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Abstract Natural fiber-based composites have made significant progress in recent
decades due to their environmental friendliness, lightweight, and low cost. While
there are numerous sources of natural fibers, this chapter focuses on bast fibers
because they possess desirable characteristics for a variety of applications. These
fibers are derived from the phloem that surrounds the stems of fibrous plants,
primarily dicotyledonous. Bast fibers’ qualities are regulated by environmental condi-
tions, maturity, extraction method, and processing. This chapter discusses various
aspects of different types of bast fibers, their physical, chemical, and mechanical
properties, and their applications in a variety of fields, intending to promote their use
in advanced technology sectors.

Keywords Bast fibers - Mechanical properties + Composite reinforcement *
Cellulose

1 Introduction

In recent years, the significance of natural fibers has been appealing for the rein-
forcement of polymers. These natural fibers have excellent chemical, mechanical,
and physical properties with more desirable characteristics. They are also environ-
mentally friendly, renewable, biodegradable, and abundant in nature [1, 2]. These
properties have created a great interest in the production of renewable polymers and
as well in composite applications. However, there are some limitations to the use of
natural fibers such as they are inferior to synthetic fibers in some way and natural
fibers possess hydrophilic nature [3]. So, certain physical and chemical methods have
been conducted to increase the mechanical strength and make the fiber hydrophobic.
Each natural fiber demands a specific type of technique to make them strong and
water-resistant [4].
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Natural fibers are acquired from three sources: animals, plants, and minerals.
Animal fiber includes animal hair and silk fibers. Mineral fibers predominantly
involve asbestos and basalt on the other hand it causes health problems. In general,
the most economic and befitting fibers for the production of biopolymers and other
bioproducts are plant-based fibers. Plant fibers are generally obtained from different
parts such as leaves, seeds, bast, roots, and grass [5, 6]. Among these, fibers obtained
from the bast part of the plant have excellent characteristics. The major chemical
elements of bast fibers are cellulose, hemicellulose, and lignin. The pectin and
proteins are available in minor constituents. Fats, waxes, and other components occur
in small numbers. Bast fibers obtained from the phloem contribute to most of the
natural fiber production around the world. Some of the bast fibers are kenaf, jute,
ramie, hemp, and so on. These fibers are cultivated in various parts of the world,
each fiber requires unique climatic conditions for its growth and development. For
instance, India is the largest producer of jute followed by Bangladesh, Ramie is
another fiber that is cultivated mostly in China and hemp is grown mainly for fiber
application in Europe, Canada, and the United States [7, 8].

Approximately, around 2000 plant species can be utilized as a source for natural
fibers, but only a few of these are commercially accessible, prominent, and found
to be applicable for making biopolymers and composites. In this chapter, basic facts
and information about various types of bast fibers are discussed. Furthermore, at the
end of this chapter, the mechanical, physical, and chemical constituents of the bast
fibers are summarized.

2 Bast Fibers

2.1 Kenaf

Kenaf (botanical name: Hibiscus cannabinus, family name: Malvaceae) is an annual
fiber crop of the warm season and it has a close relationship with cotton and jute.
Kenaf is a natural fiber that is widely used as reinforcement for producing polymer
matrix composites. Kenaf is well known for its economic and ecological merits. Its
period of growth is 3 months and it can grow in a variety of weather conditions.
It grows more than 3 m and its base diameter ranges from 3 to 5 cm. This plant
has a fibrous stalk that creates resistance to insect damage, so it demands very less
pesticides. Only minimal chemical, herbicide treatment, and some fertilizers are
enough to grow kenaf effectively. This plant is adaptable to various soils and 1 kg of
kenaf can produce by spending 15 MJ of energy. This fiber possesses better tensile
strength and is the material of choice for a variety of extruded, molded, and non-
woven products. Some of the applications of kenaf are paper commodities, building
supplies, animal feeds, and absorbents [9, 10] (Fig. 1).
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Fig. 1 Kenaf: a plant, and b fiber (adopted from [11] with permission)

2.2 Ramie

Ramie (botanical name: Boehmeria nivea, family name: Urticaceae) is commonly
known as China grass. It is a robust, perennial, and herbaceous plant. It is planted
largely in China and other Asian countries such as the Philippines, India, South
Korea, and Thailand [12]. This plant species was cultivated in the Mediterranean
region in the early 1900s. Since Ramie is a bast fiber, some of the characteristics are
great thermal conductivity and tensile strength. Also, it has fine coolness, ventilation
function, and moisture absorption. Advantages of Ramie fiber: good antibacterial
properties, provides resistance to mildew and insect attacks. Furthermore, this fiber
establishes a silk luster appearance and can reduce shrinkage in various kinds of
textile material. The ramie plant gets a very high amount of growth in warm and
humid climatic conditions. They are commonly used in the fabric industry because
of their softness, bleachability, and superior dyeability [13] (Fig. 2).

Fig. 2 Ramie: a plant and b fiber (adopted from [14] with permission)
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Fig. 3 Jute: a plant and b fiber (adopted from [17] with permission)

2.3 Jute

The most commonly cultivated jute fibers are Corchorus olitorius (tossa jute) and
Corchorus capsularis (white jute). Jute belongs to the Tiliaceae family. After cotton,
jute is the most crucial natural fiber in terms of production, global utilization, avail-
ability, and usage. The major constituents that make jute are cellulose, hemicellulose,
and lignin. It also comprises pectin, fats, and waxes in small volumes [7, 8]. Jute
is a rainy season crop as it is seeded from March to May according to the rainfall
and nature of the land. So, the harvest time differs from June to September. Jute
cultivation is prominent in the Ganges delta which is shared between Bangladesh
and parts of India (mainly West Bengal). Some other major sources of raw jute are
China, Myanmar, Nepal, and Thailand. Key positive facts about jute are that they are
agro-origin, annual renewability, soil friendly organic properties, and biodegradable
in nature. Various applications of jute are in home textiles, agricultural textiles, auto-
mobile textiles and jute fibers are used in the manufacture of canvas, carpet, ropes,
and sacks [15, 16] (Fig. 3).

2.4 Hemp

Hemp or industrial hemp is from the family Cannabaceae and its botanical name
is Cannabis sativa. More than 30 countries cultivate hemp, among them, China is
the largest hemp producing and exporting country. Hemp plants can grow in several
types of soil and environmental conditions, making suitable surroundings available
in many countries around the world. Temperatures around (semi-humid conditions)
7.8-27 °C are good for the growth of hemp plants. Harvesting of hemp occurs before
the flowering, then it is cut down and rolled into large bails ready to be transported for
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Fig. 4 Hemp: a plant and b fiber (adopted from [20, 21] with permission)

extraction and formation of fibers. This fiber shows an economically viable option
to cotton, hemp fiber encourages cleaner production through material choice with a
lower ecological footprint. Hemp is used in the production of apparel, fabrics, papers,
biodegradable plastics, biofuels, and animal feed [18, 19] (Fig. 4).

2.5 Sunn Hemp

Sunn hemp fibers are one of the oldest yielding crops used in textiles. Its botanical
name is Crotalaria juncea from the family Fabaceae. The majority of sunn hemp
production is in India, Bangladesh, and Brazil. Due to the presence of high cellulose
and low microfibril angle, this fiber has high tensile strength. This fiber is easily
recognized by its white color appearance. Sunn hemp ensures good strength-to-
weight ratio, corrosion resistance, high toughness, and resistance to fatigue [22].
Also, this fiber is broadly famous for its high aspect ratio, cost-effectiveness, and as a
reinforcing material for composites. Various techniques and treatments are performed
to improve the tensile strength of the fiber. It is mainly utilized in the manufacturing
of pulp and paper [23] (Fig. 5).

2.6 Roselle

Roselle is from the Malvaceae family and its botanical name is Hibiscus sabdariffa.
It is mostly grown in tropical Africa and parts of India. Roselle plants need direct
sunlight and sufficient water supply for their growth and are mostly grown in tropical
countries. Roselle fiber has a smooth surface, excellent tensile strength, and modulus
[26]. To develop fiber from the plant, it is suitable to have a long neat stem free of
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Fig. 6 Roselle: a plant and b fiber (adopted from [29] with permission)

branches or fruiting stalks. 18—-20 inches of rainfall is necessary for roselle plants to
grow, it normally takes 3—4 months to fully grow [27]. The primary constituents are
cellulose, lignin, and hemicellulose. Polymer composites can be reinforced with the
help of roselle fibers. It is further applied in automobile, aerospace, building, and
construction fields [28] (Fig. 6).

2.7 Urena Lobata

Its full name is Urena lobata from the family Malvaceae. Urena plant is commonly
known as Caesar weed or Congo jute. The fiber is fine, soft, flexible, and bright
[30]. It is easily available and can be broadly grown under various conditions. For
the extraction of urena, the stems were cut down and then the retting process takes
place in a flowing stream usually for 14—16 days. After which the retted fibers were
washed and dried out. It is traditionally used for making coarse textiles, industrially
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Fig. 7 Urena lobata: a plant and b fiber (adopted from [33] with permission)

as a substitute for jute, and sometimes mixed with jute. Whole urena plants can be
pulped and also made into strong, bank-note quality paper [31, 32] (Fig. 7).

2.8 Flax

This fiber is acquired from the skin or bast surface of the flax plant which is present on
its stem surface. The botanical name of the flax plant is Linum usitatissimum. These
plants are cultivated in subtropical countries and are also available in temperate
regions. This is one of the oldest fibers and is stronger than cotton. The length of flax
fibers varies from 10 to 100 cm. The diameter of these fibers lies between 40 and
80 pm. Growing worldwide demand for linen makes flax a cash crop. Today flax is
a high-end fiber because of its less production and high cost. Since 1994, Canada
is playing as the largest producer of flax fiber. During 2005 and 2006, Canada has
produced 1.035 million tons of flax fiber and currently supplying 60% to EU and 30%
to the US. Fabrics made from flax are called linen. These linens are used as a high-
quality textile for household purposes such as bed coverings, furnishing, and house-
hold interior decorations. Flax fibers produce thick yarns suitable for tents, kitchen
towels, canvas, and sails. Reinforced flax fibers are used in automobile interiors [34,
35] (Fig. 8).

2.9 Nettle

The botanical name for nettle is Urtica dioica, which comes under the family
Urticaceae. This plant is mostly grown in temperate and tropical areas of the earth, it
can height range from 0.6 m to over 2 m [37]. The level of fiber that can be obtained
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Fig. 8 Flax: a plant and b fiber (adopted from [34, 36] with permission)

in the stem of the plant differs. Stinging nettle is also a type of fibrous nettle plant
with a great quantity of fiber where ever this plant is grown, where the local people
procure this fiber and make use of it in textiles or for cordage. This fiber is present
around the outside of the plant stem. The nettle fiber is used mostly for its medic-
inal aspects. The overall plant might be used for uncontrolled menstrual bleeding,
diarrhea, diabetes, urinary problems, and respiratory issues. It can also be found in
a wide range of pain relief medications for the diseases such as muscular dystrophy,
eczema, ulcers, and rheumatism [38, 39]. Another type of nettle called Girardinia
diversifolia (Himalayan Nettle) is quite similar to flax or hemp, it is used widely in
textile industries [40] (Fig. 9).

Fig. 9 Nettle: a plant and b fiber (adopted from [41, 46] with permission)
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(a)

Fig. 10 Banana: a plant and b fiber (adopted from [44] with permission)

2.10 Banana

The botanical name for banana is Musa acuminate. Rather than delicious fruits,
banana also provides fibers for textile purposes. India is one of the largest producers
of banana fiber. Merely 10% of pseudostem can be utilized to make the fiber and
the remaining is waste or applied as fertilizers [42]. They also have low density,
high tensile strength, and modulus. This fiber has numerous applications due to the
presence of properties like moisture absorption, anti-oxidant, UV protection, and
weather resistance. Banana fibers have the potential to be used as reinforcement
for composites in non-structural applications [43]. Ropes and yarns are made using
banana fibers. Due to its resistance to seawater and natural buoyancy, it is used to
make shipping cables (Fig. 10).

3 Properties of Bast Fibers

The various properties of bast fibers are evaluated in order to determine their suit-
ability for use as reinforcement in the manufacture of polymer matrix composites.
One significant disadvantage of bast fibers is that the properties of each fiber vary.
Additionally, the properties are influenced by the environment in which the plants
are grown. The properties of different bast fibers are given in Table 1.
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4 Applications of Bast Fibers

The applications of various bast fibers are given in Table 2.

11

Table 2 Applications of various types of bast fibers
Fibers | Application References
Kenaf |+ Paper commodities, building supplies, and absorbents [53]
» Kenaf core fibers are used in animal breeding, summer forage, and
potting media
Ramie |+ Composites reinforced with ramie fibers are used in armours and vests | [54]
because of their better ballistic performance than Kevlar
* Ramie with glass fibers is widely applied in the automobile industry to
produce hybrid polymer composites
Jute e It is primarily utilized in manufacturing ropes, jute sacks, and twines [55, 56]
« Jute fibers also find their use in making automobile interior door panels
and seat backs
Hemp |+ Itisused in the production of apparel, biodegradable plastics, animal [18]
feeds, and biofuels
» They also find applications in beverage industries and nutraceutical
products
Roselle | » It is widely used in beverage industry [57]
* Roselle is commercially viable to be utilized in food, pharmaceuticals,
paper, and textile industries
Urena |+ Urena plant can be pulped and used for making paper [50]
* This fiber is used for producing coarse textiles and also as a substitute
for jute
Flax * Flax fibers have the potential to be used as livestock feed, linen in the | [58]
textile industry, and in the manufacture of decorative fabrics/yarns
 Flax composites are employed in wooden fittings, fixtures, and furniture
Nettle |+ Nettle plant is used for its medicinal aspects such as be used for [59]
uncontrolled menstrual bleeding, diarrhea, diabetes, urinary and
respiratory issues
« It is used for making ropes, threads, and other related items
Banana | « This fiber is a very good raw material for the textile and packaging [42]
industry. Also, the remaining waste of pseudo stem is used as fertilizer
* Itis extensively used in making power transmission ropes, cordage,
cables, and fishing nets
Sunn | e These fibers are utilized to make pulp and papers [60]

It is also used in the manufacturing of twines, nets, canvas, and fancy
articles like bags




12

5

G. Rajeshkumar et al.

Conclusions

The chapter describes a few bast fibers, despite the fact that they demonstrate the
breadth of their application possibilities, most notably as composite reinforcement.
Bast fibers can also be used in a variety of different applications, including nonwo-
vens, filters, geotextiles, and technical textiles. All the bast fibers discussed in this
chapter have a high amount of cellulose content and higher mechanical properties.
It is possible to modify the qualities of bast fibers by altering their surface through
surface modification techniques. Finally, bast fibers demonstrate significant promise
as a substitute for inorganic fillers and reinforcements, and their use in the composites
industry should be expanded.
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Abstract The advantages of using lignocellulosic natural fibres from the plant bast,
as compared with synthetic ones, namely in terms of environmental impact and
availability for a number of industrial sectors, from textile to wood replacement and
even to automotive or aerospace one, are counterbalanced by the need to extract them
from the plant. In principle, the number of plants that are suitable to obtain bast fibres
is considerable: some of the most popular are, among others, jute, hemp, flax, ramie,
kenaf, nettle, etc., although this work aims also at giving a hint on the wider picture
of the possible expansion of the market to other species. However, the quality of
the fibre obtained depends on the extraction method employed, namely mechanical
extraction, decortication or retting in different environments (water, dew, chemical)
for the single species. Information on this aspect is not always consistent and very
precise, although this chapter would like to underline the importance to consider and
thoroughly describe the extraction method for every batch of bast fibre obtained to
try to improve the general quality of the products and generally expand further the
market for natural fibres.
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1 Introduction

Natural fibres play an essential role in the emerging “green” economy, which is
concerned with the conditions of the environment: their use in materials, such as
composites, does represent an important completion of their role in textile industry
and, conversely, lignocellulose waste obtained from agro-forestry sector can often
have a fibrous form. The use of natural fibres enables coming closer to carbon
neutrality, which means absorbing as much as possible the same amount of carbon
dioxide (CO,) that is produced during the manufacturing of products. Another appli-
cation that is promising is the use of natural fibres to produce environment-friendly
building materials, also they are completely biodegradable at the end of their life
cycle.

The International Year of Natural Fibres was celebrated in 2009 to raise worldwide
awareness regarding the natural fibre’s significance; this applied not only to natural
fibre producers, consumers and industry but also to businesses relying on natural
fibres for efficiency and long-term sustainability. The vast majority of natural fibres
are harvested throughout developing countries, coming to a total of 30 million tonnes
per year worldwide. The sale and proceeds outsourcing of natural fibres significantly
donate to poor farmers’ income and food security in many developing countries,
giving, therefore, a significant economic importance to them: the diffusion of possible
products can span also to highly technological industrial sectors, such as automotive
[1]. Numerous parts of the plants are able to produce natural cellulosic fibres, which
are then used to make products. Seed fibres (from kapok and cotton, for example),
bast or stem fibres (from jute, flax, kenaf, sugarcane and hemp), leaf fibres (from
a variety of plants, including several palms, pineapple, and banana) and fruit fibres
(from coir or Borassus, for example) are the most commonly encountered types.
The main difficulties in using natural fibres are the extraction, which is sometimes
problematic, the not always very high repeatability of performance, and the usual
local character of most of these [2].

Bast fibres are extracted, with various processes defined collectively as retting,
from different plants and cultivars of these [3]. These include among others hemp,
flax, jute, kenaf and ramie: to be a bast fibre indicates that the fibre is essentially
found under the bark stalk plant, also recognized as phloem [4]. The fibres must
be extracted and processed differently because of their inherent structure in the first
place. A common characteristic of bast fibres is that, as with any natural material, a
wide variability of quality is possible depending on the crops. After extraction, even
only concentrating on their mechanical properties, they are affected by the variety
of plant cultivated conditions for growth and the environment, harvest date, ripeness
of harvest, decortication and cleaning processes [5].
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2 The Possible Use of Bast Fibres

It is common for bast fibres to be both of sufficient length for use, e.g. in textiles, as
well as reasonably strong. As a result, bast fibre, “soft” and derived from the stems of
plants, is widely considered the most significant fraction of any plant [6]. In general,
the stem of a fibre-producing plant is composed of three layers: the bark layer, the
bast and the core stem. The external thin skin is the bark layer, or cuticle, covering
the outside of the stem and holding the bast fibres in place while also protecting
the entire structure. Between the stem core and the bark layer resides like a fibrous
plant layer. The core of the stem consists of two parts: the pith and the tissue of
wood (xylem) (Fig. 1). In the main and secondary fibre layers, fibrous layers are
invented, paralleling dicotyledonous plants between nodes. Bast, phloem and soft
fibres are the terms used to describe these fibre layers, which vary from stem to
stem in various stem parts. Bast and phloem are the terms used to describe these
fibre layers. There could be as few as 15 bundles or as many as 35 or more bundles.
Each fibre bundle comprises 10—40 individual fibre cells, each of which is pointed
at the extremities. The number of bundle cells is determined by their very location
in the stem, with the most significant number of cells found in the centre of the stem
(see figure). The ultimate fibre cell dimensions vary depending on where they are
located in the stem, with cells at the stem base approximately three times as thick
and long as cells on the upper end of the trunk. Bast fibres have a molecular structure
composed of cellulose molecular chains in an amorphous matrix formed by pectin,
lignin and hemicellulose [7]. When compared to the total number of plants grown
and processed on a commercial basis, the bast fibre group contains a vast number of
plants, many of which are possibly used also in textile products. Some of these are
reported in Table 1.
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Fig. 1 Microscopical view of bast fibres (cross section and longitudinal) [8]
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Table 1 List of potential fibres from bast plant sources

Order Family Botanical name (genus and species)
Sapindales Anacardiaceae Rhus typhina
Myrtales Onagraceae Epilobium angustifolium and E. hirsutum
Lecythidaceae Couratari tauari
Geraniales Euphorbiaceae Euphorbia gregaria and E. gummifera
Poales Poaceae Saccharum officinarum
Asterales Compositae Eupatorium cannabinum
Loasales Datiscaceae Datisca cannabina
Geraniales Euphorbiaceae Euphorbia gregaria and E. gummifera
Linaceae Linum angustifolium and L. usitatissimum
Gentianales | Apocynaceae Apocynum cannabinum, A. venetum, Chonemorpha
macrophylla
Polygalales | Polygalaceae Securidaca longipedunculata
Laminales Labiatae Phlomis lychnitis
Malvales Malvaceae Hibiscus cannabinus, Corchorus capsularis
Rosales Cannabacae Urticaceae | Cannabis sativa
Boehmeria nivea, Urtica dioica

3 Bast Fibres Structure

Bast fibres can also be intended as a hierarchized material, therefore, including as the
core part, giving strength to them, cellulose microfibrils arranged into different layers
(S1-S3) internal to the phloem. The differentiation between S1, S2 and S3 is also
offered by the different angles for winding of the microfibrils, which is referred to
as the microfibrillar angle. The dimension of the microfibrillar angle of the different
layers is also depending on their respective dimensions and of course on the species.
At the very core of the fibre, an empty space is present, referred to as lumen, which
may take different geometries from circular to more elliptical or even bow-shaped,
although for ease of representation, as from Fig. 2, the first one is usually reported
[9, 10].

Some of the above-mentioned bast fibres are more than a promising possibility, yet
they are annually harvested for production purposes. In particular, Table 2 provides
information about the five major bast fibre contributors.

The bast fibre is extracted from the plant’s trunk, which is the outermost part
of the plant. There are primary and secondary layers on each fibre and a hollow
lumen within each fibre. The primary walls form an initial network of glycoproteins,
lignin and hemicellulose microfibrils. The epidermis (bark) helps avoid wetness
evaporating from the plant; also, it allows moderating the mechanical injuries to the
plant structure. In particular, two types of transport tissue can be distinguished in
the plant: xylem helps in transferring water and nutrients from the root to the whole
extension of the plant [11]. The second transport tissue is phloem: phloem fibres
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Fig. 2 a Single fibre exhibiting the S1, S2 and S3 layers; b TEM cell layer micrograph, showing
the centre lamella (dark shadowed colour among fibres) (original drawing)

appear as large quasi-aligned bundles and are responsible for the plant’s strength and
stiffness [12]. Individual fibres are bonded together into bundles via mid of lamella,
whose main components are lignin [13] and pectin [14]. The most important task of
the retting method is the coherent and uniform removal of the bonding components,
which results in the consequent separation of the single fibres from the bundle, hence
able to be treated and employed, therefore referred to as “technical”.

4 Major Bast Fibres for Use

4.1 Jute

Jute is a natural golden and silky fibre also referred to as the “glorious fibre”. That’s
one of the least expensive bast fibres. In terms of use, worldwide demand, manufac-
turing and availability, jute fibre is the second largest vegetable fibre, following cotton
[15]. Jute is extracted primarily from white jute (Corchorus capsularis); also, stem
in less quantities are there in tossa jute (C. olitorius). This plant can be cultivated and
harvested very hard [16]. Currently, Bangladesh and India are the world’s primary
jute fibre producers, accounting for 93% of total global jute production. Mainly jute
fibre is used in the manufacture of twine and yarn, carpet backing cloth, hessian and
a variety of many other textile blends. In addition to making imitation silk, very fine
jute fibres are used. Blending jute with wool is also a possibility. To enhance the
crimp, flexibility, softness and visual appeal of jute and its capacity for wool spun,
caustic soda is used in the treatment process. It is possible to weave chair covers,
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Table 2 Major bast fibre contributor (kenaf, jute, hemp, flax and ramie)

Plant Kenaf Jute Hemp Flax Ramie
Botanical | Hibiscus Corchorus Cannabis sativa | Linum Boehmeria
name cannabinus capsularis and Usitatissimum | nivea
C. olitorius
Growth | Tropical and Hot and wet | 625-750 mm/year | Humid -
climate subtropical conditions of precipitation in | climatic
regions a mild, damp conditions
atmosphere
Country |India, Northern | Bangladesh, Equatorial Asia and Philippines,
Africa, China India, countries and Europe China,
and Russia Uzbekistan Eastern Europe Brazil,
and China Europe and
Japan
Plant With relatively | It can rise This plant has soft | With respect to | Stalks of
outlook | easy yields to from 2 to and hollow stalks, | height, there plants could
growupto5Sm |3.5 mwithin | high in lignin, are few grow to
in 150 days, it | four months. It | with harsh foliage | branches on 1-2.5min
provides about | can absorb at the very top flax plants, height and
6000-10,000 kg | 15,000 kg of producing very | 0.8-1.6 cm
of dry matter carbon dioxide little seed in thickness
per acre over a | and release
year 11,000 kg of
oxygen per
hectare
Fibre Adapted for the | Long jute fibre | Stiffer and coarser | The long fine | Recovery is
quality replacement of | varies between | than flax flax fibre is not possible
jute. Preferable | 1 and 4 m with usually turned | because of
to other fibres | a polygonal into linen the high
due to its area of textile threads | content of
homogeneity, varying shape gum (xylan
consistent fibre | and wide and arabic
orientation and | lumen, leading up to 35%)
high CO, to greater
absorption diameter and
capacity fibre strength

variation,
moderate
moisture
conservation
and good
resistance to
photochemical
and chemical
attacks




Effect of Extraction Methods on the Properties of Bast Fibres 23

curtains, area rugs and carpets out of the fibres you receive. Jute fibre is widely used
in various applications, including rigid packaging material, reinforced plastic and
sacking for agricultural goods. Jute and jute composites can also replace wood-like
products in the paper and furniture industry [17].

4.2 Flax

‘When compared to cotton fibres, flax fibre is crispier and more difficult to handle. It
can retain and quickly release water, easy to wear linen in hot conditions. In India,
linens/flax is grown solely for oil and seed, 20-25% yield flax fibres.

Figure 3 depicts the microstructure of flax fibre. The major countries that can
produce flax fibre are France, Belgium, China, Ukraine and Belarus. Seventy per
cent of the overall flax production is used in the textile industry. In thermoplastic
composites, low grades of fibres are also used as reinforcing and also for fillers. The
coarse flax fibres are being used to produce shipping cords, twines, strong ropes,
sails, kitchen towels, canvas, tents, etc. Flax fibre of fine grade is utilized in the
high-quality production of suiting, fabrics shirting, in addition to cloth laces as well
as household textiles.

4.3 Hemp

The stem of the hemp plant is used to produce the fibres that are used in clothing.
Hemp fibres are being used in the manufacturing industry and the production of
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@ 10~-20 um Hackling
Blast Fibre Buncle

$.50=200 im Breaking Scutching
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@ 5060 um
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Fig. 3 Structure of flax fibre [18]
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insulation composites. Many people are becoming aware of the potential of hemp
fibre, and a wide variety of hemp goods made from various parts of the plant are
now available on the market. Major producers include Germany, China and France,
among others. Certain countries have banned the manufacture of hemp because of
the possible extraction of tetrahydrocannabinol, responsible for marijuana effects,
from some varieties. In the United States, the cultivation of hemp is restricted to a few
selected regions. This is primarily because hemp requires a cool soil temperature at
the time of planting. In terms of heat conductivity, hemp fibre performs admirably. As
aresult, hemp seed has long been harvested for its oil, which is used in various prod-
ucts such as cooking and cosmetics. In addition, hemp has been used as a medicinal
plant, and research into its therapeutic and medicinal properties continues [19-21].
Affinity for dyes, mildew resistance, protection from ultraviolet (UV) rays and natural
anti-bacterial attributes are some of the characteristics of this plant. Hemp is used to
make ropes, paper and canvas, among other things [22]. Pieces of linen-like fabric
can be created by weaving the fibres together so that they can be used for home
furnishings, textiles, floor coverings and clothing. Moreover, it is also applied in the
automobile industry as the reinforcement for moulded thermoplastics.

4.4 Ramie

Ramie is one among the most durable natural fibres available today. The fibre presents
silky lustre white colour, high elasticity combined with excellent colouring capabil-
ities. Ramie fibre is produced in large quantities in China, the biggest producer, in
the Philippines and Brazil and also more limitedly in India. The cost of ramie fibre is
rising as it has become incredibly requested, despite its limited availability on inter-
national markets. Yarn made from this fibre could be used to make a wide variety
of different clothes. To make it more versatile, it is frequently mixed through many
other textile-based fibres. Moreover, it is fit for the production of ropes, nets and
twine [23].

4.5 Kenaf

Kenaf is a harvest that has been around for a long time, since 4000 BC, and has
been used for many different purposes throughout history. As an “alternative crop”,
it was considered simple to grow and produce, and the products made from it were
inexpensive to manufacture. Kenaf is considered to be a plant from the Ancient
Egypt tradition, therefore it is likely that this fibre was first used in North Africa.
Also, kenaf manufacturing has been going on in India for more than 200 years.
During the Second World War, researchers in the United States began investigating
the use of kenaf, as there was greater competition for cordage material due to the
conflict. The manufacturing of kenaf in the United States appeared in the the1940s
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as a result of the disruption of jute fibre imports caused by the Second World War
[24]. Aside from that, China ranks among the world’s largest producers of kenaf
[25]. Kenaf fibres are brittle, coarse and also irregular in appearance, making them
difficult to process utilizing non-woven fabric or conventional textile equipment [26].
India, China and Bangladesh [27] counties are the three largest kenaf producers at
the moment. Recently, it has been discovered that kenaf can be used for a high-end
application, namely, that it can be mixed with cotton to create yarn and fabric. In
addition to being aesthetically pleasing, the fabrics are made from blended yarn that
feels smooth to the touch. This lightweight kenaf blend material has the appearance
of linen [28]. Because of the natural absorbency and fire-retardant characteristics,
retted kenaf, also in non-woven form has been found to be suitable for applications
in a broad range, including outerwear, shoes and furniture [29]. Some countries are
experimenting with the use of kenaf as an alternative for wood in pulp and paper
production [30]. Also, natural fibre/plastic composites based on kenaf are a viable
alternative to glass fibre-reinforced plastics (GFRP) in various applications, including
the construction/housing industry, automotive industry and packaging [31].

4.6 Nettle

Stinging nettle is a wild plant that grows mainly in Asia, particularly in Indonesia,
and in Europe. Lateng, Jelatang are the Indonesian name for nettle. The fibre of the
nettle plant is quite strong, and it contains a lot of fixed carbon. Fine hairs cover nettle
plants, especially in the leaves and stems. When it is touched, it releases chemicals,
stings and produces inflammation on the skin, resulting in redness, stinging, pimples
and irritation. Nettle plants grow wild and are considered a weed in the agricultural
business. They are easy to grow and scavenge food from the parent plant.

Some nations have studied stinging nettles in terms of mechanical performance,
with research taking place in the Brittany Region in France [32], also Tuscany region
in Italy [33], the Netherlands and India. Stinging nettle has a specific weight of
0.72 g/cm3, therefore, much lower than other bast fibres, and is classified as light
fibre [33]. If stinging nettle is utilized as composite reinforcement, it can generate
light and robust material with a low average specific weight. The stinging nettle
can be used for textile/fibre, medicine, cosmetics, food and animal housing. Also,
nettle fibre as a substitute for glass fibre, like reinforcement fibre in polymer matrix
composites, is effective. It benefits from being softer and much more flexible than
glass, which is a significant advantage. The material has also been discovered to
be appropriate for mats in automobile interiors as well as for urea—formaldehyde
particleboards. Not only the advancement of nettle research but also the cultivation
across several countries is addressed in the literature [34-36].



26 S. Palanisamy et al.

5 Fibre Extraction Process

Fibre extraction processes can be classified into three main types: mechanical extrac-
tion, chemical extraction and retting. All the extracted parts, stem, bast and leaves are
rinsed away before drying after fibre extraction using these methods. The moisture
concentration in fibre has an impact on fibre quality; thus, proper drying is crucial.

5.1 Mechanical Extraction

The basic goal of mechanical processing of bast fibrous plants is to extract as much
fibre as possible of the best possible quality to allow for subsequent processing. The
fibre extraction technique creates strands of fibres that are linked to one another.
Obtaining technical fibre necessitates the removal of fibre-bearing tissues from the
stem or other parts of the plant. The decortication process—the extraction of green
fibre without retting—must be included when discussing fibre extraction technolo-
gies. Compared to the fibre obtained following retting, the quality of the bast fibre
acquired by this technique is poorer. As a result, decorticated fibre is mostly used
in non-textile applications. Squeezing and breaking are used in current mechanical
processing procedures to separate the fibre from the woody components. The stress
(stretching) to which raw materials are subjected during processing, which may be
present to a greater or lesser amount, can produce fibre damage or breakage, which
can have a direct detrimental influence on its quality. On the one hand, mechanical
processing can result in extensive fibre purification, while on the other side, it might
result in excessive fibre shortening. A situation in which the ratio of long bast fibres
to impurities is inverted may allow for a higher ratio of long bast fibres yet with a
higher impurity concentration.

5.2 Decortication

Decorticator is a machine into which plant stalks are fed, to be then subjected to
impact, shear and compressive forces. As a result of stalks being broken into many
pieces, then bast fibre is separated to variable extents as the core [37]. The major
product of decortications is the fibre bundle, which might also consider a by-product
in some cases. Various kinds of decorticators, such as crushing rollers, ball mills,
hammer mills, drop weight methods and more have been used for fibre processing.

Crushing rollers: There are two or more pairs of crushing rollers whose diameter
varies between 0.2 and 0.3 m, also varying the length/diameter ratio [38]. Concerned
rollers are situated parallel to each other and will be rotated in opposite directions to
each other. Plant stalks are fed in a uniform and constant way between the rollers,
which were also subject to force. The rollers for decortication are usually adaptable
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[39]. Typically, the surface of the roller could be flat, pinned or fluted to allow
compression, crimping or combing of the input materials. Once the relevant rolls are
grooved, a force is applied to tear or grind [38]. The rolling gap shows the distance
of a couple of rollers. Other than rolling distance, also speed or rotation plays a
significant role in evaluating the stalk’s primary forces. The crushing roller demands
very little energy due to its lower speeds compared to hammer mills. Large fibres
with higher market value are also produced by crusting rollers. Crushing rollers work
well only for the stalk that is restored. The decorticator fibres are like low pureness
for the untouched stalk. A crushing roller decorticator was made, e.g. by Leduc et al.
[39] with purity ranges of the fibre between 55 and 60% at a capacity of around
4,500 kg/h. Fibre wrapping can lead to rotating machine parts being overheated and
can damage or possibly cause a fire in the decorticator. Baker et al. [40] suggested
the ball milling method to resolve this problem and Khan et al. [41] indicated drop-
weight methods to be possibly used as fibre decortication alternatives. Fibre stems
do not block machine parts when decorticated using these methods, thereby avoiding
the possibility of fibre clogging in the system.

Ball mills: Grinding balls are utilized in ball mills in an appropriate container to
shred material. The grind balls tumble, while the container rotates. This material is
subjected to shear forces created by the tumbling balls. Ball mill outcome is affected
by grinding duration and velocity and by the number of grinding balls. The idea
is that the fibres are going to be preserved so that the cores will be ground, while
the fibres will remain intact. Decortication retting hemp stalks using a lab-scale
planetary ball mill was also investigated [40]. The study proved that the grinding
period hence the speed of rotation has a major impact on performance. The best ball
mill performance, measured in terms of both detaching efficiency and yield of fibre,
has been noticed at grinding speeds of 200 and 250 revolutions per minute, depending
on the amount of time spent grinding. While ball mills do not even have problems
with fibre clogging, fibre damage continues to be significant. Also, the large part of
the stalk, after grinding, becomes a powder made of fine particles.

Hammer mills: It is made up of a very fast hammer rotor in a chamber by the
rotating hammer. A stalk of the plant is supplied to the chamber and applied forces
impact the rotating hammers, which separate the fibres. Hammer mills, especially for
unreleased stalks, failed to remove the core of the fibre entirely in many cases. The
output of hammer mills is thus frequently poor in fibre, with limited use for applica-
tions [42, 43]. A further disadvantage of the hammer mill extraction (decortication)
process is mainly supplying short fibres with significant variation in length, e.g.
length of decorticated flax fibres, as reported in [44], spans between 17 and 101 mm.
Another disadvantage of the hammer mill is its high energy required, increasing the
feeding mass [45]. This method has though a significant rate of application over
others because of its better extraction—production efficiency, in terms of yield per
time [42].

Drop weight method: A new method of mechanical extraction, drop weight, has
been suggested by Khan et al. [41]. Solving the fibre wrapping problems around
the rotating parts of machines also over fractions of fines in the ball milling’s final
product. The basic operation of the drop weight technique is the application of plant
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stalks being subjected to impact forces by lowering the weight on the trunk so that
the fibre is segregated from the core. The impact intensity could be measured by
the input stalk’s energy, which is evaluated by the weight mass and the drop height.
Outcomes by Khan et al. [41] revealed increased inputs of released energy additional
fibres from the core and yielded higher produced fibre.

Other extraction methods: hemp decortication was achieved in the field by
adopting a forage harvester, as reported by Gratton and Chen [42]. The harvester’s
cutter-head originally had 12 knives, but it was reduced to 9 scutching bars and 3
knives after modification. The reduction determined how many knives were available
to enhance the trimmed hemp stalk length, so the length of the fibres produced. Impact
forces are applied to the hemp stalks as a result of the combined presence of scutching
bars. When comparing the altered cutter-head setting with the original cutter-head
setting, it was found that higher fibre purification was obtained that cores also were
removed.

5.3 Retting

Extraction by retting, mechanical and a mixture of both methods for bast fibres from
plants are the most common. In biology, the retting process is based on extracting
the fibre bundles with the least damage to their surrounding tissue. The quality of the
extraction of fibres is significantly related to the retting conditions. (e.g., temperature
and duration). Overretting tends to cause connections of weakening areas between
cells and even breakage of single fibres [46]. Underretting results in fibre bundles
connected with cores, which negatively impacts the purity of the fibre. Mechanical
extraction is the process of mechanical stresses to break the bond between a core and
its fibre. When it comes to the number of tonnes processed per hour, this technique
outperforms retting by a wide margin. Controlling a set of mechanical forces acting
on the stalk, on the other hand, is difficult, as well as the bond-breaking does not react
very well to mechanical forces. This approach also creates extremely varied length
fibre, a further disadvantage in mechanical extraction [46]. In this case, mechanical
extraction is not very effective on its own. Plant stalks that have been pre-retted can
have better fibre separation during mechanical extraction. Efficacy and efficiency
in fibre extraction have thus been improved by combining retting with mechanical
extraction.

Chemical retting: In the plant stalk, chemical retting breaks down the hemicel-
lulose, pectin and lignin, causing them to degrade. If there is an excessive amount of
retting, the cellulose will degrade as well. Aspects, such as temperature, reaction time
and chemical concentration [47], affect the quality and efficacy of chemical retting
extraction of fibre. For chemical retting, a variety of substances have been employed,
the most common of which are alkalis (e.g., sodium hydroxide), salts (e.g., sodium
benzoate), enzymes, mild acids and a mixture of different acids (e.g., oxalic and
sulphuric acid) also a detergent [47, 48]. When alkali treatments are coupled with
rising temperatures, the adhesive in the stalk plant is effectively degraded without
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causing significant damage to the cellulose of the plant. When it comes to the retting
of chemicals, removing utilized chemicals and sewage water is the most significant
issue to be encountered.

Water retting: Water retting is the most common technique of retting, which
involves immersing bundles of stalks in water. Water seeps into the core stalk
part, swelling the inner cells and breaking the external layer, boosting moisture
and decay-causing bacteria absorption. Over-retting weakens the fibre, while under-
retting makes separation harder. The stalks are taken from the water before retting is
completed, dried for many months, and then retted again in double retting, a gentle
procedure that produces great fibre. Water retting is the most ancient method that
has been documented. This process was once well-known for its ability to produce
retted bast fibres of superior quality. On the other hand, generating large amounts of
sewage water is a significant issue that must not be overlooked [49].

Dew retting: In places with limited water supplies, dew retting is a typical
approach. It works best in regions with a lot of dew at night and warm daytime
temperatures. The harvested plant stalks are uniformly scattered on grassy fields,
where bacteria, sun, air, and dew combine to generate fermentation, dissolving most
stem material around the fibre bundles. The fibre can be separated in two to three
weeks, depending on environmental circumstances. Dew-retted fibre has a deeper
colour and is of lower quality than water-retted fibre.

Enzymatic retting: This process is frequently hampered by the inconsistent and
poor quality of fibre and geographic location, which necessitates the use of the
optimal moisture and temperature to encourage the growth of microorganisms [50].
Substrate species and their preliminary pH are essential parameters for the enzyme
retting process. The types of enzymes used, and the retting parameters set, can be
customized to achieve the best fibre characteristic for an exact application. Oben-
dorf and Song [51] found that enzyme-mediated retting has been the most effective
technique. Yu and Yu [52] discovered that microbe retted kenaf fibre could remove
85.54% and 91.31% of the pectin and gum, respectively, from the fibre. Yilmaz
[53] has confirmed that, this process produces the finest fibre comparisons with
NaOH extraction of water retting. A significant decline in breaking force and linear
density was noticed in xylanase concentration. Furthermore, higher concentrations
of celluloses help improve breakdowns. High crystallinity fibres have reported that
the celluloses remove more non-load bearing content [54].

Several enzyme-based processes, like scouring, retting, fictionalization, and
bleaching, have been well-established in bast fibre processing over the past few
decades. (Table 3) [55, 56].

Steam explosion (STEX) pretreatment before retting: Bast fibre retting
processes frequently include pretreatments to improve the efficiency of the retting
process. As a result of pretreatment, enzymes can penetrate the fibres more effec-
tively during the retting process, resulting in better fibre quality. The STEX process is
the most widely used for the various types of pretreatment techniques because of its
high efficiency at a low price. Defibration using STEX is a combination of thermo-
mechanical and chemical methods. To increase the efficiency of retting, STEX can
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Table 3 In bast fibre processing, enzymes are used in the following ways [56, 57]

Fibre | Composition (%): Treatment Enzyme Primary function | References
holocellulose/pectin/lignin of enzyme
Jute T1-77/1-2/ Retting Pectinase | Degradation of | [58]
10-13 pectic substances
Scouring Xylanases | Delignification | [59]
through
polysaccharide
degradation
Flax 82-95/1.4-5/ Retting Pectinases | Degradation of | [60-65]
2.5-5 pectic substances
Scouring Pectinases | Degradation of | [66]

pectic substances

Bleaching Laccases | Not determined | [67]

Ramie | 79-83/4-5/0.8—1 Degumming | Pectinases | Degradation of | [68, 69]
pectic substances

Hemp | 86.3/3.4/9.3 Retting Pectinases | Degradation of | [70, 71]
pecticsubstances

also be used as a pre-treatment. Fibres are chemically modified as well as mechani-
cally defibrated during the process. The STEX process decomposes lignocellulosic
structural components through heating, the formation of organic acids, and applying
shear forces to the fibres in a controlled environment. The hydrolysis processes of
hemicellulosic components and changes in the chemical properties of lignin and
cellulose crystallinity index allow for the opening of the lignocellulosic structure
and an increase in retting efficiency. At the end of this period, the instantaneous
pressure discharge brings the reaction to a halt, allowing the fibres to be separated
from the bundles. The cellulose of chemical grade, or high-quality fibres for textiles
and composites, can be purified using the STEX process [72]. A defibrillation and
depolymerization process is used in this process, according to one study [73]. When
using a beaching agent of sodium percarbonate (SP), Jiang [74] has successfully
reduced the gum content on ramie fibre to below 5 and 11.65%. The STEX process
has also been approved as a suitable extraction method for bast hemp fibre by the
International Hemp Association.

By STEX a significant reduction in the xylan content has also been obtained
[75]. Pakarinen [75] has investigated the effects of STEX and alkalization pretreat-
ments before the enzyme retting process on the properties of hemp fibres. The largest
increase in enzyme hydrolysis was observed with additional pectinases in anaero-
bically preserved hemp fibre. Enzymes hydrolyze substrates more readily after a
pretreatment in which microfibril swelling is caused because lignin provides fibres
structural rigidity, which prevents swelling, delignification has increased the effi-
ciency of the enzyme. In addition, the removal of xylan components also increases
the surface area, allowing the fibres to swell, and eventually cleaves certain compo-
nents. Because enzymes are easily accessible between the substrate and the surface
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of the cell wall and the pectin removal process following the procedure for pretreat-
ment, Enzymatic hydrolysis was found to have a significant relationship with the
removal of pectin. STEX pretreatment is important to increase the efficiency of the
repair process due to a better chemical or enzyme penetration into the internal part
of bast fibres. Nonetheless, the STEX process, which occurs after the enzymatic
retting process, aids in the preservation of the quality of retted fibres. Retted fibre
has had its enzyme activities reduced, preventing an unintentional retting process
from occurring, which could have resulted in a decrease in the quality of the finished
fibre.

6 Production of Some Important Bast Fibres

Jute, flax, hemp, kenaf, nettle, Sunn hemp, ramie, etc., are among the most popular
fibres, which have been commercially marketed around the world, primarily in
Europe and in parts of Asia and America. Locally, other bast fibres were explored, and
their popularity and demand have grown in both developed and developing countries
alike. Since the early 1900s, Jute has been used in sacks and packaging and sacks,
carpet backing and geotextiles [76]. Table 4 shows the variety of some important
bast fibres according to their retting method.

7 Conclusion: The Future of Bast Fibres

Beyond the major natural fibres of silk, wool and cotton, many less diffuse plant
fibres, including banana, ramie, flax and jute, are capable of surviving indefinitely
in the future. When it comes to the manufacture of these fibres sustainably, During
the duration of the fibre’s production, the majority of these plants for bast fibre may
not require any additional attention or maintenance (banana, jute, flax, ramie, Sunn
hemp, etc.). Consequently, despite significant advances in science and technology,
most of those fibres have been produced commercially or in small quantities on a
local level for so many centuries. The main natural fibre benefits are that these come
from natural sources. The entire process from plant cultivation to the extraction of
fibre is environmentally friendly and cost-effective. Although natural fibres have
been used in various fibre applications for the past 15 to 20 years, the vaster focus
has been placed on the use of synthetic fibres in smaller quantities. As a result of the
rising natural fibre production, the specific attention and application of these fibres in
several textile fields, automotive fields, construction fields, food packing industries,
electronics industries, etc.
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Abstract Biocomposite materials are a newly established class of composites. They
possess desirable properties for numerous applications. This chapter provides an
extensive analysis to highlight the recent improvements in bio-composite materials,
natural fibers, and their chemical treatments. The importance and novelty of natural
fiber composites (NFCs) are specifically examined along with polymers and their
classification, characterization, and treatments. The chapter further provides detailed
explanations regarding the recent techniques and chemical treatments currently
applied to process natural fibers. The various chemical treatments addressed in
this chapter include alkaline, silane, benzoylation, and permanganate treatments.
Multiple effects of chemical treatments influence various properties of natural fibers,
especially; their mechanical properties, which further impact the mechanical perfor-
mance of composites and matrices. Such effects have been sufficiently explored.
The common applications and recent utilization of NFCs have been considered to
subsequently highlight current prospects.

Keywords Green composites * Cellulosic fibers + Chemical treatment *
Biomaterials + Bioproducts -+ Mechanical performance

1 Introduction

Since the wide spread of global awareness, the utilization of eco-friendly mate-
rials has been increasing. Recycling and sustaining materials are becoming leading
research aspects, such as the need to manage waste disposal and limit the use of finite
resources [1-3]. Such efforts have contributed to the discovery of various effective
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recycling methods. It has been proven that recycling materials are cost-effective [4,
5]. Recycling is a process that is well emphasized and driven by economic benefits,
such as in the metal industry for instance. It is generally more difficult to recycle
polymers, partly due to the lack of economic incentives that enable efficient recy-
cling. To ensure effective efforts in protecting the environment, specific legislation
and economic incentives must be introduced to motivate, encourage, and promote
recycling concepts as well as emphasize the need for recycling such materials [6, 7].
The European Union considers waste management within its top priorities, such as
sophisticated policies and procedures, have been introduced to effectively manage
waste [4].

Natural fiber materials are alternatives to synthetic fibers. They can gradually
become replacements as well. Synthetic materials are usually composed of non-
renewable petroleum-based substances [1, 8—11]. Currently, natural fibers are effec-
tive alternatives to synthetic and environmentally harmful materials, especially those
used in composites to form strong load-carrying materials. This is known as the rein-
forcement process where strong materials are usually embedded within weaker mate-
rials. Certain natural fibers possess beneficial properties, and their advantages (such
as low cost, affordability, and abundancy) are of paramount importance [12-16].
Such advantages provide excellent opportunities for new generations of reinforce-
ments in polymer matrices. Naturally, the properties and performance of these fibers
are unpredictable depending on their respective treatment and processing. They are
unlikely to possess mechanical resilience for most applications. Hence, maintaining
an effective combination with polymer matrices is encouraged [17-22]. A biocom-
posite is a material where at least one natural resource is incorporated in its formation
process. Such involvement enhances the value of composites, providing numerous
properties such as mechanical, physical, and biological attributes [ 1,23-25]. Biocom-
posites can be manufactured using multiple and varied techniques, e.g., compression
molding, injection molding, sheet molding, filament winding, resin molding, extru-
sion, pultrusion, and hand lay-up. These techniques are implemented for numerous
types of fibers (such as woven, unwoven, and differently sized fibers) to structure and
place fibers in the required direction. This facilitates the emergence of specified prop-
erties in the final product. However, important factors must be considered to achieve
the desired outcome and attain the required properties. The factors include the type
and length of fiber, the interface quality, corresponding surface energies, chemical
compatibility, and the different or scaffolding layers of the composite [26—32]. Since
biocomposites consist of different materials, the interfacial bonding between these
materials is affected by the hydrophilicity of fiber and hydrophobicity of polymer
matrix. Thus, chemical and physical treatments are essential to modify the fiber’s
surface and improve interaction [33-36]. Composite materials are commonly clas-
sified according to the nature of reinforcement, such as ceramic, polymer, and metal
matrix composites. Predominantly, resin polymers are categorized into two types.
The first type includes thermoplastics such as polyethylene (PE), polypropylene
(PP), polyether ether ketone (PEEK), polystyrene (PS), polyvinyl chloride (PVC),
and polyolefin. The second type includes thermosets such as epoxy, polyester, and
phenol-formaldehyde resin [37-43].
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2 Natural Fibers—Classification

Natural fibers are predominantly found in plants, animals, and minerals. The most
common fibers from plants are likely cotton, kenaf, hemp, sisal, flax, jute, bamboo,
and coconut fibers [44]. Each fiber possesses unique properties, for instance, hemp
fibers are likely to be used in the manufacturing of ropes and aerofoils. This is due to
their high resistance and suppleness in aggressive environments. They are also used
as seals in heating and sanitary works. Overall, natural fibers have been recently seen
as significant alternatives to synthetic fibers. Their compatibility and vast properties
enable them to replace synthetic and environmentally harmful materials [45-48].
Natural fibers possess excellent advantages, especially in composites. Besides being
environmentally friendly, they are abundant, cost-efficient, lower in density, easily
processed, and biodegradable [3, 10, 12, 49-55]. Table 1 provides a classification of
natural fiber resources according to their origins.

Regularly, composite materials have a bulk phase, referred to as a matrix, which is
continuous, and one is dispersed referred to as reinforcement and is noncontinuous.
Flakes, particulates, and fibers can be the type of materials which are used in the
reinforcement process, the main idea bout composites; is that the bulk phase allows
load to take place on the surface area and transfers it to the required reinforcement,
as a result, this will increase stiffness and strengthen the composite [12, 56-59].
However, in biocomposites, natural fiber is used as reinforcements, whereas the
matrix could be a synthetic or a biopolymer. Reasonably, these fibers are abundant,
inexpensive, and renewable. Natural fibers are more affordable to produce in many
parts of the developing world. In addition, they exhibit enough strength and stiffness
for many applications, due to their low densities and they have enormous potential
for producing composites with properties comparable to those of E-glass fibers, for
example [2, 60-64]. Figure 1 provides a chart of source-based categorization of
natural fibers.

Table 1 A brief classification of natural fibers

Leaf fiber | Plants leave fibers such as fique, sansevieria, sisal, agave, and banana

Seed fiber | Fibers are commonly isolated from seeds or seed cases, such as kapok and cotton

Stalk fiber | Fibers represent the stalks of the plant. For instance, barley, rice, wheat straws, and
other crops including grass and bamboo

Fruit fiber | Usually extracted from the fruit of the plants

Bast fiber | Fibers are extracted from the skin or bast over the stem of plants. Such fiber has a
Skin fiber | higher tensile strength compared to other types. Thus, these fibers are applied in the
manufacturing of durable yarn, fabric, packaging, and different types of paper.
Common examples are Industrial hemp, kenaf, Jute, flax, rattan, vine fibers, and
ramie
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Fig. 1 Source-based categorization of natural fiber

3 Polymers

Polymers, also called resins or plastics, are more known than metal and ceramic
composites or matrices. Generally, most inorganic and organic reinforcements can
be mixed with polymers to produce different materials known as reinforced plas-
tics and/or polymer composites [65—70]. The mechanical and physical performances
of polymers make them attractive in the manufacturing world. They are likely to
possess low-density materials and require less complex processes compared to other
previous options. The curing temperature and manufacturing of common polymers
are normally in a moderate range where an ambient temperature may suffice in
some cases. As a result, the manufacturing cost of common polymers is substan-
tially lower, and this is attributed to the low energy input. Polymers also have
a wide class of organic materials. Each polymer possesses various features and
distinct characteristics. Their wide range of properties and manufacturing cost makes
them an outstanding option in developing composites suited for numerous applica-
tions and applied throughout various fields, where various selection tools like the
Analytical Hierarchy Process (AHP) are utilized to properly determine the proper
polymer matrix for certain applications [59, 71-79]. Polymers are mainly classi-
fied as either thermoplastics or thermosets. Both have been extensively used to
produce different polymers. For instance, polystyrene, polyethylene, polycarbon-
ates, polyamides, polysulfones, and nylon are examples of common thermoplas-
tics. Polyester, polyimide, polybenzimidazole, epoxy, phenolic, bismaleimide, and
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Table 2 Some applications of thermoplastics and thermosets

Thermoplastics Thermosets

Car trims, bearings, phones, toys, handles, Motor brush holders, electrical equipment,

electrical products, gears, hinges and catches, | printed circuit boards, circuit breakers, handles

cables, ropes, hoses, sheets, and windows and knobs, spectacle lenses, encapsulations,
and kitchen utensils

silicone are examples of thermosets [80-83]. Since thermoplastics are commonly
employed to manufacture dashboards (as an example), they are used in manufacturing
applications likely to withstand higher temperatures and for high-tech applications
due to the intrinsic conductivity of some polymer types [84, 85]. Table 2 provides
additional examples of the common applications of thermoplastics and thermosets.

4 Natural Fiber Composites

Natural fibers consist mostly of three main elements: cellulose, hemicellulose, and
lignin. They can be isolated from different resources such as leaf (e.g., sisal), seed
(e.g., cotton), bast (e.g., flax and hemp), fruit (e.g., coir), and from other sources
such as birds’ feathers [17, 86]. Natural fibers provide numerous merits over synthetic
fibers (e.g., carbon and aramid fibers) and environmentally harmful materials. Natural
fibers and environmentally friendly materials are carbon positive and absorb more
carbon dioxide than they produce; they are also renewable and biodegradable [87,
88]. Their properties vary from one type to another, however, they exhibit advantages
over other options. Table 3 states a number of advantages and disadvantages of natural
fiber composites.

Natural fibers’ surfaces are likely to be uneven, rough, and might require treat-
ment. Uneven and rough surfaces might contribute to a good adhesion in matrices and
composite materials. Overall, the mechanical qualities of natural fibers allow them
to be utilized in composites. In natural fiber composites, fiber is the reinforcement;
specific types of natural fiber provide enough stiffness and good tensile strength.
Their mechanical properties have a direct relation with the stiffness and tensile
strength of composite products. Hence, it is important to carry out a successful selec-
tion process to find out the most appropriate and suitable fiber for the reinforcing
process. There are multiple criteria which must be considered when carrying out
the selection process, such as fiber-matrix adhesion, elongation at failure, thermal
stability, long time behavior, and manufacturing cost [42, 72, 74]. However, most
of the biocomposite materials are presently applied in the construction works, auto-
motive industry, packaging, and furniture industries. They are also used in structural
applications, often, have low densities, resulting in high stiffness and high strength-
to-weight ratios [89, 90]. Moreover, the fatigue damage tolerance and the given
fatigue strength to weight ratios provide them with attractive options for various
applications. The mechanical qualities of natural fibers are likely to be impacted by
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Table 3 Advantages and disadvantages of natural fiber composite

Advantages Disadvantages

High specific strength, stiffness, and low density | Lower durability is observed compared to
synthetic fibers but can be enhanced
considerably with the right treatment

For renewable resourcess, less energy is required | Higher rate of moisture absorption, the rate
to produce them, they involve CO2 absorption | can be lowered by specific treatment
while providing oxygen to the environment

Low production cost when compared to Lower impact strength compared to synthetic
synthetic materials fiber composites

Due to their numerosity, there is greater
variability in their properties

Low emissions of toxic fumes when exposed to | Limited matrix options due to lower
heat and during incineration process at end of | processing temperatures

life
Less abrasive damage Quality is variable, depending on
unpredictable conditions

Less equipment is required compared with that | Weather is very influential on their properties
to produce synthetic composites

different aspects, such as the distribution of the fibers, the ratio of reinforcement to
matrix/composite, and the efficiency of stress transfer between composites and their
different components. Composite-based polymers are commonly applied in enor-
mous and major engineering applications. Matrices usually work through bonding
the fibrous phase and allocate the stress to a high-modulus fibrous constituent under
an applied force. The major properties of the composites rely on different configu-
rations or criteria that are related to the shapes, sizes, and ratios of materials used
in the structural arrangement, as well as the distribution of these materials. Figure 2
shows an example of natural fiber composites using hemp fiber.

5 Surface Characterization

There are many techniques, which have been reported to be useful and effective
in modifying surfaces and altering their inherited characteristics. Some of these
methods are physical treatments such as y-radiation, vacuum ultraviolet, plasma,
corona, and laser treatments. The chemical treatments are also known to provide
good results with regard to surface and fiber treatments, such as direct condensa-
tion grafting with surface compatibilization over the hydrophobic moieties and co-
polymerization with the matrices [92-94]. The characterization process of treated
surfaces involves different techniques depending on the purpose, type of materials,
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Fig. 2 An example of hemp fiber reinforced materials to produce a door [91]

and applicability, including inverse gas chromatography, contact angle measure-
ments, elemental analysis, water uptake test, FTIR spectroscopy, X-ray photoelec-
tron, etc. [95, 96]. Figure 3 provides an example of structural modification in natural
fibers.

6 Chemical Treatments of Natural Fiber Composites

In most of the polymeric matrices, the polar chrematistics of natural fibers might
represent a serious problem with regard to bonding compatibility. However, chem-
ical treatments of surfaces might contribute to an enhanced interfacial bonding and
adhesion between the different layers and composites, decrease water absorption and
improve specific properties. Additional cost must be considered in the processing of
natural fibers when treating them and modifying their surfaces [97, 98]. Overall, the
chemical treatments are useful and can be considered as effective tools to modify
the surfaces of natural fibers. Further elaboration on the types and techniques of
chemical treatments is given below.

6.1 Silane Treatment

SiH4 is the chemical formula of silane compound. In various forms of treatments,
silanes have been reported to be effective when used as coupling agents; they stabilize
composite materials and provide good adherence between glass fibers and polymer
matrices [16]. The agents might contribute to a reduction in the cellulose hydroxyl
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Fig. 3 Structural modification in natural fibers

groups in fiber—matrix interfaces. When water uptake or moisture is present, the
hydrolyzable alkoxy group leads to the development of silanol. Hence, the formed
silanol reacts with fiber’s hydroxyl groups forming stabilized covalent bonds, these
bonds are in the cell walls which are chemisorbed onto fibers’ surface. The swelling
of fiber is likely to be restrained by the hydrocarbon chains, this happens through
the forming of a crosslinked network, which also can be developed by the covalent
bonding between the composite elements [99, 100]. Figure 4 depicts the impact of
silane treatment on the surface of mercerized natural fiber.

There have been numerous studies that applied silane treatment, especially to
carry out surface modification in glass fiber matrices or composites. In different
research findings, the coupling agents of silane were reported to be beneficial in
modifying natural fiber—polymer interfacial strength and treating their surfaces [101].
In the treatment process of flax surfaces, the process was reported to be in a three
aminopropy! trimethoxy silane, in an environment of 1% acetone solution (50/50 by
volume) for 2 h. In sisal, the fiber was immersed for 5 min at a pH value of 4.5-5.5
the immersion was in 2% aminosilane with 95% alcohol, the process was followed
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Fig. 4 Effect of silane treatment on the surface of natural fiber

by 30 min of air drying. For silane solutions in ethanol and water mixture with
concentration of 0.033 and 1%, it has been found that the bonding and interfacial
properties between the matrix and the silane coupling agent were stronger than that
of alkaline treatment, the strength was observed in the tensile and thermal stability
[11].

6.2 Alkaline Treatment

Alkaline treatment or mercerization is a common chemical treatment, likely applied
in the treatment of natural fibers, especially when used to reinforce synthetic poly-
mers. The main part of the treatment causes a disruption in the network structure
of the hydrogen bonding and hence increases roughness. To promote the ioniza-
tion of hydroxyl group in the alkoxide, the aqueous sodium hydroxide (NaOH)
is a key factor [11]. Alkaline treatment has a direct influence on the hemicellu-
losic compounds, extraction of lignin, the cellulosic fibril, and the degree of poly-
merization. The illustration of the reaction between cell and alkaline is found in
Eq. ().

Cell — OH + NaOH — Cell — O — Na + H,O + [surface impurities] (1)

Researchers who carried out alkaline treatment on fibers revealed good grounds to
improve their properties in matrices and composites. For example, to treat flax fiber,
there has been reported that 2% of alkali concentration for 90 s at 1.5 MPa pressure
and temperature of 200 °C would be enough to perform defibrillation and degumming
in fibers. Researchers also reported an increase in amorphous cellulose content which
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Fig. 5 A schematic illustration of untreated and treated natural fiber using alkaline treatment.
Adopted from [103]

likely takes place at the expense of crystalline cellulose content. In addition, two
effects were reported due to alkaline treatment, first, an increase in surface roughness
which results in enhanced interfacial bonding and mechanical interlocking. Second,
the cellulose increases at fiber’s surface and an increased potential for reaction also
occurs. Hence, alkaline treatment is proven to maintain an enduring effect on the
mechanical performance of such fibers, such as stiffness and strength [11, 102, 103].
Figure 5 provides a schematic illustration of untreated and alkaline treated natural
fiber.

Moreover, alkaline treatment was reported to offer about 30% enhancement to
strength and modulus tensile. The treatment is also reported to increase the dynamic
mechanical behavior of composites. Other findings showed that the sisal fiber-treated
polyester composite showed a better tensile strength at 5% NaOH than 10% NaOH-
treated composites. This can be justified by the higher NaOH concentration, leads to
excess delignification which eventually weakens or damages the fiber. Hence, upon
certain or high NaOH concentrations, a decrease in the tensile strength might occur
[100, 103].

6.3 Benzoylation Treatment

Benzoyl chloride is commonly used in the treatment of many types of fibers. Benzoy-
lation is an essential treatment mechanism in organic materials. The treatment
enhances the adhesion between fibers and matrices or composites. Hence, signif-
icantly decreasing water absorption, increasing thermal stability, and improving the
strength of composites and/or matrices. NaOH and benzoyl chloride (C6H5COCI)
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solutions have been reported to be used in the treatment of sisal fibers’ surfaces
at different concentrations [92, 100, 103]. The chemical reaction can be found in
Egs. (2) and (3).

Fiber — OH 4+ NaOH — Fiber — O — Na+ 2)

Fiber — O — Na ++Cl — (C = O) — (CgHs) —
Fiber — O — (C = 0) — (C6Hs) + NaCl 3)

The thermal stability of preprocessed or treated fiber composites was reported
higher than that of untreated ones, this is attributed to various factors. Similarly, it
has been reported that the treatment improves the interfacial bonding of flax fiber
and polyethylene (PE) matrix. This works by stimulating the hydroxyl groups of the
cellulose and lignin of fibers. In this particular treatment, the alkaline pretreatment
was essential, and the fiber was therefore suspended in 10% NaOH and benzoyl
chloride solution for 15 min [100, 104].

6.4 Acetylation of Natural Fibers

This method introduces an acetyl functional group (CH3COO-) into an organic
compound. It is a common esterification mechanism in natural fibers; the mecha-
nism causes plasticization in cellulosic fibers. When the reaction occurs, a genera-
tion of acetic acid (CH3COOH) takes place as a by-product, which must be removed
from the lignocellulosic materials ahead of fibers’ utilization process. Acetic anhy-
dride (CH3-C (=0)-O-C (=0)-CH3) chemical modifications alternate the cell wall
polymer hydroxyl groups with acetyl groups, modifying their existing properties to
become hydrophobic [16, 100, 104]. The acetylation method increases composites’
dimensional stability and decreases the hygroscopic behavior of natural fibers. The
fiber reaction with the acetic anhydride can be demonstrated in Eq. (4).

Fiber — OH + CH; — C(=0) — O — C(=0) — CH; —
Fiber — OCOCH; + CH;COOH 4)

The method is common for surface treatments, particularly, in fibers reinforcing
polymers or composites. In sisal fiber, various studies reported improved adhesion
between the fiber and matrices or composites after acetylation treatment is applied
[16, 100, 105]. Initially, the procedure starts with alkaline treatment and then followed
by the acetylation treatment. In a reported case, the dewaxed sisal fiber was immersed
in NaOH concentrations of 5 and 10% at 30 °C for an hour. The alkaline-treated fiber
was immersed for an hour at 30 °C in glacial acetic acid, decanted and immersed
in acetic anhydride. A concentrated drop of H,SO4 was added for 5 min. However,
the raw sisal fiber was treated with NaOH concentration of 18%. The process was
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followed by glacial acetic and then with acetic anhydride and two drops of concen-
trated H2SO4 for an hour [100]. As a result, the treated fiber exhibited roughness
on surface with notable voids,this can be advantageous to achieve better mechan-
ical interlocking with the matrix. In addition, higher thermal stability was reported
in treated fiber, enhanced fiber—matrix interaction was also observed in the treated
fibers. Furthermore, in cases of fiber-reinforced polyester composites, the acetyla-
tion method exhibited less tensile strength loss and higher bioresistance compared
to composites with silane-treated fibers [100].

6.5 Acrylonitrile Grafting

The reaction of acrylation is initiated by cellulose molecule free radicals; high energy
radiation is shed on the cellulose to generate radicals with chain scission. To modify
glass fibers, acrylic acid (CH2 = CHCOOH) should be graft polymerized. It is also
used to modify surfaces in natural fibers. Graft copolymerization on the fiber surface
is illustrated in Eq. (5)

Fiber — OH 4+ CH, = CHCN — Fiber — OCH,CH,CN (5)

In one case, oil palm fibers were blended for 30 min with 10% of NaOH and
then the fibers were treated for an hour in acrylic solution at 50 °C and within
different concentrations. Then, the fibers are washed with an aqueous alcohol solu-
tion and dried accordingly. As a result, oil palm fiber’s tensile strength did not
increase. However, various chemical treatments have been investigated on similar
fibers including peroxide, acetylation, permanganate, alkaline, silane, and acrylation.
The last is proven to form strong covalent bond formation and, hence, tensile strength
and Young’s modulus of targeted fibers were slightly enhanced [100]. It was also
reported that the acrylic acid-treated flax fiber-HDPE enhanced the tensile strength.
A decrease in water absorption was also observed and acrylonitrile is employed to
modify fibers [100]. Sisal fibers’ graft copolymerization through AN method was
studied by Mishra et al. [106] by preparing a mixed CuSO4 and NalO4 initiator at
a temperature between 50 and 70 °C and in an aqueous medium. The AN concen-
tration, initiator, fiber loading, treatment time, and medium affected the graft effect.
It has been shown that the untreated fibers uptake more water and the treated fibers
absorb the least amount of water [106]. Hence, the study suggested that the changes
caused by the chemical reaction to the surface of fibers decreased their affinity to
moisture. In addition, the chemically modified fibers’ grafting with 5% AN exhibited
an improved Young’s modulus and tensile strength compared to the ones with 10 and
25% AN. This is attributed to the fact that low AN concentration might provide an
orderly arrangement of polyacrylonitrile units. The study concluded that treatment
of 3 h offered an optimum graft yield [106].
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6.6 Maleated Coupling Gents

The maleated coupling agents are commonly known for their ability to strengthen
composites, especially the ones containing fillers. In addition to its ability to modify
fibers’ surface and carry out fiber treatment, unlike some coupling agents, maleic
anhydride is also capable of modifying the polymer such as PP matrix. This makes
it attractive when better interfacial bonding and enhanced mechanical properties are
required [94, 100, 107]. To obtain a covalent bond across the interface and it is recom-
mended to treat the cellulose fibers with heated MAPP copolymers. The activation
mechanism happens through the reaction of maleic anhydride with PP and fibers. By
exposing fibers to 170 °C ahead of treatment and later performing the esterification
of cellulose fiber, upon the completion of this process, the surface energy of cellulose
fibers increased close to the surface energy of matrix. As a result, a higher interfacial
bonding of fiber and enhanced wettability was observed. However, when MAPP was
utilized as a coupling agent to change the surface of jute fiber, it has been observed
that a 30% loading of fiber with a concentration of 0.5% MAPP in toluene and 5 min
of impregnation with 6 mm average fiber lengths, optimum results were obtained, the
flexural strength increased to 72.3% in the treated composites. The PP matrix showed
that the maleic anhydride treatment decreased water absorption in hemp, sisal, and
banana fibers reinforced novolac composites. In addition, it has been reported that,
upon the implementation of maleic anhydride treatment, enhancement observed in
specific mechanical properties of natural fiber-reinforced composites such as impact
strength, hardness, flexural modulus, and Young’s modulus [16, 100, 107].

6.7 Permanganate Treatment

The permanganate compound has the permanganate group MnO4—. The treatment of
permanganate and MnO3—ion formation offers the formation of cellulose radical.
However, initiating graft copolymerization can be achieved through the highly reac-
tive Mn3 + ions [107, 108]. Permanganate treatments are highly likely to be carried
out by applying potassium permanganate (KMnO4) solution in acetone within varied
categories of concentrations. The reaction is illustrated in Eqgs. (6) and (7).

Fiber — H + KMnOs —
Fiber —H— 0O —- (O = Mn = O) — OK + (6)
Fiber —H—- O — Mn — OK —

Fiber + H— O —- (0O = Mn = O) — OK + @)

The immersion period can be carried out from 1 to 3 min [109]. Upon the comple-
tion of alkaline pretreatment, sisal fibers were dipped in permanganate solutions
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at 0.033, 0.0625 concentrations, and in acetone for 1 min. The results showed a
reduction in the hydrophilic behavior of used fibers,hence, the water absorption of
composite was reduced. This reduction took place when the KMnO4 concentrations
were considered at higher levels. Hence, at higher than 1% KMnO4 concentrations,
cellulosic fiber degradation occurs, resulting in polar groups between fibers and
matrices. In another aspect, peroxide treatment is also offered in organic chemistry.
There is a decomposition tendency in organic peroxides, this allows them to free
radicals followed by reacting with the groups of hydrogen in the cellulose fibers
and matrices [16, 109, 110]. For instance, the peroxide was able to initiate free
radical reactions between the cellulose fibers and PE matrices. Dicumyl peroxide
(DCP, (C6H5C(CH3)20)2) and benzoyl peroxide (BP, ((C6H5C0)202) are chemi-
cals within the family of organic peroxides,they are used in the treatment of natural
fiber surfaces. Before the peroxide treatment is carried out, alkali pre-treatment takes
place and then fibers are typically coated with DCP or BP in the solution of acetone
for 30 min. In the reported study, the concentration of peroxide solution was 6%,
in addition to saturated peroxide solutions in acetone. To achieve decomposition of
peroxide, itis recommended to maintain a high temperature throughout the process. It
has been reported that peroxide-treated oil palm fibers incorporated with PF compos-
ites are likely to withstand tensile stress maintaining improved strain levels [110]. The
study examined DCP and BP treatments on short sisal fiber-reinforced PE composites
[110]. The study reported enhanced tensile strength of composite when an increase
of peroxide concentration is considered up to 6% for BP and 4% for DCP, then
remained constant. The peroxide treatment decreased the fiber’s hydrophilicity and
increased its tensile characteristics.

6.8 Isocyanate Treatment

The compound isocyanate has the functional group of -N = C = O; this makes it
vastly vulnerable to react with the hydroxyl groups in fibers. The reaction with the
cellulosic fiber is illustrated in Eq. (8):

—N = C = O + HO — Fiber > —N (—H) — C(= 0O) — O — Fiber  (8)
The mechanism of treatment is to function as a coupling agent applied in the

treatment of fibers and fiber-reinforced composites, and the reaction takes place
between the coupling agent and fibers [16].

7 Applications of Natural Fiber Composites

The applications of natural fiber composites are widely spreading; they are used
in enormous products and engineering fields. Natural fibers are also abundant and
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available in different sizes, shapes, and types, e.g., kenaf, jute, hemp, bamboo, oil
palm fibers, etc. They are employed in the preparation of composites and matrices.
Lately, they received attention in important manufacturing industries such as auto-
motive applications, constructions, building materials, structural components, and
packaging [1, 8, 27, 60, 111, 112]. They are also used in aerospace, sports, recre-
ational equipment, boats, machinery, and electrical and electronic industries. Table
4 provides examples of the types of fibers and their current industrial applications.

8 Chemical and Physical Treatment Impact
on the Mechanical Properties

The concept of chemical treatment refers to the utilization of chemical agents, they
are meant to modify the surface of fibers or the whole fiber according to the type
of treatment. Chemical treatment of fiber is frequently performed to improve the
adhesion and bonding of the fiber surface to the polymer matrix. Such treatment is
expected to increase the strength of fiber, modify surfaces, enhance moisture resis-
tance, and boost the mechanical properties of the composite itself. The extraction
and separation processes of fibers are essential and can influence the overall quality
of the anticipated outcome. Generally, the separation process of fibers from crops
is known as the retting technique or method. This technique works by removing
non-fibrous tissues joined with fibers through the degradation and decomposition
of hemicellulose and pectin, the outcome result will be releasing separated fibers.
However, due to its high specificity, low environmental impact, short duration, and
better controllability; enzymatic retting is an encouraged method in many treatment
cases. The cost of the process is considered high compared to other options; this
makes it infeasible on an industrial scale. Once the retting process is accomplished,
the non-fibrous materials have to be entirely removed. Hence, extracted fibers have
to be cleaned, refined, and processed according to the required application. In order
to maintain a suitable interfacial bonding in matrices or/and composites, it is encour-
aged to modify the surfaces of natural fibers. Due to their moisture absorption and
wettability [16, 114], natural fibers are entitled to additional chemical and surface
treatments. Applying the suitable treatment is likely to enhance their properties as
reinforcement agents. Expectedly, results may lead to a remarkable improvement in
surface roughness and hence, provides enhanced adhesion between the matrices or
composites.

Overall, there are various chemical treatment methods, which can be utilized
to treat fibers and their surfaces. Those chemical methods are likely to work on the
reduction of hydroxyl groups aiming to improve the adhesion properties and compat-
ibility between the elements. The sodium chlorite, acrylonitrile grafting, zirconate,
triazine titanate, fungal, and enzyme treatments are also known treatments. Chemical
treatments are wide and considered among the most important methods to improve
the adhesion and compatibility between constituents. The treatments modify the
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Table 4 Examples of natural fibers—polymers applications [26, 27, 29, 111-113]

Application

Fiber type

Example

Automotive industry

Wood, Cellulose-Polymer,
Kenaf, Flax/Sisal, Wood Fiber,
Jute, and Coconut

Bumpers, covers, door covering
(racks), side and back doors
panels, electronic device
boot-liners, engine shields, floor
trays, insulators, rear parcel
shelves, seat backs, and hat rack
seats, spare tire-lining,
upholstery, and wheel shield

Buildings, constructions,
furniture, and others

Sisal, Coir, Cotton, Ramie,
Hemp, Oil Palm, Wood, Stalk,
Rice Husk, Jute, Coir and
Bagasse

Bank notes, panels, papers,
packaging, bricks, construction
panels, constructing drains and
pipelines construction products,
cordage, decking, door shutters,
electrical, fencing, Furniture
industry, furniture panels,
furniture, geotextiles, pipes,
railing systems, textile and yarn,
textiles and frames of windows

Marine and Mechanical
applications

Glass fiber reinforced plastic

Antenna dishes, both synclastic
and anticlastic shells, bridge
decks, chemical and water tanks,
cooling towers, doors, folded
plates of various forms, ladders,
skeletal structures, staircases,
walls, panels, and windows

Aerospace industry

Basalt fiber reinforced polymer,
Carbon fiber-reinforced plastic

Access doors, antenna dishes,
arrays, cockpit and fuselage of
helicopters, control surface fin &
rudder, engine cowlings,
fairings, floorboards of
helicopters, floor boards, front
fuselage, fuel tanks, fuselage
structures, interior decorative
panels, main torsion box, motor
casings, nose cones, other
pressurized systems, partitions,
pressure bottles, propellant
tanks, ribs and longerons, rotor
blades, solar booms and solar
horizontal and vertical tail,
stiffening spars, undercarriage
doors, wing root, wing skin,
cabin baggage racks, and several
similar applications

(continued)
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Table 4 (continued)
Application Fiber type Example

Sports Glass fiber-reinforced plastic, Bicycle frames, fishing rods,
Carbon fiber reinforced plastic | golf clubs, hockey sticks, poles
(pole vault), ski poles, skis,
tennis and badminton rackets,
etc.

microstructures of fiber which results in enhanced tensile strength, morphology, and
wettability, and offer chemical groups.

Physical treatments are common methods and are reported in various studies. The
physical treatments are effective and can improve surfaces’ adhesion and compat-
ibility. They are likely to work by functionalizing fibers’ surfaces using different
mechanisms such as plasma, UV light, and ultrasounds. However, the plasma method
is the most common method, especially in the modification of surfaces [115, 116]. For
example, cold plasma is applied when impurities are targeted. The method influences
different surface properties such as flame resistance, printability, and wettability. In
addition, the method increases surface roughness resulting in greater mechanical
properties and interfacial bonding [115]. In addition, with the incorporation of free
radicals, surface hydrophilicity can be changed, and the free radicals have to react
with oxygen or other suitable gases [115, 116]. In plasma treatment, ionized gas
reacts with fiber’s surface, this requires an electrical field between electrodes to
transmit energy and accelerate gas electrons. Then, the gas electrons will collide
with atoms or neutral gas molecules in a vacuum and under atmospheric pressure. In
plasma vacuum, gas is allowed in a vacuum chamber at a low pressure. However, in
plasma vacuum, the gas is supplied at a low-pressure triggering ionization by means
of bond rupture or atoms removal, hence, causing a rise in crosslinking and free radi-
cals. Plasma method is a batch process which requires a closed system with special
arrangements [116]. On the other hand, the atmospheric plasma treatment is attractive
in various manufacturing platforms. The method allows the specimens to be tested
and modified in situ and is not limited to a vacuum chamber, it is a reproducible, reli-
able, and suitable treatment. The method is divided into multiple discharge methods,
e.g., dielectric barrier discharge, atmospheric pressure plasma jet, glow discharge,
and corona discharge. The last one is a method that applies a low-frequency discharge
through the grounded metal roll and two opposing electrodes. The ionization of atmo-
sphere generating plasma is induced by these discharges. Technically, the fiber is
positioned in the void between the electrodes, then exposed to high-speed electrons,
increasing the number of free radicals and stimulating surface oxidation [116, 117].
Compared to other plasma treatments, the process requires less energy and lower cost.
The dielectric barrier discharge (DBD) is relatively similar to the corona treatment
method. However, there are one or more insulators or dielectric barriers in the void
between the electrodes. The transported charge is accumulated and then distributed
around the area of electrodes. The gas available between the electrodes will not be
ionized at this point and will function as a reservoir to absorb dissipated energy.
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Some disadvantages of the dielectric barrier discharge are having a short duration
and not being completely uniform [116, 117]. Another method is the atmospheric
pressure glow discharge (APGD), the method is known for its stability, uniform and
homogeneous surface treatment compared to other methods like the dielectric barrier
discharge (DBD). The method functions in an argon or helium environment, at high
frequencies, a low voltage passes within the conductive electrodes. The glow of the
discharge is caused by the excitation collisions followed by de-excitation. In another
approach, the atmospheric pressure plasma jet (APPJ), a quartz cylindrical tube is
inserted where gas flows, this takes place between two tubular metal electrodes. The
plasma method provides a very accurate treatment, it is applied in the surrounding air
and occurs in the form of a plume in the sample [ 117]. Each process is preferred based
on specific conditions and the availability of the process, for example, the APPJ is
likely to be used in industrial and research applications, such as several biomedical
devices, biological material sterilizations, and treatment of heat-sensitive materials.
Another physical treatment is the ultrasound treatment [118], the method is different
and effective, especially in modifying surfaces. Through ultrasonic irradiation, the
method applies an effect known as the “cavitation effect”, forming small collapsing
bubbles that produce immense shock waves. The surface of fibers will start peeling
andshow particle breakdown and erosion,this is due to the impact of waves shock.
Ultrasound treatment has low and high frequencies. At low frequency, violent cavita-
tion is generated,its effect is highly likely to be localized, whereas the high frequency
provides less violent cavitation considering the shorter lifetime of generated bubbles
[118, 119]. The treatment uses UV light representing electromagnetic radiation with
energy potential. It should be capable of promoting photochemical reactions in fibers’
surface by targeting its molecular structure [118]. The UV treatment is clean, cost-
effective, and reliable for industrial applications [119]. Besides, there are additional
types of physical treatments such as the ozone treatment, gamma-ray irradiation
treatment, ion beam treatment, and laser treatment.

Reinforcements and plasticizers have a vital role in influencing various biocom-
posite properties, e.g., density, rheology, degradability, water sensitivity, gas perme-
ability, shelf life, and antimicrobial behavior. Biocomposites’ mechanical properties
are influenced by several processing factors such as applied force, cooling and heating
rates, temperatures and deformation rates. Those factors are associated with the type
of polymer used in the process. Polymers’ factors are also influencing and vital,
such as chemical composition, morphology, molecular orientation, molecular weight,
degree of crystallinity, copolymerization, cross-linking, concentration, plasticization,
and the type of reinforcement. The processing environment, type of polymer, orien-
tation of fiber, and type of reinforcement are factors influencing the tensile strength in
biocomposites. There are various mechanical characteristics which have to be consid-
ered in composite materials, e.g., impact strength, compressive strength, hardness,
tensile modulus, flexural modulus, flexural strength, tensile strength, yield modulus,
yield strength, loss modulus, storage modulus, micromechanical performance, rate
of elongation, and creep and poison’s ratio. Various studies observed an enhance-
ment in composites’ tensile strength following chemical treatments on natural fibers
utilized in these composites. Such progress is attributed to the reduction of fibers’



Chemical Modifications of Natural Fiber Surface and Their Effects 57

hydrophilicity which increases compatibility and enhances fiber—matrix interaction.
Similarly, an enhanced behavior was observed in Bio-Polyethylene-based composites
with alkali and palmitoyl chloride-treated coffee silverskin [120, 121]. Furthermore,
improvements in flexural and tensile strength were also reported in alkali-treated
fiber-added composites. Loading application on the composite determines the orien-
tation of the. Several findings revealed that incorporating natural fibers as reinforce-
ments in different types of polymer matrices would increase impact strength, flexural
strength, hardness, and int