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Abstract

Lignocellulosic agricultural byproducts are a copious and cheap
source for cellulose fibers. Agro-based biofibers have the composi-
tion, properties and structure that make them suitable for uses such
as composite, textile, pulp and paper manufacture. In addition, biofi-

bers can also be used to produce fuel, chemicals, enzymes and food.

Byproducts produced from the cultivation of corn, wheat, rice, sor-
ghum, barley, sugarcane, pineapple, banana and coconut are the ma-
jor sources of agro-based biofibers. This review analyses the produc-
tion processes, structure, properties and suitability of these biofibers
for various industrial applications.

Depleting natural resources, regulations on using synthetic
materials, growing environmental awareness and economic
considerations are the major driving forces to utilize annually
renewable resources such as biomass for various industrial ap-
plications [see Kozlowski, R. (1987) Green fibers and their po-
tential in diversified application; http://www.fao.org/DO-
CREP/004/Y1873E/y1873eob.htm] [1, 2]. Biomass such as
agricultural crops and residues, forest resources and residues,
animal and municipal wastes is the largest source for cellulose
in the world. Approximately 2 x 10! tons of lignocellulosics
are produced every year, compared with 1.5 x 10 tons of syn-
thetic polymers [2]. Organic agricultural wastes (agricultural
byproducts) are annually renewable, available in abundance
and of limited value at present. These lignocellulosic byprod-
ucts could be a principal source for fibers, chemicals and other
industrial products. Primary lignocellulosic agricultural by-
products that are available in considerable quantity and at low
cost are corn stover, wheat, rice, barley straw, sorghum stalks,
coconut husks (coir), sugarcane bagasse, and pineapple and
banana leaves. Using these crop residues for industrial ap-
plications could be an additional source of revenue for farm-
ers, without adversely affecting soil fertility (http://www.fao.
org/DOCREP/004/Y1873E/y1873eob.htm).

Not all of these agricultural byproducts are commonly avail-
able across the world. Many are native to a particular region,
depending on the climatic conditions required to grow the food
crops. The value of the byproduct depends on the availability
and potential use of the byproduct. In developing countries, the
use of agricultural byproducts for fibers, fuels and chemicals
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would be more valuable than in other countries but most of the
agricultural byproducts are used as a source of fuel or animal
feed and therefore do not add much value to the crops [3]. The
Technology Road Map for Plant/Crop Based Renewable Re-
sources 2020, sponsored by the Department of Energy (DOE) in
the USA, has a target to achieve 10% of basic chemical building
blocks from plant derived renewable sources and to increase
the share to 50% by 2050 [2].

Lignocellulosics are used for various applications, depend-
ing on their composition and physical properties. Wheat and
rice straw, and even corn stalks to a limited extent, have tradi-
tionally been used for pulp and paper making [4-6]. Coir, pine-
apple and banana leaves have been used as natural cellulose
fiber source for textiles, composites and also for paper [4-8]. Re-
cently, natural cellulose fibers suitable for textile and other in-
dustrial applications have been produced from corn husks and
corn stalks [9, 10]. Rice and wheat straw have also been used to
produce regenerated cellulose fibers as an alternative to wood
for cellulose-based materials [6, 11]. Increase in fuel costs and
scarcity of petroleum sources led to the use of lignocellulosics to
produce ethanol and other sugars by fermentation. Biomasses
can also be converted into carbon, hydrogen and oxygen to pro-
duce various chemicals, enzymes and proteins.

Fiber extraction

Natural cellulose fibers are extracted from lignocellulosic
byproducts using bacteria and fungi, mechanical and chemical
methods. Retting, the traditional process to extract fibers, uses
bacteria and fungi in the environment to remove lignin, pec-
tin and other substances. Bacteria such as Bacillus and Clostrid-
ium, used in water retting, and fungi such as Rhizomucor pu-
sillus and Fusarium lateritium, used in dew retting, are found
to be most effective in their ability to attack the noncellulosic
substances and separate the fibers from the core [12, 13]. Al-
though atmospheric retting provides better quality fibers, it re-
quires relatively longer duration and it is difficult to control
the fiber quality.

The relatively more common chemical retting methods
use alkalis, mild acids and enzymes for fiber extraction. So-
dium hydroxide is the most commonly used chemical for fi-
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ber extraction. Acids such as sulfuric acid and oxalic acid in
combination with a detergent have also been used for fiber
extraction [13, 14]. Chemical concentration, temperature and
duration of treatment are the main factors determining the
quality of chemically extracted fibers [14]. For enzymatic fi-
ber extraction, a combination of enzymes such as pectinases,
hemicellulases and cellulases are generally used with a pre-
or postchemical treatment. Recently, multienzyme complexes
that can express 10-15 enzyme activities and provide better fi-
ber quality have been developed [see Hans Sejr, O. (2004) En-
zymes at work; http://www.novozymes.com].

Mechanical separation of fibers is carried out using de-
corticating machines, steam explosion (STEX), ammonia fi-
ber extraction, Tilby process and similar methods [11, 15, 16].
The Tilby cane separation process separates sugarcane into
the outer skin, rind and sugar-containing pith. The outer skin
contains wax that can be extracted for use in pharmaceutical
products. The separated rind can be used for the manufac-
ture of paper, panels and boards. After extracting the sugar,
the pith can be used for the manufacture of fiber boards, ab-
sorbents and fillers. The Tilby process would also be suitable
for processing corn, sorghum and other lignocellulosic plant
stalks [17]. This process offers the advantage of separating the
plant components without disintegrating their constituents,
which can be further treated to extract fibers and other bio-
products. Cellulose fibers suitable for textile, paper, composite
and other applications have been extracted from wheat straw
and rind of sugarcane by the Tilby process and also by steam
explosion [11, 17].

Rayon, the first regenerated cellulose fiber, became popu-
lar owing to the shortage of natural fibers, large availability
of renewable forest resources and its relatively low price. The
most common rayon production process uses sodium hydrox-
ide and carbon disulphide to form a xanthate solution which is
ripened and extruded into a sulfuric acid coagulation bath to
form regenerated cellulose [18]. However, the development of
cheaper synthetic fibers, environmental concerns owing to the
use of carbon disulphide, and depleting forest resources led to
the fall of rayon. In recent years, an environmentally friendly
lyocell process based on the N-methylmorpholine-N-oxide
monohydrate (NMMO) solvent system is being widely used
for the production of regenerated cellulose [6, 11]. The possi-
bility of using agricultural byproducts for producing rayon,
the development of the environmentally friendly lyocell pro-
cess and concerns on the price and availability of petroleum-
based fibers could renew interest in rayon and make it a pre-
ferred fiber in the near future.

Chemical composition of fibers

The chemical composition of lignocellulosics is inherent ac-
cording to the particular needs of the plants. Cellulose, hemi-
cellulose and lignin are the three main constituents of any lig-
nocellulosic source, and the proportion of these components in
a fiber depends on the age, source of the fiber and the extrac-
tion conditions used to obtain the fibers [19]. Natural cellulose
fibers are composed of individual cells that are commonly re-
ferred to as “Ultimates’. Cotton and kapok have ultimates that
are long enough to be used as unicellular fibers. All other nat-
ural cellulose fibers are multicellular, with a bundle of individ-

ual cells bound by natural polymers such as lignin and pectin
[19, 20]. In this review, ‘fibers” refer to a bundle of individ-
ual cells with adequate strength, length and fineness required
for various fibrous industrial applications. Individual cells in
agro-based fibers are too small to be used for textile and other
high-quality fibrous applications but can be used for paper
and similar applications [20].

Cellulose is the main structural component that provides
strength and stability to the plant cell walls and the fiber [21].
The amount of cellulose in a fiber influences the properties,
economics of fiber production and the utility of the fiber for
various applications. For example, fibers having higher cellu-
lose content would be preferable for textile, paper and other
fibrous applications, whereas byproducts with higher hemi-
cellulose content would be preferable for producing etha-
nol and other fermentation products because hemicellulose is
relatively easily hydrolysable into fermentable sugars. There-
fore, the value of the byproduct and its potential application
is to a large extent determined by the cellulose content. How-
ever, it should be noted that the value of the byproduct de-
pends on the quality of the fibers obtained and their end use,
and not on the cellulose content per se. As seen from Table 1,
pineapple and banana fibers have a higher cellulose content,
which is probably related to the relatively higher weight of
the fruit they support and the fact that they are less perish-
able. Other fiber sources such as corn stover, bagasse, wheat,
rice and barley straw, and sorghum stalks all contain nearly
the same amount of cellulose. Fibers in these crops support
relatively smaller weights in comparison with bananas and
pineapples.

Hemicellulose in plants is slightly crosslinked and is
composed of multiple polysaccharide polymers with a de-
gree of polymerization and orientation less than that of cel-
lulose [22]. Hemicellulose usually acts as filler between cel-
lulose and lignin and consists of sugars including glucose,
xylose, galactose, arabinose and mannose. Mechanically,
hemicellulose contributes little to the stiffness and strength
of fibers or individual cells [23]. Hemicellulose is more eas-
ily hydrolyzed into sugars than cellulose and therefore fi-
bers containing a higher proportion of hemicellulose would
be preferable for producing sugars, and eventually for fuels
such as ethanol. Wheat and rice straw, corn stover and ba-
gasse are, to a certain extent, favorable for producing carbo-
hydrates because of their higher hemicellulose content and
relatively larger availability. In comparison, coir and banana
fibers have low hemicellulose content, and using these fibers
to produce carbohydrates might not be economical owing to
the low conversion rates possible.

Lignin is a highly crosslinked molecular complex with
amorphous structure and acts as glue between individual
cells and between the fibrils forming the cell wall [2]. Lignin is
first formed between neighboring cells in a “middle lamella,”
bonding them tightly into a tissue, and then spreads into the
cell wall penetrating the hemicelluloses and bonding the cellu-
lose fibrils [4]. Lignin provides plant tissue and individual fi-
bers with compressive strength and stiffens the cell wall of the
fibers to protect the carbohydrates from chemical and physi-
cal damage [24]. The lignin content of the fibers influences the
structure, properties, morphology, flexibility and rate of hy-
drolysis [25]. Fibers with higher lignin content appear finer
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Table 1. Availability and composition of biofibers

Fiber source Availability Cellulose Hemicellulose Lignin Ash References
103 tons % % % %
Corn stover 727 38-40 28 7-21 3.6-7.0 [9, 10]
Pineapple leaf fiber - 70-82 18 5-12 0.7-0.9 [4,7,14,25]
Coir 100 3643 0.15-0.25 41-45 2.7-10.2 [4,7,19,39]
Bagasse 100 32-48 19-24 23-32 1.5-5 [22]
Banana - 60-65 6-8 5-10 4.7 [4,7,8]
Wheat straw 568 33-38 26-32 17-19 6-8 [22,40]
Rice straw 579 28-36 23-28 12-14 14-20 [22,43]
Sorghum stalks 252 27 25 I - [22,40]
Barley straw 195 31-45 27-38 14-19 2-7 [22]

and will be more flexible [25]. Generally, fibers with a lower
amount of cellulose have a higher lignin content, as seen from
Table 1. Lignin can range from water soluble (lignosulfonates)
to insoluble (kraft lignin), even in general organic solvents
such as acetone.

Ash present in lignocellulosics, especially straw, contains
silica that has many undesirable effects [5]. Silica blunts cut-
ting machinery, reduces the digestibility of straw, interferes
with the pulping process by forming scales on the surface of
the reactors and makes combustion more difficult [5].

Fiber structure

The dimension and arrangement of unit cells in a fiber de-
termine the structure and also influence the properties of the
fibers. The dimensions of individual cells or ‘ultimates” in nat-
ural fibers are dependent on the species, maturity and location
of the fibers in the plant and also on the fiber extraction condi-
tions [12, 13]. Individual cells in pineapple and banana fibers
are relatively longer and therefore these sources can produce
long fibers. The widths of individual cells in rice straw, wheat
straw and corn husk are smaller and can therefore form rela-
tively finer fibers. As shown in Table 2, coir has thick individ-
ual cells and therefore cannot form fine fibers. When used for
applications such as textiles and paper, the length to diame-
ter ratio (I/d) of individual cells in a fiber affects the flexibil-
ity and resistance to rupture of the fibers and products made
from them [20, 26]. Wheat and rice straw have high 1/d ratios
and are therefore more commonly used in the manufacturing
of paper.

Table 2. Structure and properties of biofibers

Biofibers do not show the general relationship between
crystallinity and strength observed in pure cellulose fibers
such as cotton and rayon, that is, the higher the crystallinity,
the higher the strength. The presence of substantial amounts
of noncellulosics, mainly lignin, which contributes to the
strength of fibers and the variations in the dimensions of unit
cells, is the major reason for the absence of a good relation-
ship between crystallinity and strength. However, biofibers
with longer unit cells have higher strength, as seen from Table
2. Therefore, the amount of noncellulosics and dimensions of
the unit cells in the fiber are to be considered when designing
products using biofibers.

In their natural state, and before chemical extraction, fiber
surfaces have waxes and other encrusting substances such as
hemicellulose, lignin and pectin that form a thick outer layer
to protect the cellulose inside. The presence of encrusting sub-
stances causes the fibers to have an irregular appearance, as
shown in Figure 1. During fiber extraction, most of the sur-
face waxes and other noncellulosic substances are removed, as
shown in Figure 2. When agro-based fibers are used as rein-
forcing fibers for composites, the removal of surface waxes and
encrusting substances makes the fiber surface rough and im-
proves the adhesion of fibers and polymer matrix [27, 28]. The
presence of impurities on the surface of the fibers affects the ap-
pearance and processability of the fibers [10]. Chemical, biologi-
cal and physical treatments are used to improve the morpholog-
ical features, processability and utility of the fibers [10, 28].

Transversally, unit cells in all of the biofibers have a central
hollow cavity called the lumen. The shape (round, polygonal
or elliptical) and size of the lumen depends on the source of

Fiber Fiber structure Fiber properties

Cell dimensions Crystallinity % Tenacity Elongation % Moisture

Length (mm)  Width (um) g/den? content % References
Cornhusk 0.5-1.5 10-20 48-50 2.0-3.0 12-18 9 [10]
PALF® 3-9 20-80 44-60 0.7-3.8 0.8-1.6 10-13 [7,14,27,41,42]
Coir 0.3-1.0 100450 27-33 2.0 1747 10-12 [7,19,30,39]
Bagasse 0.8-2.8 10-34 - 0.9-1.25 5.5-11.8 8.8 [22,43]¢
Banana 0.9-4.0 80-250 45 24-37 1.0-3.5 10-15 [4,7,8,25,44]
Wheat straw 0.4-3.2 8-34 55-65 - - 10 [11,22,45]°
Rice straw 04-34 4-16 40 - - 6.5 [6,22]
Sorghum stalks  0.8—1.2 30-80 - - - 8-12 [22]°
Barley straw 0.7-3.1 7-24 - - - 8-12 [24]¢

a. Denier is defined as the weight in grams per 9000 m of the fiber.
b. PALF, pineapple leaf fiber.

c.See also Hurter; R.W. et al. (2001) Nonwood plant fiber characteristics. TAPPI 1997 Nonwood Fibers Short Course Notes; http://www.HurterConsult.com .
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Figure |.Scanning electron micrograph of an untreated strand mechan-
ically extracted from corn husk.

the fiber and thickness of the cell wall [25]. The presence of the
hollow lumen decreases the bulk density of the fiber and acts
as an acoustic and thermal insulator. These properties make
biofibers preferable for lightweight composites used as noise
and thermal insulators in automobiles [29].

Fiber properties

The amount of cellulose and noncellulosic constituents in a
fiber determine the structure and properties and influence its
crystallinity and moisture regain [30]. Properties such as den-
sity, electrical resistivity, tensile strength, modulus, moisture
regain and crystallinity are related to the composition and in-
ternal structure of the fibers. Although the strength of fibers
cannot be exactly correlated to the cellulose content and mi-
crofibrillar angle, generally, fibers with higher cellulose con-
tent, higher degree of polymerization of cellulose and lower
microfibrillar angle give better mechanical properties [25]. Fi-
bers with higher lignin content, lower 1/d ratio and higher mi-
crofibrillar angle show lower strength and modulus but have
higher extensibility. The higher amount of cellulose and the
lower spiral angle in banana fibers give the fibers higher mod-
ulus and tensile strength but lower breaking elongation com-
pared with coir fibers [8].

The mechanical properties of natural fibers are influenced
by the composition, structure and number of defects in a fi-
ber. Under stress, tensile failure occurs by intercellular and/
or intracellular modes. In fibers having higher cellulose con-
tent such as those in bananas and pineapples, cracks propa-
gate through weak bonding between cells, causing intercel-
lular fracture without the removal of microfibrils [25]. By
contrast, cracks propagate through the cells in fibers with
lower cellulose content such as coir, resulting in intracellular
fracture with microfibrillar pullout [8, 25]. Elongation of fibers
depends on the degree of crystallinity, orientation and the an-
gle of the microfibrils to the fiber axis. The high extensibility
of coir fibers is primarily a result of the perfect helical spirals
formed by the microfibrils around the fiber axis [30].

Cellulosic fibers change their dimensions and properties
with varying moisture content [2]. The extent of changes in

Figure 2. Scanning electron micrograph of a partially purified fiber bun-
dle from corn husks.

a fiber is determined by the amount of hemicellulose, lignin,
crystallinity and surface characteristics of the fibers [2]. Mois-
ture content in fibers influences the degree of crystallinity,
crystallite orientation, tensile strength, swelling behavior and
porosity of vegetable fibers [25]. An increase in moisture con-
tent decreases the electrical resistivity and affects the dimen-
sional stability of composites made from cellulosic fibers [2,
25]. The ability of a fiber to absorb or desorb moisture should
be considered when evaluating the suitability of fibers for var-
ious applications, especially for textiles, paper and composites.

Applications

Fibers from lignocellulosic sources are used in various ap-
plications such as building materials, particle boards, insula-
tion boards, human food and animal feed, cosmetics, medi-
cine and for other biopolymers and fine chemicals (http://
www.fao.org/DOCREP/004/Y1873E/y1873eob.htm) [6, 31-
33]. Chemicals such as ammonia, carbon, methanol, ethanol,
pyroligneous acid, charcoal, acetic acid, acetone and hydro-
carbon oils are also produced from lignocellulosics by hydro-
lysis and fermentation [4]. Cellulose and hemicellulose can be
used for producing single-cell proteins, cellulolytic enzymes
and mushrooms [4]. Fibers obtained from straw can be used
to produce all kinds of paper and paper boards, without us-
ing any wood pulp. Table 3 shows some of the common chem-
icals and products from the cellulose, hemicellulose and lignin
components in agricultural byproducts.

Hemicellulose in lignocellulosics can be used to produce
resins and plastics, pharmaceuticals, furfurylalcohol, mono-
chloroacetic acid, herbicides, tetrahydrofufurylic alcohol and
maleic anhydride [34, 35]. The process of chemical pulping can
also produce cellophane, carboximethylcellulose, cellulose ac-
etate, cellulose nitrate, cellulose amide, chromatographic bases
and other chemicals [see Almazan, O. et al. (1998) The sugar-
cane, its by-products and co-products. Sugarcane International;
http:/ /www.uom.ac.mu/Faculties/foa/AIS/AMAS98/ htm].
Xylans, mannans and galactans extracted from hemicellulose
are used as thickeners, stabilizers and emulsifiers, and as gels
in the food, pharmaceutical and paper industries.
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Table 3. Chemicals and products from the major constituents of biofibers

Products and chemicals Biomass source Biomass component References

Fibers for textiles and composites Corn stover, PALF?, coir, banana leaves Cellulose [4,7,8,10, 14]
Fibers for pulp and paper Rice and wheat straw, corn stover Cellulose [5,6,11,22]
Fiber-reinforced starch foams Corn stalks Cellulose [9]

Single-cell proteins All biomasses Cellulose [4,26,31,46]
Adhesives and binders All lignin-containing biomasses Lignin [21,26, 35, 46,47]°
Lactic acid Corn stover Cellulose [2,21]

Strawboard Wheat and rice straw Cellulose [5, 22, 24, 32, 37, 38]°
Solvents Bagasse Cellulose [32,46]°

Furfural All biomasses Cellulose [21, 35, 46, 47]b
Dyes, pigments and ink All biomasses Hemicellulose [21,26, 35, 46,471°
Electricity Straw Lignin [36,47]
Surfactants and coagulants Wheat straw Hemicellulose [26, 36,471°

Urea All biomasses Lignin [4,26,31,33]
Pharmaceuticals Bagasse Lignin [6,31,32,33]¢
Ethanol and other alcohols Corn stover, wheat, rice and bagasse Hemicellulose [1,21,23,46,47]

a. PALF, pineapple leaf fiber.

b. See also Almazan, O. et al. (1998) The sugarcane, its by-products and co-products. Sugarcane International; http://www.uom.ac.mu/Faculties/foa/AlS/

AMAS98/htm

c. See also Kozlowski, R. (1987) Green fibres and their potential in diversified application; http://www.fac.org/DOCREP/004/Y 1873E/y |873eob.htm

Lignin is commonly used as a fuel for burning because it has
high energy content and fuel value but these applications pro-
vide limited additional value [36]. However, various chemicals
such as phenols, acetic acid, charcoal and ethylene can be pro-
duced from lignin, which could make lignin as valuable as the
cellulose and hemicellulose components in biomasses [36, 37].

Adhesives produced from lignin are used in composites,
packaging, laminates, stiffening agents and plastic molding
(http:/ /www.fao.org/DOCREP/004/Y1873E/y1873eob.htm).
Silica recovered from the pulping of rice and wheat straw can
be made into bricks, ceramic items and glassware.

Biofibers are used for composites because of their low cost,
low density, high toughness, reduced dermal and respira-
tory irritation, ease of separation, enhanced energy recovery
and biodegradability [38]. Natural fibers provide stiffness and
strength to the composites, are easily recyclable and, unlike
brittle fibers such as glass, biofibers will not be fractured when
processing over sharp curvatures. Biofibers also compete well
in terms of strength per weight of the material when com-
pared with conventional fibers such as glass and mica used
for composites [28]. Biocomposites are used in motor vehi-
cles, furniture, machine construction and insulating materials
(http:/ /www .fao.org/DOCREP/004/Y1873E/y1873eob.htm)
[32]. Prefabricated panelized constructions made from bagasse
and plastered with cement are used for structures that are re-
sistant to earthquakes [32].

Limitations

The major limitations of using agricultural byproducts are
the lack of an established collection, storage, and handling sys-
tems that would prevent the degradation of the lignocelluosics
when stored for a considerable period. The enormous amount
of research being carried out in producing ethanol from ligno-
cellulosic biomasses is addressing these issues. It is reasonable
to expect that agricultural byproducts will be a major source
of industrial products and chemicals in the near future. How-
ever, there are a few limitations associated with agro-based fi-

bers that should be considered when designing products us-
ing biofibers.

The primary limitation of the use of agro-fibers for compos-
ites is the lower processing temperature permissible, owing to
the possibility of lignocellulosic degradation. This limits the
processing temperatures and the type of thermoplastics that
can be used with agro-fibers to produce composites [37]. The
second limitation is the relatively higher moisture absorption
of natural fibers, making it difficult for the hydrophobic fibers
and hydrophilic polymers to bond together [28, 29, 31]. These
limitations and the variability of natural fibers are of concern
when selecting materials for composites [28]. In pulp and pa-
per manufacture, silica present in fibers (3% to 14% in rice and
wheat straw) accumulates and causes scaling in evaporator
tubes, reducing the efficiency of the pulping process [5].

Conclusions

The potential availability and economics of using agro-
based fibers far outweigh their limitations. An increasing pop-
ulation and constraints on using natural resources to grow
fiber crops make agro-based fibers the most promising alter-
native to natural fibers. Current ethanol processors and biore-
fineries are using all the major components of biomass (cellu-
lose, hemicellulose and lignin) to produce fuels and chemicals.
Increasing the value of coproducts by using the major com-
ponents of biomass is necessary to make ethanol competitive
with fossil fuels and for biorefineries to be sustainable in the
long term. Such attempts will increase the availability of co-
products suitable for producing various chemicals and prod-
ucts and will reduce our dependence on nonrenewable energy
sources. The future seems to be bright for biofibers and bio-
based products.
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