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Abstract

Considering sustainable environmental problems due to waste and the enormous potential of
natural plant resources in producing natural fibers has encouraged researchers to make envi-
ronmentlly friendly composite materials reinforced with fibers. Several articles on using natural
fibers as composite reinforcement have been collected and studied to produce this article. This
article aims to comprehensively describe the physical properties, chemical composition, factors that
affect fiber quality, and their relationship with mechanical properties. In the first section, we in-
troduce the general classification of plant fibers and summarize the annual production and category
of fiber origin used for fiber-reinforced composites. |t then presents the parts of plants and plant
species f ber, including fruit, leaf, and seed fibers, and discuss their characteristics. Further
describes the chemical compounds and physical and mechanical properties basgon fiber sources.
Based on our discussion, this review shows th lant fibers are very suitable as an alternative to
polymer-based reinforcement materials due to low cost, renewable, and environmentally friendly
composites. However, compatibilitmil:h synthetic polymers, dimensional stability and process-
ability must be actively considered to replace synthetic fibers in various applications.
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Introduction

The number of environmental problems increased, consequently increasing the number of com-
munity consent or scientist interest in using E:nvimntally friendly materials such as natural
fiber.! The industry worldwide since 2000 started using natural fiber-reinforced polymer composites
for various applications including, civil and automotive industries.” ' It will increase yearly by
about 10%." The increased interesp using natural fibers in solving environmental problems is
mseparable from their advantages: low density, high specific properties, low cost, non-abrasive to
processing equipment, and most importantly, bi@gradabi]ity,g'm

Natural fibers took from plants or animals,'' @h as oil palm, sisal, flax, jute, camel hair, and
sheep wool. The fibers from the part of plants are classified into bast fibers such as jute, flax, ramie,
hemp, kenaf, seed, cotton, coir, kapok, and leaves such as sisal, pineapple, and abaca, grass, and reed
fibers such as rice, corn, and wheat, and core fibers examples: hemp, kenaf, and jute, and other kinds
of fibers such as wood and roots.'*"*

Plant fibers contain a high amount of cellulose to form framer fiber. All parts of the plants are
El:1c-cell fibers, except the seed is the ultimate fiber. The characteristics of fibers are high
flexibility, fineness, and a high length ratio to thickness.'*' The cellulosic fibers can be used
directly for textiles.'® for clothing and other purposes without additional chemicals.'” In the last
decade, fibers were put into bricks to form fiber-reinforced pottery.'™ Ref.'” was reported that hemp
fibers in 1930s was applied to BMW and Mercedes car components.

According to Ahmad’s research, manufacturers are increasingly intereste@ usinggnt fibers in
the core structure of composite materials to meet rising customer demand for sustainable features
with improved mechanical performance and usefulness.” In this review, we aim to systematically
review the type of fibers and describe the chemical, physical, and mechanical properties organized
as follows We first introduce the classification of plant fibers in general and summarize the annual
production and category of fibers origin used for reinforced composite fibers. We then present part
of the plant and plant type for fibers, including Fruit, Leaf, and Seggyfibers, and discuss their
characteristics. We described the chemical compound and physical an chanical properties based
on the sources of fibers. The last chapter reinforced composite fibers as promising applications of
fibers in various industries. In conclusion, we offer utlook on fibers, perspectives, and
challenges of the future development of reinforced ﬁbem.ﬁlml fiber-based composites have been
widely produced and used for interior componentsgythe automotive and acrospace sectors@gRtural
fibers are also used to make insulation materials for a variety of applications, including blowing
insulation, pouring insulation, impact sound insulation materials, and ceiling panels for thermal
insulation and acoustic isolation.”' Natural fiber composites have a promising future, even out-
performing current materials.

To quickly identify the env@@@nment, the visual image of some fiber sources, including the
classification of source fibers, can be seen in Figure 1. Table 1 shows the classification of the
selected plant fibers, the world annual production, botanical name, and part of the plant or plant
origin. Cotton fiber 1s the most abundant, followed by bamboo, Jute, and kenaf, respectively, while
abaca fiber is the least abundant. The most widely used plant origin or plant part in the manufacture
of stalk fiber is obtained from the stems of dicotyledonous plants and is used for textiles and ropes.

Fiber types

Fibers naturally organize into bundles from the bast stem, leaf, and fruit called fiber bundles.
However, fibers from seed are single cells referred to as fibers.** The ginning process separates
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Classification Sources Fiber
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Figure l. Visual image of some sources of natural fiber from author collection and from the open sources in
social media.

Table 1. Fiber of plant and corresponding botanical name, plant origin, and world annual production from
various references.

iber type Botanical name Plant origin Production (I{JI3 Tones) [Source]
ca Musa textilis Leaf 91 2224
Bagasse  Saccharum officinarum L Stem 102 12.24-27
Banana Musa ulugurensis Warb Leaf 200 22427
Bamboo  Gigantochloa scortechinii Dendrocalamus apus  Stem 10,000 2
Coir Cocos nucifera L. Fruit 650 23,23.28,29
Cotton  Gossypium spp. Seed 19,010 21,24
Flax Linum usitatissimum Stem 830 212430-1
Hemp Cannabis sativa L Stem 214 23,24
Jute Corchorus capsularis, Corchorus olitorius Stem 2850 212412
Kapok Ceiba pentandra Seed 123 2
Kenaf Hibiscus cannabinus Stem 970 23,2432
Phormium Phormium tenax Leaf - i
Pineapple  Ananas cosmosus Merr Leaf - »
Ramie Boehmeria nivea Gaud Stem 100 2.3
Sisal Agave sisilana Leaf 318.8 2324283

fiber bundles from seed, especially cotton lint, while kapok fibers by shaking for loose from the
seed. Decortication and retting techniques are separate fiber bundles from the leaf and bast of
ﬁ::r plants. A decorticator 1s a machine useﬁ: strip fibers bundles from the stem or leaves

shed and beaten by a rotating wheel where only the fibers remain. The other parts of the leaf
are washed away by water-decorticated fibers and then washed before drying in the sun orusing
hot air.*”
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Retting is a chemical or bagical treatment for separating or removing fiber bundles more easily
from the w@md.*® There are two traditional types of retting: dew and water retting. Dew retting is
monitoring to ensure that bast fibers separate from the core without much deterioration. This method
15 most prevalent in Europe, tn some countries in Asia also mean that depending on the geo-
graphical location but produce coarser and lower quality fibers than water retting.”” Water retting
entails the soaking of stems in water indicated requires a large amount of clean water and is
consequently more expensive. However, the result is hig ality fibers that produce water fer-
mentation waste. The chemical properties of the plant fibers as shown in Figure 2, including history
and related discussion. Figure 3 shows factors affecting the quality of plant fiber, such as fiber
extraction, supply from storage to transportation, age, plant growth including species, location,
climate, and harvesting. The relationship between fine structure and mechanical properties is
presented. Recent developments in plant fiber-reinforced composites are also discussed.

Fruit fiber

Coir fiber name derived from the Malayalam kayaru, ‘cord™*® which is grown ir@ge Indo-Malaysian
region, East and Western African countries, and Central and South America. It 1S obtained from the
fruit of the coconut palm and the fibrous tissue, which have three types of coconut fiber: the longest
and the finest called *white” fiber, a coarser fiber known as ‘brittle’ fiber, and a shorter staple fiber
known as ‘mattress’. The brittle and mattress fibers are usually called ‘brown’ fibers.”” The retting
process is traditionally employed to extract coir fiber bundles where the husk is immers @i water
for 3-9 months. Then continue with a decorticating process to separate the fiber bundles, one of the
key factors affecting the quality of fibers. Some factors affect the quality of fibers, including species
of plant, harvesting process, fiber extraction, supply transportation, storage conditions, and age of
fiber, as shown clearly in Figure 3.

Ledf fibers

Abaca fiber is the t important species and then bears the edible banana fruit, which produces
high-quality ﬁbf:rs.ﬁ leaf fibers as hard are obtained from the stalks of various monocotyledonous
plants with parallel-veined leaves ¢ ne seed leaf.*" The fibers are in bundles of individual cells of
the leaf sheaths. They can remove from the strands by boiling them in an alkali solution. The fiber
lumen is more significant compared with that of the cell wall. Banana@fijer Musa paradiisiaca L. var
Sapientum or Musa ulugurensis is the most cultivated banana plant.”” There are about 300 species of
banana but only 20 species for consumption. The plants are cut at the flowering stage to obtain the
best fiber before forming any fruit. The separation process is manual. It involves cutting pieces of
banana from the stem and passing them through a mangle to remove excess moisture (water) and
drying at ambient temperature. The fiber obtained is usually low quality because of the separation of
the fiber bundles after the fruits have just developed or when they have ripened and are ready for
food purposes.

Phormium, or New Zealand flax, was one of the early primary fibers uses in Europe but was
usually used for ornamental purposes. Itis extracted mechanically by hand prepared and woven into
cl esembling linen.

ineapple plants grown in tropical America, Far-East Asia, and Africa. In the Philippines,
India, and Taiwan, Epineapp]e plant is used mainly as a source of fiber. The pineapple fiber
bundles are separated from the pineapple leaf by hand and sometimes by machines involving
stripping the fiber from the retted leaf The use of machines to separate the fiber bundles is slower
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Figure 1. Chemical composition of the plant fibers: cellulose (C wt %), hemicellulose (H wt %), lignin (L wt %),
pectin (P wt %). The data Abaca taken from.”' Bagasse,*? Banana>* Bamboo,*® Coir,** Cotton,” Flax,*®
Hemp,s? jul:e,53 Kapok,s‘? Kenaf,*® Phormiu m.313 Pin&apple.{'I Rzlmina.é'2 Sisal, *® and wood.®?

than the hand extraction method but facilitates mass production processes. This method 1s laborious
and costly and tends to lose many weaker fibers. Hand-separated pineapple fiber bundles yield 2%—
3% dry fiber, about 1 ton of pineapple leaf.*

The agave genus includes sisal, a semi-xerophyte plant practically without a stalk, which is
significant sisal growing in Brazil, Tanzania, and Kenya.'” Sisal is distinguished from abaca by




6 goiymers from Renewable Resources 0{0)

PLANT GROWTH
Species of plant

Crop cultivation

Crop location

Fiber location in plant
Local climate

FIBER EXTRACTION
Decortication process
Type of retting method

FACTORS AFFECTING
PLANT FIBER QUALITY

SUPPLY HARVESTING
Transportation conditions Fibre ripeness - cell wall thickness
Storage conditions Coarseness of fibers
Age of fibers Adherence between fiber and surrounding structure

Figure 3. Factors affecting quality of plant fibers; fiber extraction (type of retting methods), supply (from the
storage to the transportation, and age), plant growth (species, location, and climate), and harvesting (fiber
refines, adherence, and coarseness).

Billingham’s test and the presence of rodlike crystals in the ash and differs from phormium fiber.
The ultimate fﬁs are polygonal in outline with a rounded structure of lumen when viewed in
cross-section. The lumen varies in size but is usually significant. The longitudinal shape is
ap) imately cylindrical with a blunt tapering tip similar to abaca.’®

ast fibers are from the stems of various dicotyledonous plants@Whey are also referred to as
soft fibers, which can be used to distinguish them from leaf fibers. Dicotyledonous plants have
two seed leaves and are synonymous with pElbem, the food conducting tissue of vascular
plants. The phloem fibers were obtained from the cortex and pericycle. Bast fiber bundles are
composed of elongated thick-walled cells joined together both ends to end and side by side
and arranged in bundles. Bast fiber bundles are removed from the host material by decor-
ticating, which consis@pf removing from the stem the ‘cortex’ comprising the bast and outer
barks. The separated fibers were then washed in the water and then dried. Bamboo has a
hollow stem called the culm, with the cellulose fibers aligned along the length of the culm
carrying nutrients between the leaves and roots with hght-colored lignin. Bamboo can be
grown in both the tropics and non-tropic. There are about 1250 species of bamboo and over
10.000 tonnes are produced annually,”” which are used as the primary building materials in
developing countries.

Flax can be grown and harvested periodically every 3 months with a long plant of about 900—
1200 mm and a wide of 1.5-3 m. For harvesting, before lignification s place will result in poor
quality fiber. However, early harvesting produces a low yield of fiber. The number of fiber bundles
in the stem ranges from 15 to 40, and each bundle contains between 12 and 40 ultimate fibers. The
ultimate fibers consist of cells with very thick walls and very small lumens. Unlike other bast fibers,
Flimnntains transverse dislocations.™

Hemp is a temperate climate plant grown mainly in Russia and Eastem Europe.'® In contrast to
industrial hemp, planted only centimeters apart, with most of its leaves concentrated at the top, the
marijuana plant is quite dense, leafier, shorter, and buglger. Hemp fibers were used to manufacture
90% ofall ships’ canvas sails, rigging, nets, and caulk due to their specific strength and resistance to
salt water. It is reported that the hemp plant produces about 0.168 kg of fiber per square meter. In
contrast, the cotton plant produces only 0.057 kg of fiber per square meter. Hemp does not need the
enormous amount of agricultural chemicals that cotton needs to gmw.]ﬁ
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Hemp fiber bundles are separated from the stem in a decortication process by the cut or pulling

from the ground. The cut plant is then retted, allowing the enzyme secreted by microorganisms to
digest or degrade. The non-cellulose materials, mainly pectin, hold the fibrils together to liberate the
fiber bundles.** The long bark fiber from the stalk can be spun into threads, made into ropes, and
woven into fabrics, carpets, and shoes. The inner core of the stalk can be made into dioxin-free paper
and pulp, as well as charcoal, methanol, and methane. The latter are biomass fuels, which are clean
and virtually free from pollutants generated by the combustion of fossil fuels.

Jute is the second most crucial fiber, fast-growing in hot and humid climates, with a height of
about 2.5-3 m within 4-6 months. "' Fe is harvested when about 50% of plants are in the pod for
high-quality fiber bundles. The fiber bundles are separated from the woody stem by the retting
process. About 10,000-14,000 kgs of green plant yield from 4.5-8% of their green weights? dry
fiber plant stem in the form of an annular m@hwork composed of more than one fiber layer. Jute is
the most widely produced of the bast fibers, tollowed by flax and hemp fibers. It has a higher lignin
content, distinguishing it from flax and hemp fibers. 1

Kenaf has been cultivated and exploited as a source of fiber grown in tropical and sub-tropical
Brazil. The bark fibers of the kenaf plant are long and stringy, but the inner core is much like balsa
wood. Kenaf can produce HET 2.47 kg of pulp per season, the same amount a pine tree can produce
after 20 years of growth.'® The application of kenaf fibers can be found in markets using building
materials such as fiberboards, fire, and root proof.

Ramie 15 grown in Brazil, India,@an, South-East Asia, Southern Europe, and Chinese.*” and
can be harvested 3—6 times a year. The highest yield is attaingf¥ph the third and fourth years and
maintained until the plant is about 6 years old.** Ramie fiber is easily identified by its coarse, thick
walls, lack of twist, and striated surfaces.*’ The fiber is extracted from the green plant by de-
corticating and possibly by degumming treatment with alkali to separate the fiber from the primary
material.

Seed fibers

The essential seed fibers are cotton @rmcd from a single biological cell and more than one cell
growing the fibers. Cotton is mainly grown in tropical regions, and the maturity is analyzed by
assessing the shape of the wall-thickness compared to the size of the lumen.**

Kapok (Ceiba pentandra) reached Java by the 10" century from west Africa, India, and the Far
East™ with three varieties: Var. Caribaea, Var. Guineensis, and sighVar. Pentandra.”” The report
from Indic ya, Tanzania, and Thailand exported nearly 12,000 tonnes of kapok fiber per year.*

Figure 2 shows the chemical composition of some plant fibers, with the primary constituent
cellulose, followed by hemicellulose, lignin, and pectin. Fibers from cotton show the highest
cellulose in between 82 to 96 wt %, * followed by [mdpple, around 80—81 wt %, and the lowest is
kapok (Yang et al., 2020) followed by bamboo.* Cellulose is also the reinforcement for lignin,
hemicelluloses, and pectin.™

The plant fiber quality depends not only on the chemical composition (Figure 2) but also on the
several factors shown in Figure 3. Four factors affect the quality of plant fibers; first, fiber extraction
strongly depends on the type of retting methods. Second, the supply methods from the storage to the
transportation and age of the plants. The third 1s plant growth, including the species, location, and
local climate around plant growth. The fourth is harvesting, such as refines, adherence, and
coarseness.

The physical properties such as diametersﬁngth, aspect ratio, microfibril, bulk density, and
moisture regain from various types of fibers. Fibers with the highest aspect ratio will exhibit the
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highest tensile properties and provide a high surface area advantageous for reinforcement purposes.
Figure 4 shows the physical properties of fibers from leaf and bast fibers.

Physical properties of plant fibers

Fruit, leaf, and bast fibers are usually separated from bundles of fibers, and the length of ultimate leaf
fibers is between 2 to 60 mm .** Robson etal. *’ reported that the fiber bundle length is between 60 to
100 mm. That implies that several ultimate fibers are joined by natural binding materials such as
lignin, wax, and pectin. Ramie is a bast fiber with lengths up to 250 mm (Figure 4). For optimum
fiber treatment, chemical concentration must be lowest for pEFEnt extra fibers delignification to
avoid weaken and damage the fibers by decreased fiber but can mcreased effective fiber surface area
and aspect ratio. The cross-section and longitudinal views from scanning electron microscopy
(SEM) spectroscopy was reported by.* and.”* for hemp and sisal fiber and shows the spiral annular
vessels in the sisal, which are the nutrient pathways for the sisal leaf.

Gholampour & Ozbakkaloglu, 2020 was r ed for untreated fiber bundles shows fracture
surfaces of fiber composites indicated present wax, oil, and surface impurities. Waxes and oils
provide a protective layer to the surface of the fibers. The surface fibers highly packed crystalline
cellulose but changed when the amorphous regions created where cellulose are separated and filled
by water molecules. For transverfial cross-section was reported by indicated fiber bundles with a
large lumen as reported by.”” For untreated sisal fiber bundles,*” node-like cell materials indicated
adjacent ultimate fibers, but.”' was reported for small and large lumens for every single ultimate
fiber of hexagonal shape. For fiber treatment, the wax and cuticle at the surface was removed
producing smooth fiber surface.

Coir is the reddish-brown fibrous mass, andﬂaverage length e ultimate fibers is about
1 mm (Figure 4). The fiber bundle can have 30-300 or more ultimate fibers in its cross-section. The
edges of some of the fibers have a distinct wavy outline, and they are spindle-shaped, lying along the
fiber axis with the round stigmata to be found in the ash.*

The physical characteristics of cotton fiber are the most interesting. It has layer arrangements, as
with all plant fibers. However, its unique helical fibril winding formation distinguishes it from other
fibers. The winding formation of the fibril along the major axis tends to have an alternate reversal
direction as it winds along the fiber axis.”” The lumen of mature cotton fiber is filled with
pmtoplasm,”

Kapo ers are unicellular smooth, cylindrical, and very lustrous. They are in a pod of kapok
fruit and grow on the inner wall of the pod and sometimes on the seed. The fibers are coated with a
highly water-resistant waxy. It has a thin wall with an air-filled lumen which lustrous and extremely
light. When viewed through its cross-secti€l kapok fibers show a wide air-filled lumen with a wall
thickness of about 1-2 um. For instance, the apparent specific gravity of the Indi@gpkapok fiber is
about 0.0554, while that of Japanese kapok is about 0.0388. It is also reported that kapok fiber is six
times lighter than cotton water repellent and slippery.™* If kapok fiber is compressed, it can support,
on water, a mass that exceeds its mass by as much as similar or beyond twenty times. After
submerging, Kapok fiber will lose its buoyancy capacity very slowly.

ﬁechu;ﬁal properties of plant fibers

The fiber cell wall consists of the outer layer, which has the primary wall and the cuticle; g&
secondary wall consists of three layers, S1, S2, and S3, which connect the secondary wall to the
lumen Figure 3(a). The S1 is next to the primary layer, known to resist swelling media such as water
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and acetic acid, just like the primary wall.”' The fibrillar structure layout in this layer is nearly
perpendicular to the fiber axis and stabilizes the fiber to lateral forces.

The 82 layer constitutes the bffk of the secondary wall and swells ecasily, breaking into fibrils that
follow a helical path. The fibrils are inclined at an angle to the fiber axis and dominate properties in
tension.””"" In cotton, the fibrils in the S3 layer are inclined more transversely to the fiber axis than
in the S2 layer. They tend to resist the hydrostatic pressure exerted on the lumen. They are in the
plant source or when using applications such as composites for industrial applications. The fibrous
materials are subjected to the deformations such as tension, compression, bending, torsion, shear,
abrasion, wear, and ﬂexing.”

Plant fibers are composites in nature with cellulose as the reinforcement in a matrix of lignin and
hemicellulose. Physical plrtif:s of fibers such as morphology, regularity, or irregularity along and
across the main fiber axis, crystalline packing order, amorphous content, and chemical composition
influenced the mechaa:al properties. The mechanical properties (Figures 6 and 7) can be predicted
by using equation (1) to estimate the stiffness or modulus of elasticity of the plant fiber cell wall [63,
64, 65,66] along the fiber axis.

E; = V,E,Cos* + V,.E,, (1)

where, E; is the effective modulus of the fiber, Ec and Enc are the elastic moduli of the crystalline
and non-crystalline regions, and V. and V. are the volume fractions of crystalline and non-
crystalline regions {90 is the microfibril angle.

Figure 5 shows the mechanical properties of leaf and bast fibers, and Figure 6 shows ?
mechanical properties of coir and seed fibers. Figure 7 shows that the pineapple fiber exhibits the
highest specific strength and modulus, followed by flax and hemp fiber. It implies that the weight of
pineapple, flax, and hemp fibers will be more suitable in composite manufacture due to the savings
on weight economies over the rest of the fibers.”* The same fibers exhibit high stiffness, which
means that they are used to replace glass, carbon, and high-performance synthetic fibers h as
Kevlar fibers. A similar argument can be expressed for composites in which the single-cell fibers as
shown in Figure 5.

Applications of the plant fibers

Almost all fibers have similar conventional uses divided into three applications: apparel, household,
and industrial. Apparel applications are dresses or clothing where cotton fiber dominates the market,
followed by flax, hemp, and to a certain extent, kapok when in blends with cotton fiber. Household
applications are curtains, upholstery, mattresses, quilts, coir, and almost all seed, leaf, and bast fibers
are used in this category except bamboo fiber. Except for the kapok fiber, all the fibers are used as
industrial materials. The most common uses are rope, shoes, sacks, carpets, fishing nets, paper, and
paper felts. 38

For the last 20 years, there has been a high interest in using natural fiber{§fj a reinforcement for
polymeric materials.***® That is stimulated by the environm cost of manufacturing energy-
mtensive, synthetic fibers such as glass, carbon, and Kevlar. Two well-established products are
Tufnol 6 F/45, an epoxy-cotton composite, and Tespa, a phenol wood fiber composite.*!

Thermosetting polymer matrix and plant fiber composites find applications as electrical insu-
lators (Tufhol 6 F/45), semi-structural applications, and wear parts. Many reported the poor
mechanical strength properties of the two materials, indicating the necessity for further product
optimization. At the same time, many claims have been made that on a weight basis, the
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Figure 5. Mechanical properties of leaf and bast ﬁbres:ile strength (TS5 MPa), specific tensile strength (STS
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Sisal.*’
performance of the best plant fiber reinforced composites comparable with that of conventional
glass epoxy comfite. BASF AG produces lignotoc in sisal polypropylene composite.®'; another
spective user of these plant fiber remforced composites is the building industry. Figure 5 shows
@mcchanica] properties of some plggf fiber-reinforced composites.

Figure 7 shows composites sisal-cashew nut-shell liquid (CNSL) with the highest flexural
stiffness compared with kapok-cotton fabric reinforced/CNSL and exhibits relatively good impact
properties. Both bending and impact are preferred characteristics in the building and automotive
industries.
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Johnson Controls Interiors GmbH produces gnt fiber-reinforced thenmoplastics for interior

parts of cars.”” Prototype truck boards are produced from banana fiber reinforced composites

26,81

reports of successes in producing kenaf-polypropylene composites compare favorably with the
glass polypropylene and mica-polypropylene composites. It is also worth noting that cellulosic is
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Hemicellulose

Microfibril

Figure 8. The hierarchical structure of wood is a natural fiber supply.

increasingly used as a biomass fuel source to produce energy for domestic and industrial
applications.*®

Future perspective

Natural fibers are not only good for the ecosystem, but they also have highly specific properties due
to their lightweight nature. Trees are a readily available source of natural fiber, with large pop-
ulations generating large amounts of yearly pruning byp cts, making them one of the most easily
accessible sources of natural fiber. Fiber can be removed from the midrib, spadix stems, leaflets, and
mesh of the date palm tree.*” Wood has a porous hierarchical structure that spans the nanoscale of

cell wall to the macroscale of the trunk.” Wood's rigid cell wall is made up of three biopolymers:
cellulose, hemicellulose, and lignin, which combine to create a natu bril-based composite with
properties determined by the orientation of aligned cellulose fibrils embedded within a matrix of
lignin and hemicellulose.”' Bundles of cellulose microfififils contain both crystalline and amor-
phous areas and are made up of 3 nm elementary ﬁbrils,gzthf:mc]ecu]ar level, repeating units of
D-glucose assemble through covalent bonds as well as intra- and interchain hydrogen bonds to
create linear and rigid cellulose chains.

Wood is made of various cell types with varying volume fractions at the cellular and tissue levels,
depending on the tree species. Softwoods are made up of more than 90% of one type of cell
(tracheid), with varying cell diameters and cell wall thicknesses based on their function.” Tracheids
with large cell diameters and thin cell walls function as water transporters (referred to as “ear-
lywood™), whereas tracheids with small cell diameters and thick cell walls function as mechanically
robust tissues (referred to as “old wood”).”* Hardwoods evolved later and use cell types unique to
these functions, namely vessels for water transport and fibers for mechanical strength, giving them a
competitive advantage over softwoods in the majority of climate zones. The Lumina (exposed
interior of the cell) of tracheids, vessels, and fibers (ranging in diameter from a few micrometers to
about half a millimeter), along with micrometer-sized holes crossing the cell wall and nano-sized




14 goiymers from Renewable Resources 0{0)

pores between cellulose fibrils within the cell wall, form the hierarchical porous structure of wood.”
(Figure 8). Natural plants are t st option for use as source plants for fiber production because
they are widely accessible and have the potential to replace synthetic fibers in the future.

Conclusions

Natural fiber composite has been intensively used recently due to increased car fuel efficiency, low
cost, renewable, low density, high specific stiffness, better building materials, and being envi-
ronmentally friendly. The lower density of the cellulose-based fibers leads to weight savings in
composite manufacturing transportation. Natural fibers’ biodegradability as a composite material
makes them highly appealing because they are environmentally beneficial and abundant. The higher
fiber volume fractions of plant fibers comp to fossil fuel-based reinforcements will result in
significant material cost savings. gcmtly, natural fiber reinforced composites (NFRCs) have a
growing interest among scientists because of their ease of production, increased productivity, cost
reduction, lower density and weight, and use of renewable resources. Although increased interest,
there are many problems associated with the quality and production of natural fiber-based composite
materials, such as compatibility with synthetic polymers, dimensional stability, and pr&?sabiljt}r.
Composite materials should ideally match the interface even when applied stress. Due to the
significant loggweight and cost of the raw fiber materials, they have become attractive alternatives
for replacingg:;s and carbon fibergginforced polymer composites. The automobile industry has
begun applying NFRCs in various exterior and interior panel applications. However, further re-
search must be kept growing to address how to increase the quality source of fiber mn extraction,
transportation, and harvesting for maintain chemical and mechanical properties. These parameters
guarantee mass production for the continuity of commercially available NFRCs for wide area
application, especially in the automotive field.
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