the methods
simulating the development of biopolymers, with green fibers having a shorter life
cycle than those that are oil-based. A green life cycle is given in Figure 1 [15].

111 IntechOpen



Biocomposites

Original Biodegradation Type Converted into
substrate
Polymer Aerobic CO2& H20 & (Biomass & Residue)
Anaerobic CH4& CO2& H20 & (Biomass & Residue)
Table 1.

Degradation results depending on biodegradation type [5].

Fibres
Fibre Biodegradable
Extrusion waste
Co,
H,0
Polymer Composting
Production
\ %:0:
H,0
Plants Photo- synthesis

Figure 1.
Life cycle of compos-table biodegradable fibers [15].

Biodegradable polymers are smart polymers which are currently being used in
many fields such as tissue culturing, biomedical, agriculture, food and intelligent
textiles [16, 17]. Considering environmental hazards [18], the main factors control-
ling the market scope and size of biodegradable polymers are material properties
and cost [19]. Plasticizers are added to biopolymers during the extrusion process
to decrease the intermolecular hydrogen bonds, to limit microbial growth, and to
stabilize product properties [20]. The degradation rate of blended bio-polymers set
the degradability of the produced mix [21]. Bio-materials take a key role in the of
nanotechnology improvement as friendly materials. Nanomaterials have attracted
considerable attention in medical delivery applications [22]. Classification and
composition of biodegradable polymers will be briefly discussed; their applications
in modern bio-textiles as well as textiles. Furthermore, modeling of biopolymers’
melt spinning process and factorial experimental design, optimization of the
production processes for intelligent bio-fibers via statistical experimental design
(SED), forecasting program for the fiber extrusion, as well as the future applica-
tions of biodegradable polymers in the modern textiles industry are also presented.

Electro-spinning of biopolymers has gained substantial attention in the last two
decades, triggered mainly by the potential applications of electro-spun nanofibers
in nanoscience and nanotechnology for tissue engineering [23]. Tissue engineering
is aadvanced technology, electrically conductive biodegradable composites are used
in tissue engineering and bioelectronics [24].

2. Biodegradable polymers, classification and composition

Biopolymers are made from the agro-polymers (starch and cellulose), or are
obtained by microbial production such as the polyhydroxyalkanoates. In polyhy-
droxybutyrate production, sugarcane, mustard, switch grass and corn have been
recognized as candidates for genetic modification. Some polyhydroxybutyrate
types polymerized chemically from agro-resources or chemical synthesis [25].
Classification of biopolymers and their origins are listed in Table 2 [3].
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Biodegradable polymers are produced from aliphatic (linear) highly amorphous,
flexible polymers and aromatic rings semi-crystalline, rigid polymers. The classifica-
tion, development and synthesis of the main bio-based polymer types from biomass
and microbial production, or from renewable resources are listed in Figure 2 [26, 27].
Aliphatic-aromatic copolymers can be synthesized and used in biomedical and
agricultural applications by employing non-woven technology to produce products
such as disposable wipes, refuse bags, seed mats and erosion control items [28, 29].

Biopolymers classification

Natural Synthetic
Proteins Gelatine, casein, silk and wool Aromatic Polybutylene succinate
Polyesters terephthalate
Polysaccharides Starch, cellulose, lignin and chitin Aliphatic Polyglycolic acid,
Polyesters Polybutylene succinate
and polycaprolactone
Lipids Castor Oil,Plate Oil and animal Aliphatic-Aromatic
fats co-Polyesters
Polyesters 1-polyhydroxyalcanoates, Polyvinyl-alcohols
1- micro-organism poly-3-hydroxybutyrate
or plants
2- bio derived 2- polylactic acid Modified Polyethylene or
monomers Polyolefin polypropylene
& specific agents
Table 2.

Classification of biopolymers [3].

Biopolymers
ﬁ:olyesters]

Aliphatic

S gtic - Non-Renewable

or
[M | P |  cellulosics |
Nylon& | | PHBV | ) -
| Pes. PBSA | PHe | | staren potymers |
= P A |
| Research | I Pillot plant | I Commercial | | Large scale | | Mature 'l

The development stages of main bio-based polymer types

Figure 2.

Classification and development of bio-based polymers [26, 27]. PCL — polycaprolactone; PBS —
polybutylene succinate; PTT- polytrimethyleneterephthalate; PBSA — polybutylene succinate adipate;
PHH - polyhydroxyhexanoate; AAC — Aliphatic-Aromatic Co-polyesters; PHV — polyhydroxyvalerate;
PET - polyethylene tevephthalate; PLA — polylactic acid; PBAT — polybutylene adipate/
tevephthalate; PHA — polyhydroxyalkanoates; PTMAT- polyethylene adipate/tevephthalate;

PHB — polyhydroxybutyrate (type of PHA); PBT- polybutylene succinate; PHBV, PHBHXx- types of
PHA; PUR- polyurethanes.
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3. Techniques for the preparation and synthesis of biopolymers

Due to biopolymers’ biodegradability and substantially, their applications are
environmentally friendly [30]. Biopolymers properties influence the shelf-life and the
product’s biodegradability. The possibility of increasing the strength of bio-polymers
and bio-composites have been studied without decreasing the biodegradability [31].

Poly (butylene succinate-co-butylene terephthalate) co-polyesters have much
better thermal stabilities in nitrogen compare to air [32]. It was reported that
“Poly(butylene succinateco- ethylene succinate-co-ethylene terephthalate) “can be
polymerized from three pre-polymers of ethylene succinate, butylene succinate, and
ethylene terephthalate by direct poly-condensation [33]. An ideal random copolymer
(Poly(butylene terephthalate-succinate-adipate) from aliphatic units (BA and BS)
has a rubber-like tenacity curve [34]. Aliphatic aromatic copolyester (AAC) could
potentially modify the basic BTA (1,4-butanediol, adipic acid, and terephthalic acid)
structure and may become commercialized [35, 36]. Development of biodegradable
aliphatic-aromatic co-polyesters began with the study of different modes of degrada-
tion [37, 38]. Aliphatic biopolymers are biodegradable and sensitive to hydrolysis; their
flexible chain fits easily into the active site of an enzyme [39]. Aromatic biopolymers
have favorable physical properties such as resistance to bacterial, fungal and hydro-
lysis attack [40] but degrade if they are co-polymerized with aliphatic bio-polymers
[41]; breaking down by means of hydrolytic or/and enzyme degradation [42]. It was
reported that inclusion and/or incorporation of aromatic monomer groups in the
aliphatic polyesters’ main chain, can potentially enhance their mechanical properties
[43]. The randomness and the length of the polymer chains aid in understanding the
biodegradation behavior for aliphatic-aromatic co-polyesters [44]. Polyester-based
nano-particulates could be easily prepared by solvents diffusion or evaporation meth-
ods. The degradability of the oligomers would decrease by increasing chain length [45],
thus the amorphous part of the polymer would become that which is degraded [46].

4. Biopolymer and industrial applications

Biodegradable polymers used widely in industries such as textiles, packaging,
fast-food container and packaging, paper coating, agriculture mulch films, medical
products, tubes, lawn and garden waste bags, disposable wipes, erosion control,
biologically-based resins, car parts, glass fibers agents, as well as coatings and adhe-
sives [3, 47, 48]. Various blending ratios of regular and waxy corn starches with co-
polyester were extruded into loose-fill foams [49]. PCL (polycaprolactone) are used
to made spun fibers, scaffold fibroblasts and myoblasts for soft tissue engineering
[15]. Natural biopolymer-based films and the packaging materials have been studied
[50, 51]. Ochratoxin-A as well as amycotoxinis a common food contaminant that
enters the human body through the consumption of improperly stored food prod-
ucts and can be used as a electrochemical biosensor [52]. Polysaccharide and protein
based biopolymers can be utilized as coatings to enhance the fruits and vegetables
quality; The medical biopolymers applications are [53] include extracorporeal (i.e.,
artificial kidneys, fluid lines, dialysis membranes, catheters, wound dressings,
artificial skin, etc), temporary implants (i.e., degradable sutures, as well as arte-
rial stents, tissue/cell transplants’ scaffolds, temporary vascular grafts, etc), and
permanently implanted devices. Biopolymer fibers with typical morphology find
applications in bone tissue engineering [54] and as a degradable nano-fiber [55].
Wound dressing materials must be biocompatible, anti-bacterial, prevent infec-
tion, and provide a suitable moist environment [56, 57]. Chitosan complexed with
gelatin has been useful as a surgical dressing at a ratio of 3:1 (chitosan:gelatin), as it
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stimulates hemostasis and accelerates tissue regeneration [58, 59]. Their fabrication
provides appropriate biodegradability and excellent cell adhesion activity, both
useful in making a novel and elastomeric bioactive vascular tissue scaffold [60]. A
fiber based on chitosan and starch which was loaded with drug has had successful
applications in drug delivery [61]. Various fabrication methods have been employed
in the preparation of bio-polymeric membranes and a film-casting process [62, 63].

5. Biopolymers and biodegradable textiles industry

The textile industry has played a important role in the exchanging of goods and
impacted by novel techniques through the development of more environmentally
friendly processes [64—67]. Many biodegradable fibers may be natural, regenerated
or synthetic such as Ingeo (Natureworks), LLC produced from corn, a biodegrad-
able thermoplastic polyatide (PLA); Lenpur produced from wood pulp of harvested
white pine tree clippings; and Modal and Tencel/Lyocell produced by Lenzing from
wood pulp of beech and eucalyptus trees, and biodegradable aliphatic/aromatic
multi-block co-polyesters. The largest application of alginates in textiles can be
found in textile printing, the spinning and weaving of temporary fibers from
calcium alginate [15]. Bio-based fibers like X-Static, Meryl Skinlife, Diolen Care,
Trevira Bioactive are enriched with innovative antimicrobial products such as
technical products, working uniforms, sportswear [68].

5.1Fibers industry and biodegradable polymers

The melt spinning processing technologies with availability of biodegradable
materials along have aided in qualitative and quantitative improvements [69]. The
fibers reinforcing improve the relationship between the process parameters and the
material properties [70]. Many natural fibers added to biopolymers as reinforcements
(flax, cellulose acetate, bamboo, pineapple, ramie, kenaf, henequen, jute, sisal, and
hemp); improving the strength without affecting the biodegradability [71]. Fibers of
the poly(B-hydroxybutyrate) were produced via multistage melt-extrusion as well as
gel-spinning [72]. The dry-jet wet spinning method was used to extrude the cellulose/
NH3/NH4SCN solution [15]. By “dry-jet wet spinning” and using a cellulose/hydro-
lyzed starch-grafted-polyacrylonitrile solution, the mechanical properties of Lyocell
fibers were improved [73]. An extruded Lyocell fibers were reported have potential
uses in filters, geo-textiles, surgical gauze [74]. Cellulose fibers are used for the design
of intelligent, bioactive, and biocompatible composites [75]. Preparing sol-gel derived
biodegradable SiO2 gel fibers [76] for drug release consists of three steps: an initial
burst, followed by a diffusion-controlled release behavior, and finally a step with a
slower release rate. By incorporating responsive hydrogels in textiles, the surface energy
switches between hydrophilic/hydrophobic, with the results listed in Table 3 [77].

There is good compatibility between the chitosan obtained from shrimp shells
and starch-based polymers when forming a chitosan/starch fiber. Some researchers
have made fiber from starch and biodegradable glycerine-based polymers with/
without PLA and glucitol, while others extrude high strength PLLA fibers. The type
LA 0200 K of PLA is processed at a high speed spinning (draw ratio = 6)in a spin
drawing [78]. A fiber from soya bean protein is crafted by forcing a globular protein
to become a fiber forming protein; the fiber has to be cross-linked if fibrous products
are to be obtained [79]. Fibrous materials are segregated into two basic groups, the
first can be placed on the surface of materials (i.e., surgical covers, gauzes, diapers
and tampons), and the second can be placed inside an organic tissue (i.e., surgical
threads, tendons and ligament implants, meshes, stents, and vascular grafts).
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Biopolymer = Monomer Natural Production Hydrogel  Fiber Commercialized
origin Micro-
organism
Cellulose glucose Plants, A. xylinum — Yes Wound covering
Micro-
organism
Hyaluronic N-acetyl- Vertebrats, Streptococci, Yes No Dermal
acid glucosamin  Streptococci  B. subtilis fillers, Visco
supplementation
y-PGA Glutamic Bacillus Bacillus spp. — No Cosmetics,
acid spp., Micro- fertilizer,
organism flocculant
Silk protein Bomby- E. coli, Yes Yes Cosmetics,
xXmorii, cell adhesion
spider, bee scaffolds
Collagen protein Vertebrates Yeasts Yes Yes Scaffolds,
Cosmetics
Chitosan N-aeetyl- fungi Yeast, Yes Yes Flocculant, Filter
glucosamin bacteria membranes,
(partly Cosmetics,
deacylated) wound covering
Table 3.

Monomers, origin and fiber formation of smart biopolymers [77].

5.2 Fabric industry and biodegradable polymers

Weaving, knitting, nonwoven web forming (carding, spun-bond and wet-laid)
and nonwoven-bonding (stitch-bonding, needling, calendaring and hot air bonding)
are fabric forming technologies. Biodegradable non-woven webs and disposable arti-
cles contain fibers such as cotton, hemp, milkweed floss, flax fiber, wool, silk, chitin
and chicken feathers [80]. There are many examples in biodegradable nonwoven such
as biodegradable cotton-based nonwovens (cotton/cellulose, or cotton/ biodegradable
co-polyester) and (PTAT co-polyester and PLA). Cotton/(co-polyester/PP) nonwo-
vens along with absorbency and flexural rigidity have suitable mechanical properties
and they are better than that of cotton/co-polyester nonwovens [81-83].

Sanitary and medical textiles, geotextiles, filtration media, within the automotive
industry, PLA based hair caps, Bionolle 3001 nonwovens, Landlok biodegradable
erosion control coconut fibers mats, Kenaf fiber nonwovens, refuse bags, drain filters
made from fine denier PLA nonwovens, and biodegradable filter materials are used
for both air and liquids. A biodegradable thermoplastic polymer and a plasticizer
could be used to produce a starch matrix of the finely attenuated fibers which could
have applications as environmentally degradable nonwoven webs and articles [84].

Researchers have produced biodegradable cotton-based, nonwovens by using
blends of cotton, flax and biodegradable thermoplastic fibers that act as binders [85];
Biodegradability was monitored, with 40% of the initial weight lost after 8 weeks
composting [86]. To reduce the cost, researchers have made a pure nonwoven material
from co-polyester by a direct melt-blowing process [87]. Woven tubes (3 to 6.5) mm
are developed using Polyglactin 910 biodegradable yarn on a narrow width loom [88].

Biodegradable poly (L-lactide-co-caprolactone) fabrics of nano/micro- structured
can be made Using CH2CI2 as a solvent in electro-spinning. The electro-spun elastomeric
nano-fiber fabric is used as a functional scaffold in tissue engineering (i.e., cardiovascu-
lar, muscular) [89]. The Belgian Textile Research Centre’s projects include: Noterefiga for
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bio-based comfort textiles, Bioagrotex for agro-textiles (agriculture, horticulture, gar-
dening and construction), Green-Nano-Mesh for medical areas, Dura cover for woven
PLA taped ground covers, Hortaflex and Weed Control for PLA based nonwovens, and
the BiobasedFilbio project for knitted PLA insect screens for climate control.

There are various commercialized fabrics made from naturally derived bio-
polymers such as those found in the Ethical Fashion Forum in London: POLY Acid
Ingeo bio fibers; QMilchfibers, Lenzing’s Modal fiber, Micro Modal fiber, Lyocell
fiber, POLARTEC polyester, unique corn-based PLA fleece; and Cork shell made
from cork to form high quality textiles for lightweight spring and summer jackets.
Biopolymers based in intelligent and/or stimuli responsive polymeric systems have
been developed and reported by researchers for the functional finishing of textiles
[90]. Scientists proposed changes of the polymer backbone in a reversible forma-
tion of PLA-dye complexes [91]. Sorona is used in the coat fabric for jackets, trench
coats and outerwear with its 37% renewably sourced plant-based components; they
lose their wrinkles with one quick snapping motion. Bio-based fabrics made of wool
and “BIOPHYL” or “TENCEL”. Some commercial products are made from spider
silk [92] and could be used in the bullet-proof vests industry [15].

5.3 Fiber and fabric coatings and biodegradable polymers

Modification techniques of the biopolymer’ surface includes coating, oxidation
by low-temperature plasma, and surfactant addition blending with various deriva-
tives [93]. Cyclodextrins or linear carbohydrate biopolymers were attached to the
textile to allow frequent use and washing [94]. Regenerated cellulose fibers were
treated by plasma activation using a chitosan solution [95]. Cellulose was coated by
chitosan nano-particles to reduce the cost and non-toxic methodology [75]. While
studying their development as well as characterization, both the organic cotton based
bandages and cotton were coated separately on the gauze structure using chitosan-
sodium alginate polymer, calcium-sodium alginate polymer and subsequent mixtures
of the two, thereby improving its antibacterial and wound healing properties [96].
For dyeing and printing, the dextrin derivative surfactant improves the whiteness
and wetting properties of cotton fabrics [97]. The chemical surface treatments of
jute fabrics involve bleaching, dewaxing, cyanoethylation, alkali treatment and vinyl
grafting are used as reinforcing components in biodegradable matrix composites,
which are environmentally friendly materials [98]. A Knitted Dacron graft made of
polyethylene oxidepolylactic acid were coated with a polymeric biodegradable sealant
[99]. Layer-by-layer electrostatic deposition is used to coat the material by adding
dextran sulphate and chitosan to a soybean based polymer [100]. The functional
finishing of the micro- and nano-sized hydrogels improve response times [101].

Nano-composites and nano-structured coatings improve mechanical strength
and flexibility, temperature and moisture stability, as well as durability. “Metal
Rubber”(Nano Sonic Inc.) combines the rubber and metal properties, and it is used
in artificial muscles, electrically charged aircraft wings, and protective biopolymer
clothing [102]. Hydrogel-based biopolymers are used for the functional finishing of
textiles by surface modifying systems [103].

6. Case study: modeling of biopolymers’ melt spinning process
All the production process parameters must be controlled to ensure the quality
and then the significant main factors must be analyzed [104]. Commercially, it is

a challenge to develop a new competitive product [105]. Some research is based on
statistical analysis, mathematical simulation and modeling of the processes of fiber
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formation, and examples of their post-processes have been reported in literature
[106-116]. The practical software-based approach has improved the confidence
benefits of experimental design and simulation [117]. Figure 3 shows a flow chart
for the methodologies used for obtaining the program, starting from the data and
statistical modeling methods and SED. Online quality control tools were utilized for
prediction, measurement, correction as well as adjustment and feedback [118].

The aliphatic aromatic co-polyester fibers extrusion process was investigated in
this work, and statistically modeled [119]. A linear biodegradable oil-based polymer
(LAAC-flexibility component of Solanyl) and branched aliphatic-aromatic co-
polyester (BAAC-Ecoflex F BX 7011) were used to study the effects of the extrusion
process and the properties of fibers. The study describes the melt spinning of aro-
matic-aliphatic co-polyester depending on the extrusion thermal profile effect on as-
spun fiber properties. The molten material flowed easily when the viscosity decreased
and smoother extrudates were obtained at shear rates greater than 4.5 s-1 [120].

6.1 Factorial experimental design for melt spinning of biodegradable fibers

Factorial experimental design provides data about the optimization of the
average response values in regards to the factor levels [121]. The STATGRAPHICS
program is used to design the experiment random order matrix and to simulate the
main data in one block experiments.

The studied factors for the fiber extrusion process include: speed of spin finish,
quenching air speed, metering pump speed, and winding speed, as well as, melt-
spinning or extrusion temperature. The analyzed levels of each parameter were
listed in Table 4; the thirty-two trials matrix for the five control factors was applied
for as-spun fibers analysis. Figure 4 shows an SEM photomicrograph of the cross-
section and surface of the fibers; fibers had an acceptable uniform surface and
possessed a uniform circular cross section.

In this case study [122-124], several statistical tools were utilized for statistical
analysis including the surface plot, normal probability plot, the main effect plot, pareto
chart, interaction plot, as well as analysis of variance (ANOVA). Implementation of
forecasting statistical methods plays a major role in creating a planning program and

[ I- ]
E’g:‘;“" SED [ F“’;;::‘ci;'g ] Results
t 1
Reliability
Figure 3.
The flow chart of the statistical method.
Factor Factor name Level
abbreviation Low High
T Melt-Spinning Temperature, °C (LAAC) 130 145
Melt-Spinning Temperature, °C (BAAC) 145 160
MPS Speed of Metering Pump, rpm (2.4 cc/rev)) 6 12
QA Speed of Quench Air, % (velocity m/sec) 35 50
SF Speed of Spin Finish Pump, rpm (0.15 cc/rev) 0.35 0.50
WS Winding Speed, m/min 50 100
Table 4.

Factors and the selected levels for the spinning experiments of as-spun fibers.
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a plan for the production process regression. A detailed experimental arrangement of
the calculated results of spin draw ratio, birefringence, drawability, die head pressure,
crystallographic order as full-width half-maximum (FWHM), filament temperature
averages, count, tensile properties, diameter, and thermal shrinkage was completed.
According to the drawability characterization, biodegradable fibers (i.e., as-spun)
should consist of a drawn construction and be conducive to orient along the fiber axis
of the chain [125]. There is a clear relationship between the draw down ratio and the
orientation of the fibers and having a significant effect on the drawability. In other
words, the overall orientation of fibers was increased and the draw ratio decreased as
the spin draw ratio increased. Temperature significantly influenced the spin (down)
draw ratio and fiber drawability that affects the flow rate and tension value. To study
the effects of the factors as well as their statistical significance an ANOVA study

was conducted. A factor was considered to have a significant effect if the F ratio (an
ANOVA statistic) was shown to be more than the statistical value (F /4.49/at the
appropriate level a =0.05) or had P-value smaller than 0.05. The ANOVA results from
the experiments are presented in Table 5.

Figure 4.
The surface and cross section of the biodegradable fibers [119].

Source Drawability
F P
T 197  0.000 Estimated Response Surface
MPS=9.0,QA=42.55F=0.425
MPS 1121 0.000
Drawabili

QA 02 0666 e

SF 03 0599 - A I 3.64-4.05
= 5 W 4.08-4.52

ws 1205 0.000 T as B 4.52-4.96
© .

T &MPS 0.1 0.737 z 42 49654
T 28

T&QA 02 0.666 = ¢ 100

. R et 7

T& SF 0.1 0.810 133 136 139 142 178 50 WS

T& WS 72 0.016 T

MPS&QA 2.0 0.176 Estimated response surface for the drawability

MPS& SF 0.2 0.666 (T& WS)

MPS& 15 0.240 Estimated response surface for the drawability

WS (T& WS)

QA & SF 0.0 0.885
QA & WS 0.0 0.962
SF& WS 0.3 0.599

Table 5.
ANOVA results of factor effects on the drawability.
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The significance of factors were PWS > PMPS> PT in the drawability analysis,
while no significant effect was observed due to other factors. The P-value (0.016) of
T&WS is lower than 0.05 and therefore is significant. The most significant factors
were T, MPS and WS. Metering pump speed was observed to have interaction with
winding speed; the speeds’ relationship oriented the fiber chains as well as added
different spin draw ratio, having an effect on drawability later. Multiple and indi-
vidual regressions optimized for the quality required for various applications and
identified the factors’ effects and interactions to determine the direction of those
that are significant by using the estimated response surfaces. A twist was observed
in the 3D surface response diagrams for T and WS (Table 5), thus the interaction
is significant and agrees with the previous statistical results. This interaction will
affect the structure of the as-spun fibers and help to extend the chains to achieve
high orientation along the axis of fiber. The regression Eq. (1) was obtained from
the analysis and forms the simplified models of the experimental data (coded values
in Table 4). The regression equations forecast the fiber properties and accurately
predict the properties in the final fibers produced. The mathematical regression
model forms one of the basic source codes in the designed forecasting application,
which will present the extrusion of aromatic-aliphatic co-polyester fiber.

Drawability =a+b*T+c*MPS—d*QA —e*SF+f * WS
+b1#T#*MPS+b2+T *QA +b3*T*SF—bg T+ WS
— b5 *MPS *QA — b6 * MPS *SF — b7 * MPS * WS @
—b8*QA #SF +bg *QA * WS —b10 * SF+ WS

Where: a, b, ¢, d, e, f bl-10, are statistical constants for the drawability calcu-
lated by the STATGRAPHICS program.

They were also affected by high extrusion speed at which the shear rate affects
the morphological structure [126]. Employing the same technique, the overall
orientation, spin draw ratio, crystallographic order, die head pressure, diameter,
tensile properties, thermo-graphic measurement and thermal shrinkage were also
analyzed and modeled. The statistical analysis models simulated the significant fac-
tors, their interactions, and gave useful results with some expected outliers which
could be due to experimental and/or testing errors.

6.2 Forecasting program for the fiber extrusion

In the programming process, the relationship between the key inputs (factors)
and the performance measures (responses) using factorial statistical experimental
design technology are reported. The statistical data and regression formulas are
represented as a computer application. Microsoft Visual Basic was used to write a
forecasting program that could be utilized for the as-spun AAC fibers’ extrusion
process. The program offers the management of regression models for responses
based on statistical factorial design, design analysis and process simulation.
Conversion and summarization of the C++ source code into a simple flow chart was
completed (Figure5).

After selecting the polymer grade, the program requests the parameters’ val-
ues, calculates the values’ responses by using regression equations and then gives
the results. The data from the input conditions was used to obtain the structural,
mechanical and physical data. The program was designed as two windows. The first
window is the input window for process conditions (Figure 6); the second interface
is the output result window (Figure 7).
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Flow chart from
C++ code

‘ ENTER SELECTED PARAMETER | ‘ ENTER SELECTED PARAMETER ‘

'

'

‘ Calculation

Calculation ‘

Figures.
Schematic program process.
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Figure 6.

The main input interface/window for process conditions input.
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Figure 7.

The output interface/window for filament temperature in the machine’s cooling window and the fibers

structural, mechanical and physical properties.
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Each factor is represented as a record and it may be owned by more than one
record, leading to a network-like structure. The multiple regression analysis and
previous forecasting models provide a basis for identifying the relationship between
process-input and process-output data; and formation of a source code to be used in
the forecasting program. The 30 hole spinneret (diameter is 0.4 mm, 1/d ratio is 1.2)
was used. The programmed application powerfully supports product development,
design process control, quality assurance and product performance evaluation; it
displays data on the screen or sends data to a file or other devices. Figure7 shows
the output interface/window for filament temperature in the machine’s cool-
ing window and the fiber’s structural, mechanical and physical properties. Each
factor is represented as a record and relationships between other factors through a
matrix design.

7. Textiles industry future and biodegradable polymers

Reusing and recycling properties are the main goals for the environmentally
friendly textile industry [127]; saving time, cost, and materials. There are
various methods in which bio-polymers are processed, such as polymerization,
crystallization and manufacturing depending on the polymer’s nature and
application [128]. Biomechanical engineering design of clothing products is still
at the development stage. Biological health and psychological happiness are criti-
cal indexes reflecting quality of life. Bio-material processing and bio-garment
simulation has grown from basic shape modeling to the modeling of cloth with
complex physics and behaviors. Bio-textile engineering approach offers precise
details of modeling cloth at a micro, the graphics software simulate the fabric to
form the final deformation and animation. The acceptance of biopolymer mate-
rials as commonplace in textile industry require the passage of time. Biopolymers
boast greater environmental consciousness than most modern technologies, as
they have the potential to significantly reducing cost, energy and materials for
future generations. Modeling crosses the boundaries of academia, science and
industry [129].

8. Conclusion

This chapter reviewed the relationship between the bio-polymers and the
modeling of the production processes in textile industry. The theoretical techniques
and factorial experimental design together with the biopolymers’ classification and
preparation methods open new field of the modern textiles, from fiber to fabric
forming and coating technologies. Biopolymer use in the textile industry is an excit-
ing and innovative area of research for scientists and researchers alongside textile
and polymer engineers.

In the case study, results obtained should answer the fairly complex demands
posed by multi-applications running concurrently with the application programs
(or processes) in the computer. It is limited by the regions of the studied factors
between the factor levels. The program’s results help in achieving a balance between
the enhanced properties and the fiber cost while saving processing cost, material
and the power required for enhancing fibers. After finishing the processes for
modeled biodegradable fibers, the process conditions (process-input data) selected
depends upon the user. The produced environmentally friendly, economical, energy
saving fibers can be potentially utilized in textiles, agricultural, as well as horticul-
tural applications.
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Chapter7

Medicinal Uses with Immense
Economic Potential and
Nutritional Properties of Aegle
marmelos: A Concise Review

Harekrishna Mahato and Brajesh Kumar

Abstract

Aegle marmelos is the only member of the monotype genus Aegle and belongs to
the Rutaceae family, the citrus fruits family. This review shows the economically
feasible pharmacological applications and the nutritional properties of A. marmelos.
Each part of the A. marmelos/Bael tree such as root, bark, leaf, flower, fruit, and
seed has therapeutic significance in Ayurvedic systems as well as other traditional
medicines. In bael fruit, there are various valuable bioactive compounds that have
remarkable nutritional and medicinal properties. The isolated components belong
to alkaloids, terpenoids, vitamins, coumarins, tannins, carbohydrates, flavonoids,
fatty acids, essential oils, and various other important biological agents. Various
research studies have revealed the therapeutic effects that include antioxidant,
antimicrobial, antibacterial, antidiarrheal, antiviral, antidiabetic, antiulcerative, and
colitis nature of bael, which aids in inhibiting gastrointestinal problems, differ-
ent cardiac issues, and other possible health benefit effects such as radioprotective
effects, hepatoprotective effects, wound healing, peroxidation, inhibition of lipid,
gastroprotective, cardioprotective, and free-radical scavenging (antioxidant)
activity.

Keywords: Aegle marmelos, phytoconstituents, medicinal value, antioxidant,
anticancer

1. Introduction

Food is essential for life, and the main sources of food for animals especially for
humans are different parts of the plant such as leaf, stem, fruits, seeds, flowers,
and roots. Plants and their parts are not only used as a food but are also used as
medicines. This is due to the presence of active chemical components in parts of the
plant. Nowadays, various research and study applications have focused on the active
chemical constituents of the plants and their functions due to the effectiveness,
less side effects, synthesized easily, and most importantly economically feasible.
Traditional uses of plants and plant parts also demonstrate the direction to use
plants for the specific type of disease. A. marmelos (L.) Correa (Figure1) is a very
important indigenous plant to the Indian subcontinent for over 5000 years because
of its economically feasible dietery and medicinal uses. The fruits of bael are of
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Figure 1.
Leaves and fruits of Aegle marmelos.

dietetic use, and the fruit pulp is used to make delights such as murabba, puddings,
and juice. The subtropical fruit A. marmelos or commonly known as bael belongs

to the Rutaceae family [1]. A. marmelos L., known by different names in different
languages, such as Bel, Beli, and Belgiri in Hindi, Bilva, Shivadrums, Shivaphala,
and Vilva in Sanskrit and Bael, Bengal quince, Indian quince, holy fruit, and golden
apple in English and also known as Japanese bitter orange, stone apple, or wood
apple (Table 1) [2]. In India, it is cultivated as a temple garden plant, and the leaves
of A. marmelos are used to pray to Lord Shiva.

In different fields of science and technology, every part of this plant has a great
utilization to cure many diseases. The variety of fruits is smaller in size than the
other variety in the similar cultivated type [1]. Most common cultivar varieties
of A. marmelos/Bael are Kagzi Gonda, Gonda no 1, Gonda no 2, Kagzi Etawah,
Mirzapuri, and Baghel [1]. The potential effects of bael in different medicinal
systems such as Ayurvedic, Unani, and Siddha have been already in use, and it

Languages Different names of A. marmelos in corresponding languages
Hindi Bel, Belgiri, Beli
Sanskrit Bilva, Shivadrum, Vilva, Shivaphala
Telegu Maredu
Kannada Bilpatra, Malura, Kumbala,
Tamil Kuvalum
Bengali Bel
Gujrati Bil
Cambodia Phneou or Pnoi
Portugese Marmelos
Java Mojdo
French Oranger du Malabar
Vietnamese Bau Nau
Thai Matum, Mapin
Table 1.

Various names of Aegle marmelos in different languages.

134



Medicinal Uses with Immense Economic Potential and Nutritional Properties...
DOI: http://dx.doi.org/10.5772/intechopen.102876

states the functionality and feasibility of bael [3]. Many researches studies on bael
approved that it consists of many nutritional elements such as a large group of
phytochemicals, which includes alkaloids, flavonoids, tannins, phenolic acids, and
coumarins. Except the above chemicals, other class of beneficial compounds such
as amino acids, vitamins, a wide range of organic acids, carbohydrates, fatty acids,
fibers, minerals make bael a highly nutritious fruit with immense health benefits,
and the natural availability makes it economically feasible [4]. A. marmelos may
cure gastrointestinal diseases such as diabetes, cardiac issues, and inflammation-
related problems. It can acquire protective effects against the wound, microbes,
radiation, free radical generation, and depression. The natural healing power of

A. marmelos is proved by many research studies and applications [5]. A. marmelos
fruit is a natural source of antioxidants and functional foods. It can be used in its
dehydrated form such as jam, slab, bael powder, which makes it more useful for
any kinds of season. A. marmelos and its various products and its various uses and
applications make it extremely profitable, and the availability provides greater
advantage over other similar kind [6, 7]. All seeds of A. marmelos are surrounded by
gum having adhesive, waterproofing, and oil emulsion coating properties [8]. Due
to the digestive and stomachic properties of bael, it is used in the treatment of diar-
rhea and dysentery [9]. It acquires tannins, reducing sugar, high amount of pectin,
and very small amount of nonreducing sugar [10]. Due to presoluble and insoluble
mucilaginous dietary fiber and pectin, it has great nutritional values. Many miner-
als and vitamins such as riboflavin, ascorbic acid, thiamine, niacin, vitamin A,
calcium, and phosphorus are found in bael, which makes it healthy food [11]. Focus
of this review is to highlight the composition of beneficial nutrients, formulation,
and their medicinal uses with availability, quantification of phytochemicals, and
economic view for production. This article will also be helpful for the industries for
the production of medicines, bael products, food supplements and also helpful for
researchers to make it more fruitful.

2. Botanical description

The growth of the A. marmelos tree is slow, and the height is nearly about 762 cm
and 90-120 cm in girth [12], with a somewhat spiny branches of stem are observed
in the bael tree [13]. Branches are armed with straight sharp axillary thrones, 2.5 cm
long. Leaves alternate, 3 — foliate, rarely 5 — foliate; petiole 2.5-6.3 cm long, terete,
2.5 cm long. Leaflets 5-10 by 2.5-6.3 cm, ovate or ovate — lanceolates, crenate,
acuminate, membranous, pellucid-punctate, the lateral opposite, subsessile, the
terminal long petioluled. Table 2 shows the botanical classification of bael.

The color of the leaves is different in different phase of the leaves; it is very green
and fresh to see in the early stages, but later on it looks like dark green in color [13].
On observing the bark of the tree, it has been found that it is thick in nature, and

Kingdom Plantae

Order Sapindales

Family Rutaceae

Subfamily Aurantioideae

Genus Aegle

Species A. marmelos
Table 2.

Botanical classification of Aegle marmelos/bael.
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after slightly thrashing the bark, then gum secretion is also observed, and it becomes
thicker with the presence of air [13]. A. marmelos flower is hypogynous and bisexual
in nature, and it smells sweet. The greenish-white bael flowers are collectively held
by some lateral panicles, which are held by leaf axil [1, 14]. A. marmelos fruit hasa
hard, woody exocarp, and the fruit color is mainly yellowish green, having a diam-
eter of 5.3-7.2 cm, with an approximate weight of 77.2 g, volume of 73.7 mL, and
sphericity of 93.72 + 2.78% [15]. The color of the fruit pulp may vary from bright
orange to sunset yellow, and the pulp contains seeds that are present in grooves and is
surrounded by thick, clear mucilage. It contains some dots on the outer surface and
also contains numerous seeds, which are hard and having thread-like hairs over their
outer surface, which is white. The fruit is greenish when unripe, and upon ripening,
it turns into yellowish color. Both ripe and unripe fruits are used for their medicinal
values [16, 17].

3. Home remedy

Many home remedies are there, which are very useful for different diseases such
as dysentery, diarrhea, digestion problem, etc. 1-3 drachms(drs) of the powder
made from the mixture of A. marmelos fruit one part, Indian sweet fennel seeds
one part, Holarrhena antidysentrica, two parts with Ispaghula, Sugar, Chebulic
myrobalan, and plantago is very useful for chronic dysentery. There is another
remedy that is very useful for both the chronic dysentery and diarrhea, and it can be
prepared by mixing Andropogon muricatus one drop, Bael fruit four drops, Symplocos
racemosa one drop, and Scindapsus officinalis one drop. In summer or very hot
climate, another mixture of dried A. marmelos fruit pulp and Indian sweet fennel
seeds both in a quantity of 21/2 drops with one drop gum of silk cotton tree, two
drops honey, 1/2 drop dried ginger, and sugar is very useful in chronic diarrhea and
dysentery [17].

4, Traditional uses

Extensive use of A. marmelos has been found in Ayurveda and traditional
medicine system. In Ayurveda, the ripe fruit, which is acrid, bitter, and sweet,
removes vatha and kapha, and it is good for the heart. Unani said that the ripe fruit
is hot and dry; tonic, restorative, astringent, laxative; good for the heart and the
brain; bad for the liver and chest [16, 18]. The unripe fruit is oily bitter, acrid, sour,
tasty but difficult to digest, appetizer, binding cures dysentery, removes pain. The
oil is hot and cures vatha. According to Siddha, A. marmelos has bitter, astringent
taste, hot potency, pungent, bioavailability and reduces Vatha, Pitha, and Kapha
dosha. The plant leaves can be used as an analgesic and antifungal agent [19]. Bael
leaves are very useful for the treatment of asthma, hepatitis, hypogllcemia, and
febrifuge. It has been also traditionally utilized for preparing medicinal mixes for
numerous diseases or disorders. A. marmelos leaf powder may be used in the treat-
ment of bowel syndrome [20]. It is used as a remedial measure in the treatment of
beriberi [21]. A. marmelos leaf essential oil is reported to show various therapeutic
actions [22]. The flower of A. marmelos has antiseptic properties and can be used
as an astringent. In Thailand, the immature leaves and shoots of A. marmelos plant
are consumed, whereas young leaves and shoots are consumed in Indonesia [23].
Flower is also used in epilepsy [24]. Marmala water, made from flower, is found
helpful in catering conjunctivitis [25]. A. marmelos flower extract has been tested
for wound-healing properties [24]. It is reported that mRNA expression has been
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increased by inhibition of nitric oxide, the release of prostaglandin E2 (PGE2),
thus increasing wound healing in rats [26]. The roots of A. marmelos have been
used to cure dysentery, colitis, flatulence, and fever. So, in Chyavanprash, its roots
are widely used [27]. In melancholia, heart palpitation, and intermittent fever, the
decoction of root and bark is used [28-30]. Root bark may be used as a fish poison
and fever treatment [31]. A. marmelos fruit extract is very helpful in thte treatment
of thyroid. During pregnancy to prevent vomiting, it is found very helpful when

it is taken with rice water in boiling conditions. In abscess curing, pulp powder

of unripe fruit is very helpful to cure abscess [27]. On heating, sugar is produced
from starch present in unripe fruit, then the fruit extract is added with hot water
and anesi and strained, the extract found is useful in dysentery. Fruit pulp in milk
mixed with sugar is very helpful in the treatment of urinogenital disorders [7, 21].
A. marmelos fruits may be used as an antiscorbutic and stomatic agent, and it may
cure diseases such as intestinal ulcer, gonorrhea, chronic constipation, and indi-
gestion [21]. Mustard oil and powdered fruit in the ratio 2:1 are used in southern
Chattisgarh in burn treatment [1]. Ripe fruit juice extract helps to cure chronic
gastrointestinal disorder, piles treatment, and rectum inflammation, alongwith it
reduces blood sugar levels owing to its bitter flavor [32, 33]. There is a great advan-
tage of A. marmelos and its various parts that it can be preserved only by drying
means; there are no chemicals are used alongwith and no costs are there to preserve
for long time; really this advantage is profitable for the production of its processed
food and medicines. In Thailand, it has been observed that dried A. marmelos leaf
and fruit pulp are packed in tea bags and preserved in syrup for the further use in
traditional preparation of desserts such as cake, juice, squash, nectar, jam, syrup,
etc. [34]. A. marmelos plant acts as air purifier by absorbing harmful poisonous gas
from atmosphere, making it inert/neutral and thus removing poisonous property.
This is not only helps to reduce pollution, but also it clears the toxic effects and
provides a fresh and healthy environment. As compared with other plants, A.
marmelos can release higher amount of O, in the presence of sunlight, and plant is
included in a category of “Fragrant” species because it can neutralize bad odors in
air by deodorization process [32]. The unripe fruit yields yellow dye and is used for
tanning calico and silk fabrics by textile industry [35]. This advantage is makes it
more important and profitable for industry.

5. Nutritional properties

A. marmelos nutrients are extremely beneficial for being a healthy human, and
this evidence is already proved by various research studies. Recent research studies
not only focused on the nutritional benefits of A. marmelos but also focused on its
low-cost production and marketing to build a healthy environment. Main composi-
tion of A. marmelos nutrients is water (60-65%), carbohydrate (9-21%), sugars
(11-17%), fibers (5%), and other compositions are vitamins, minerals, glucose,
various fatty acids, and amino acids [3, 36, 37]. Bael can prevents rancidity and
color loss because it contains a valuable amount of vitamin A (55 mg), vitamin B
and vitamin C (8 mg), which can act as an antioxidant [3, 38]. A. marmelos fruit
pulp contains 1.7% mineral contents with copper (0.21 mg), potassium (610 mg),
calcium (80 mg), phosphorous (52 mg), and iron (0.60 mg/100 g) [39]. The calo-
rific value of A. marmelos (88 cal/100 g) is higher than that of apple (64 cal/100 g),
guava (59 cal/100 g), and mango (36 cal/100 g) [40]. Like other fruits, A. marmelos
is also providing different nutritional values in different stages of maturity. For
estimating crude protein in dried fruits by Micro Kjeldahl’s distillation, to estimate
crude fat Soxhelt method is used, ash content is estimated by incineration method
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[21, 41]. Xylose, threose, glucose, galactose, fructose, arabinose, sucrose, galact-
uronic acid are present in A. marmelos as a polysaccharides and as a fat present
like ricinoleic, linolenic, oleic, linoleic, palmitic, and myristic [42]. The major and
important parts of nutrients are found in seeds and leaf.

In A. marmelos seeds, there is present 34.4% oil, stearic acid 8.8%, linolenic acid
8.1%, palmitic acid 16.6%, and oleic acid 30.5% [43]. This seed oil is used in aroma-
therapy, cosmetics, and in compressor [44]. A. marmelos oil can be used in medical
purposes such as an anti-inflammatory, antiseptic, antimicrobial, antioxidant,
astringent, disinfectant, carminative, and cytophylactic.

6. Phytochemicals present in bael/Aegle marmelos

Flavonoids, carotenoids, phenolics, alkaloids, polysaccharides, terpenoids,
phenylpropanoids, tannins, marmin, coumarin, etc., can found in A. marmelos
(Figure 2) [45]. In leaves, the main constituents are cubebol 0.5%, y-isogeraniol
0.2%, 6-cadinene 0.3%, y-isogeraniol 0.2%, linalool 1.8%, menthane monoterpe-
noids 0.1%, a-terpineol 0.1%, a-cedrene 0.2%, germacrene B 4.7%, geraniol 0.2%,
cis-piperitol 0.4%, A-zingiberene 0.2%, y-isogeraniol 0.2%, a-cubebene 0.1%, a-
pinene 0.2%, a-humulene 0.8%, a-copaene 0.3%, myrcene 2%, y-elemene 0.4%,
limonene 64.1%, E-phytol 0.3%, y-curcumene 1.7%, B-funebrene 0.2%, farnesol
0.1%, E-p-ocimene 9.7%, a-farnesene 0.1%, Z-jasmone 0.1%, E-caryophyllene
2.4%, germacrene A 0.1%, trans-Linalool oxide 0.1% [46].

Many of the phytoconstituents having very good medicinal effects such as A.
marmelos fruit pulp, fruit juice have been reported to be rich in numerous health-
boosting polyphenols (Figure 2). Similarly, other health-benefited phytochemicals
such as alkalloids, flavonoids, phenolic compounds, terpenoids have been accumu-
lated in fruit pulp [47]. The most important polyphenols and flavonoids include
alkaloids, coumarins, polysaccharides, and carotenoids. Polyphenols present in bael
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Figure 2.
List of main bioactive compounds present in Aegle marmelos.
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Phytochemicals Bael parts Analysis method Biological activities
Coumarins Leaves, Colorimetric method, Antioxidant, antidiabetic, Anti-
seed, fruit, permanganate oxidation inflammatory, analgesic agents
bark, root method
Alkaloids Leaves, Hager’ test, Wagner test, anti-inflammatory, alpha-
fruits Mayer’s test, Dragendorff’s glucosidase inhibitor,
test antibacterial, analgesic effects
Phenolic acids Fruit LC-MS, HPLC studies, Ferric Antioxidant Activity
chloride test
Terpenoid Leaf, fruit, Noller’s test Anticancer And antimalarial
and bark
Flavonoids Fruit Shinoda test Antioxidant activity
Tannins Unripe bael Gelatin test, Goldbeater’s test Antimicrobial, helps in reducing
fruit blood pressure
Fatty acid Seed, fruit, Gas chromatography with a Antimicrobial activity
leaf flame ionization detector
Table 3.

Major phytoconstituents, analysis method, and biological activities of bael plant.

depend on the maturity stage of bael [48]. From showing antioxidant activities to
lipid cholesterol absorption, these phytochemicals possess immense health benefits.
Caffeic cinnamamides acid, arbutin, cholorogenic acid, p-coumaric acid, p-cou-
maroyl, quinic acid, and protocatechuic acid such a type of phenolic compounds
can be found in bael fruit juice [3]. From A. marmelos fruit phytochemicals such

as terpenoids, flavonoids, saponins, tannins, and glycosides can be easily isolated
[6]. It has been reported that compounds include y-sitosterol, rutin, p-sitosterol,
glycosides, marmeline, aegelin, marmesinin, halfordiol, phenyl ethyl, lupeol;

such a type of phytochemicals can be present in a very good quantity in bael leaves
[49]. Catechin, flavanols, flavones, lignin, tannins, and isoflavones fall under the
polyphenol group. Lignan glucoside compounds have been isolated from the bark
of A. marmelos tree [50]. 7, 8- dimethoxy-1- hydrox-yl 2-methyl anthraquinone and
6-hydroxy-1-methoxy-3-methyl anthraquinone have been reported to be isolated
from A. marmelos [51], and skimmiarepin A as well as skimmiarepin C has been
isolated from stem bark [52] (Table 3).

7. Quantitative analysis of phytochemicals

From the nutritional composition of A. marmelos, it is well known that the fruit
is highly rich in various bioactive phytochemicals. It has been observed from vari-
ous research studies that different types of phytochemicals or bioactive compounds
are present in A. marmelos. Main class of phytochemicals are generally estimated as
total phenolic count (TPC), total flavonoid content (TFC), and total carotenoids
(TC). TPCs are responsible for anticancer activity of A. marmelos. For estimation,
different processes are used, and for a particular process, there is taken a compound
as a standard. For example, Folin—ciocalteu (FC) assay is used for TPC estimation
with gallic acid as a standard. Similarly, TC is estimated by Gross method, and TFC
estimation involves AICl; colorimetric assay where rutin or catechin standard is
used. Pearson’s method is generally used for the determination of ascorbic acid, and
for total alkaloids ammonium hydroxide precipitation method is used. In pulp,
TPC 87.3 4 mg GAE/g dw, TFC 15.20 mg CE/g dw (catechin equivalent per gram),
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vitamin C 26.1 7 mg /100dw and TC 32.98 pg/g dw is present [53]. In leaf, it has been
observed that there are present TFC 63.9 mg/g, total phenolic content 29.4 mg/g,
alkaloids 16.0 8 mg/g, and tannins 10.5 4 mg/g [54]. In flower, TFC ethanol extract
is found to be 1615.2 mg GAE/g (gallic acid equivalent/g), and aqueous extract is
found to be 1496.7 mg GAE/g [55]. In bark, it has been found that total phenolic
content is 14.2 mg GAE/g [56].

8. Medicinal effects of bael
8.1 Antidiarrheal activity

Figure 3a and b shows the biological importance of A. marmelos for the treatment
of various diseases. The powder form of A. marmelos fruit is similarly effective
as its fresh form. Ripe or unripe fruit is useful for the treatment diseases such as
diarrhea and dysentery due to its antiprotozoal activity and also useful for treat-
ment of constipation. In chronic dysentery, it helps to reduce bleeding, and stool
loosens [57-59]. The crude aqueous extract of A. marmelos fruit has been reported
to be nonmutagenic to Salmonella typhimurium strain TA 100 in the Ames assay
[18]. Over 35 strains of bacteria that cause diarrhea, Vibrio cholera, Escherichia coli,
and Shigella sp are effectively inhibited by ethanolic extract of fruit [5, 60]. Recent
research studies focused on the improvement of efficiency of medicines made of
A. marmelos for diarrhea and dysentery, and it has been observed that the chloro-
form extract of bael root can perform same functionality as Ciprofloxacin with the
advantage of no side effects [61].

In vitro and in vivo studies of A. marmelos make it more effective and provide
economic feasibility for medication. The unripe fruit pulp of A. marmelos shows
effective potential activity over enterotoxins and also responsible for preventing
the formation of gut epithelium colony [61]. Antidiarrheal activity of A. marmelos
is not only shown by unripe fruit pulp but also by leaf, juice, and water extract
of unripe fruit, and it can be observed as minimum inhibitory concentration
(MIC) method [62-65]. Astringent properties of tannin present in A. marmelos
functionalize nicely over diarrhea [66, 67]. It has been observed in Ames assay
that A. marmelos can show nonmutagonic behavior to S. typhimurium strain TA100
[68, 69]. Hydroalcoholic extract of fruit is found to be nontoxic within the dose of
6 g/kg in mice [70]. It has been reported in pharmacological studies over animals
that no adverse effect found after giving same dose of A. marmelos fruit extract
for 30 days in which the maximum dose is 250 mg/kg of the body weight [53, 70,
71]. A. marmelos has its antigardial effect from decoction of unripe fruit [69].
Colonization studies of E.coli B170, E. coli E 134, and Shigella flexneri reported that
colonization can be decreased by inhibiting bacterial entry [69]. The experiment
of unripe fruit extracts over albino rats with inflammatory bowel disease (IBD)
shows that it is very effective to reduce the intestinal inflammation. The reduction
of intestinal inflammation of albino rat by the action of inflammatory mediators
present in unripe A. marmelos fruit extract, and these are Interleukin 1, Interleukin
6, Interleukin 8, and tumor necrosis factor (TNF-a) [72]. The unripe fruit extract
can also prevent intestinal mortality and secretion, which is an effective indicator of
antidiarrheal action [73].

8.2 Antimicrobial activity

It has been reported that A. marmelos can protect against a wide variety of
pathogenic organisms such as antibacterial, antitumor, antiviral, anti-inflammatory,
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Figure 3.
Biological importance of Aegle marmelos for the treatment of various diseases and mode of action.

antifungal [1]. Marmelide, which is extracted from A. marmelos, has been found to
have more potential and economical than ribavirin, which is an antimicrobial drug
activity (Figure 3b). The primary phase of a replicative cycle such as adsorption as
well as penetration can be inhibited by marmelide, which shows due to the virucidal
activity [74]. Dhar et al. show the A. marmelos juice acquired antiviral potential
against the Ranikhet disease virus [75]. A study of A. marmelos fruit extract by
Rani and Khullar in 2004 has been reported that Salmonella typhi is well affected
by methanolic extract. The antimicrobial action of essential oil extracted from A.
marmelos not only affects S. typhi but also effectively reduces the spore germina-
tion assay of pathogens [76]. Different concentration of A. marmelos extract has
different inhibition rate such as 0.05% extract dose can prevent 100% over fungi,
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whereas 0.04% dose can have 90% prevention and 0.03% dose having 75% preven-
tion [77]. Antimicrobial action can also be observed in A. marmelos juice, fruit, and
leaf extract. A. marmelos leaf extract is very much effective over Filariae [78] and
also intestinal parasites such as Ascaris lumbricoides and Entamoeba histolytica can be
prevented by fruits and its powder, which is a great advantage over other plants, and
it is economically feasible [79]. A. marmelos seeds also take part in this action, and it
has been observed in the disc diffusion assay that an anthraquinone observed in Bael
seed is effective over Candida albicans and Aspergillus species. Aflatoxin is a family
of toxins produced by the fungus Aspergillus flavus, and it has adverse effects on

the plants, but it can be easily prevented by the oil of A. marmelos leaf extract [80].
(p)-4-(2’-hydroxy-3’-methylbut-3"-enyloxy)-8H- [1, 3] dioxolo [4,5-h] chromen-
8-one and 2-isopropenyl-4-methyl-1-oxa-cyclopenta [b] anthracene-5,10-dione

are the different compounds isolated from bael and have possessed antimicrobial
activity [81]. Klebsiella pneumonia, Entercococcus faecalis, Streptococcus faecalis, and
Micrococcus luteus have been inhibited by A. marmelos fruit juice. Many times fish is
attacked by the various pathogenic organisms, and this can be easily prevented by
application of A. marmelos leaf extract. It is reported that for the survival of fish, the
effectiveness of A. marmelos leaf extract enhanced with the dose of 5 g per Kilogram
of the body weight. Leaf extract can enhance the hemoglobin level, pathogen clear-
ance action except that it can also increase WBC count, lysosomal activity, and RBC
count [81]. Dermatophytic fungi prevention is observed by methanolic A. marmelos
extract with a concentration of 400 pg/mL [19]. A. marmelos extract prepared by
using different solvents provides various applications with various concentrations
of dose. Antiparasitic action of A. marmelos extract reported on cattle tick and
100% effective to prevent adult cattle tick and larvae of Rhipicephalus microplus
with 0.3% methanolic extract. Besides this, 0.2% methanolic extract of A. marmelos
can have 100% prevention over the larvae of R. microplus [82]. The concentration

of 0.5-2 mg/mL of the extract of A. marmelos leaf is generally found very effective
as an antifungal [83]. It has been reported that A. marmelos extracted by different
methods and by using different substances such as petroleum ether, chloroform,
methanol, etc., have different activities over different species [84]. A. marmelos
extract can reduce the production rate of CD4p T-cells CEM-green fluorescent pro-
tein in the human body affected by human immuno deficiency virus (HIV-INL4.3)
[85]. Enterococcus faecalis can be prevented by the application of acetone extract of
green fruit, which produces xanthoarnol [83]. The dose of 40 mg/mL concentra-
tion of methanolic A. marmelos leaf extract is applied in Agar diffusion method

for both the Gram-negative and Gram-positive bacteria [86]. The adverse effect of
many organisms can be prevented by a quinone compound [87], and activities of
Gram-positive bacteria by alkaloid Shahidine extracted from A. marmelos [88]. Both
the Shigella flexneri and Shigella dysenteriae can shows its resistance properties over
B-lactam, and these are more convenient to -lactam antibiotics [89]. Bark of A.
marmelos tree shows antibacterial activity over few specific bacterial strains by Agar
diffusion method where the solvents used are methanol and hexane [90]. It contains
a-phellandrene and a-pinene, which acquired antimicrobial activity, and this has
been observed in the estimation of MIC by Agar diffusion method [91].

8.3 Antiulcer activity

A very common disease of the gastrointestinal tract is ulcer, which can be
caused by oxidative stress and presence of Helicobacter pylori bacteria. When
mucosal flow of blood is restricted or gastro protection diminished, then the H.
pylori bacteria affect widely as a result ulcer occurs [92]. It has been observed
that A. marmelos seeds provide protection against aspirin-induced ulcer or
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pylorous-ligated ulcers on rats [93]. An A. marmelos seed contains a pyranocou-
marin class compound named Luvangetin, which is responsible for antiulcer
activity and very much depends on antioxidant mechanism [94]. Oral use of
methanolic extract has great advantage over other medicines such as injections,
and it is easier to be administered orally. In another experiment on rats that have
lipopolysaccharide-induced ulcer after taking methanolic A. marmelos extract,
improvement against ulcer is remarkable [95, 96]. It is reported that methanolic
and aqueous A. marmelos extracts have effective antiulcer activity because they
contain quercetin as antioxidant phytochemical [97].

8.4 Anticancer activity

Cancer is very big and challenging issue to survive as a healthy life in current
world. The main reasons for cancer are hectic lifestyle with slow rate poisonous
food. This leads to oxidative stress, which makes an easy pathway for cancer, very
common disease [98]. Leaf extract of A. marmelos was found to be effective in
inhibiting the growth of cancerous cell such as erythroleukemic HEL, T-lymphoid
jurkat, melanoma Colo38, leukemic K562, breast cancer cell lines (MDA-MB 231)
(isolated at M D Anderson from a pleural effusion of a patient with invasive ductal
carcinoma), and Michigan Cancer Foundation-7 (MCF7), and B-lymphoid can be
restricted by leaf extract of A. marmelos [61, 99]. Studies conducted showed that
the phytoconstituents cineole, eugenol, citral, d-limonene, lupeol show antineo-
plastic effects. One of the important phytochemicals marmelin (1-hydroxy-5,
7-dimethoxy-2-naphtha- m-carboxaldehyde) has been found in bael, which exhibits
anticancer activity against human colon cancer (HCT-116), human epithelial type
2 (HEp-2), and alveolar epithelial carcinoma cells [100]. Marmelin can also be
effective to inhibit the growth of cancerous cells, leads to apoptosis, biochemical
events through the induction of activation of TRADD (TNFR1-associated death
domain protein), TNFa (tumor necrosis factor alpha), caspase-8, TNFRI (tumor
necrosis factor receptor 1), and t-Bid, activates caspase-3 by releasing cytochrome
C [101, 102]. Lupeol shows an antineoplastic effect on different neoplastic cell lines
such as hepatocellular carcinoma cells, human epidermoid carcinoma cells, prostate
carcinoma cell lines, human melanoma cells, and human pancreatic adenocarci-
noma cells [103]. Citral is also effective to reduce the cell growth of cancerous cells
by inducing apoptosis. On the other hand, Eugenol showed significant cytotoxic
effects and is capable to act against malignant Caco-2 colon cells, normal human
gingival fibroblast (HGF), human melanoma cell line, salivary gland tumor cell
lines (HSG), and malignant HepG2 hepatoma cells [101, 102]. A. marmelos can
show its chemopreventive action due to the presence of some important phyto-
chemicals such as eugenol, citral, limonene, etc. [104, 105].

8.5 Anti-inflammatory activity

Inflammation is a defense mechanism and is activated when invader pathogen
or foreign particles attack our system. Many indicators are there, which reflect
inflammation very well; these are swelling, heat, pain, redness, etc. [67]. A.
marmelos fruit extract shows anti-inflammatory function because of the presence
of phytochemicals such as lupeol, skimmianine, and citral [106]. The main func-
tion of these phytochemicals, which are present in A. marmelos, is inhibiting the
histamine-mediated signaling [106]. The ripened fruit juice can prevent inflam-
mation of rectum. It has been reported that histamine-induced contraction can be
antagonized by A. marmelos leaf and induce positive relaxant effect in the affected
area [19].
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8.6 Antipyretic activity

Antipyretic function in human is to lower down the body temperature. This is
required only when there is fever or illness. Allopathic medicines can do that, but
it has side effects, whereas A. marmelos plant part extracts can do the same thing
without any side effects [107]. This advantage of A. marmelos provides a good
health and lowers the expense of medicines. It has been observed in the experiment
with albino rats that the temperature is decreased after applying ethanolic extract
of A. marmelos with a dose of 200 and 400 mg per kilogram of the body weight. The
body temperature reducing action of the ethanolic A. marmelos extract is compa-
rable with paracetamol at a dose of 100 mg per kg of the body weight [19, 108].
Phytochemical compounds such as acetone, petroleum ether, ethanol, chloroform,
diethyl ether are responsible for the antipyretic actions, and paracetamol equiva-
lence is majorly due to the chloroform and methanol extract of A. marmelos [109].

8.7 Antispermatogenic activity

A. marmelos can affect the capability of fertility in male candidates. Generally
fruit, leaf, and seeds can play this antifertility activity. Marmin and fagarine can
reduce the fertility activity of male, and these two compounds are found in bark
extract of A. marmelos in greater amount. It has been reported that methanolic extract
of A. marmelos can reduce the serum testosterone level and also reduce the weight of
the reproductive organ [61]. This reduction depends on the concentration of the dose
taken and time duration [61]. Sperm viability, density, motility, and sperm acrosomal
integrity all these can reduce by the effect of methanolic extract of A. marmelos.
Condensation and degeneration of nuclear chromatin and exfoliation of extended
spermatids were found in the study of histopathology and the availability of space
within germinal epithelium denoting necrosis and testicular cytotoxicity. The experi-
ment on rats has been observed that A. marmelos extract affects infertility, but this
is temporary and totally time- and dose-dependent, and the most important thing is
after the removal of the treatment, there is a complete restoration of morphological
and physiological parameters [110]. It opens a new possibility to the development of
herbal contraceptive for males because it can stop fertile power, and after the removal
of treatment, it can do complete restoration of the fertile power [111].

8.8 Diuretic activity

Through urination, our body expels out the salt and other materials with water
and balances body temperature and water level. Those suffering from water reten-
tion and anxiety need medication. A. marmelos leaves and roots are natural source
of providing diuretic activity to increase urination level for such individuals,
whereas roots are more beneficial than leaves. At higher dose (500 mg/kg) ethanolic
extracts of A. marmelos fruit result in significant increase in sodium excretion.
Extracted fraction of ethyl acetate, petroleum ether, and chloroform of A. marmelos
fruit showed effective diuretic activity [61].

8.9 Antigenotoxic activity

Antigenotoxic activity of A. marmelos fruit extract can be estimated by using the
peripheral human blood lymphocytes and E. coli PQ37. Chromotest (E. coli PQ37)
SOS response is induced by aflatoxin B1 and H,0,, and it is prevented by the acetone
and methanol. In general, SOS response is a response to DNA damage, in which cell
cycle is arrested followed by DNA repair and mutagenesis is induced. Genotoxicity

144



Medicinal Uses with Immense Economic Potential and Nutritional Properties...
DOI: http://dx.doi.org/10.5772/intechopen.102876

of aflatoxin B1 and hydrogen peroxide is inhibited by 84.65 and 70.48%, respec-
tively, by the action of methanol extract of A. marmelos fruit [19]. Presence of
different polyphenolic components in the fruit extract accounts for the antigeno-
toxic activity and has the ability to save DNA from the S9-dependent mutagens and
reactive oxygen species. Several researchers revealed that in metabolism of aflatoxin
B1, the enzyme activity can be inhibited by the polyphenols present in A. marmelos
fruit extract [112].

8.10 Radioprotective activity

Radiotherapy is used in the treatment of cancer, but it has some side effects,
which are harmful. The side effect occurs due to invariable exposure of radio sen-
sitivity to the cytotoxic effects of ionized radiation on treatment. At the time of
ionized radiation treatment, many cells are damaged because of the formation of
free radicals, which can be effectively countered by antioxidant compounds [113].

It has been reported that bael fruit juice has potential to minimize the effect of free
radicals; as a result, the severity reduces and survival probability is enhanced in mice
[114]. In the radiation treatment of mouse in intestine and bone marrow, the detri-
mental effect of radiation is significantly reduced by A. marmelos fruit extract [115].
The hydroalcoholic extract of A. marmelos when administered intraperitoneally in
mice has been watched that there is increase in survival rate after exposure to gamma
radiation at a lethal dose of 10 Gy [116]. The inhibition power to the radiation of A.
marmelos fruit and leaf extracts is due to free radical scavenging and lipid peroxida-
tion associated by the improvement in GSH concentration in the spleen, kidney,
intestine, and liver [115, 117]. On comparison of inhibition power to the radiation
between the A. marmelos plant parts, then the leaf extract was found better, and this
can provide extra protection from hematopoietic and gastrointestinal damages.

8.11 Antidiabetic activity

Nowadays, one of the very common diseases is diabetes mellitus. Stressful
lifestyle, fastfood consumption, and genetic issues make diabetes a very common
disease [118]. Specially, oxidative stress of the body is closely related with this
disease. A. marmelos fruit juice increases the utilization of glucose by stimulation
and the effect looks like similar to the function of insulin [119, 120]. Fruit juice can
improve blood circulation by dilating the blood vessels; as a result of this, blood clot
formation is reduced, which helps to remove diabetes (Figure 3a). Amino acids and
dietary fiber are present in the fruit juice of A. marmelos and can absorb moderate
sugar and promote insulin sensitivity [40]. A. marmelos fruit extract shows multi-
functional activity over diabetes, it is not only reduces the glucose level in blood and
glycosylated hemoglobin but also simultaneously enhances the plasma insulin as well
as glycogen in diabetic rats [121]. It has been reported that methanolic extracts of A.
marmelos leaf reduce the level of glucose in blood of Wistar albino rats according to
the doses applied; as it increases, the serum insulin and so the level of glucose auto-
matically decrease [122, 123]. Insulin secretion can be affected by coumarin, which is
present in A. marmelos fruit juice [124]. Both the ways of administration means oral
and intraperitoneal exhibit hypoglycemic effect. The main mechanism of action of
A. marmelos is improvement of insulin secretion or stimulation of glucose or both.

8.12 Wound-healing activity

Wound healing is a multistep process and involves different techniques such as con-
traction of collagen lattice production, cell proliferation, inflammation, etc. Pain is the
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common symptoms of wound, and main key factor for wound healing is the discharge
of reactive oxygen species (ROS), which helps in healing [125]. In an experiment,
reports on the Wistar albino rats showed that methanolic A. marmelos seed extract
ointment can recover the wound perfectly [126]. The functionality of A. marmelos

on wound healing is like that of nitrofurazone drug [127]. Healing process is boosted
when myeloperoxidase (MPO) level and free radicals touch the minimum level. On
the other hand, if antioxidant activity increases, then the rate of healing mechanism is
also increased. The phytochemicals present in A. marmelos are very much effective for
wound healing because they can increase the antioxidant activity [24].

8.13 Immunomodulatory effect

A. marmelos can improve the immunity upto a particular stage depending on the
situation. It has been observed that after oral administration of different doses of A.
marmelos, both the neutrophil adhesion and phytogenic index are increased. Bovine
pasteurella multocida can reduce the mortality rate in mice at both low and high
doses. Administrations of lower doses are much more effective than higher doses
[128]. Another study on fish reported that survival chances are more with A. marme-
los leaf administration [129]. Bael can increase enzyme activity, RBC count, and
WBC count, which can lead to a healthy system; as a result, immunity is increased.

8.14 Nephroprotective activity

A. marmelos leaf extract shows its nephroprotective function. Nephrotoxicity is
mainly observed due to the enhancement of blood urea nitrogen, serum creatinine,
and MDA level. The study of gentamicin nephrotoxicity reported that A. marmelos
leaf extract can dominantly reduce the enhanced level of MDA, blood urea nitro-
gen, and serum creatinine [130]. The cisplatin-promoted nephrotoxicity can also be
protected by A. marmelos leaf extract [131].

8.15 Antiasthmatic activity

In phelgm and asthma, decoction of A. marmelos leaf can reduce these effectively.
Guinea pig ileum study reveals that antagonistic effect can be shown by tracheal
chain on contraction produced by histamine [132, 133]. Histamine release from mast
cells can be prevented by aegeline situated in A. marmelos leaf [134]. Histamine
release is the main reason for asthma and phelgm. A. marmelos leaves effectively
reduce the release of histamine; that is why it is very helpful for controlling asthma.

8.16 Antithyroid activity

A. marmelos leaf extract can reduce the enhanced level of thyroid hormones in
serum. This function of A. marmelos leaf is due to the presence of scopoletin in it,
which is actually responsible for the reduction of thyroid hormones in serum. The
activity of Scopoletin is as close to the activity of Propylthiouracil [135]. The dose is
experimented on thyroxine-treated animals and found that Scopoletin 1 mg /Kg for
seven days is most effective.

9. Conclusion and future prospectives

In recent years, scientific studies have validated many of the ethnomedicinal
uses and reports on various parts of A. marmelos. A. marmelos has immense

146



Medicinal Uses with Immense Economic Potential and Nutritional Properties...
DOI: http://dx.doi.org/10.5772/intechopen.102876

medicinal actions over animals, and it may replace many medicines of allopathy.
The functionalities of many allopathic medicines can be done by different parts and
its extracts of A. marmelos. As a result, this not only reduces the expense of medi-
cines but also reduces the chances of new other diseases as it has no side effects. This
is a great advantage over allopathy medicines, and simultaneously it is economically
feasible. The phytochemicals present in A. marmelos are very effective, and these
are responsible for the various therapeutic activities, and this is the reason for more
investigation and research required to know the functionalities of phytoconstitu-
ents at molecular level, which can provide more efficient medicine. Planting this
tree is very easy and simple; therefore, the availability is fruitful, which is a great
advantage. Each and every part of this tree can be used as a medicine, so all the parts
are in use, which reflects more marketing from one tree; it enhances the productiv-
ity, and economically there is a profitable position for the manufacturer industry.
This review article tried to focus on the medicinal uses with economically feasible
production and marketing and found exceptionally well, although more research
required for the improvement of medicinal functionalities and productivity.
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