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Abstract: It has been shown that in the last decades nanotechnology plays a key role not only in sci-
ence but more and more often in industry as well. Recent research has shown that agricultural waste
is a possible feedstock to produce nanocellulose which can be used for different applications, such as
a biosensor, semiconductor and reinforcing agent. The use of agro-waste as a precursor not only offers
advantages for raw material costs, but also for the climate, low processing costs, availability and con-
venience. It also helps to address environmental issues, such as illness, foul odor and concerns with in-
door use. Different processes, such as chemical treatment, mechanical treatment and chemo-mechanical
treatment, have been used to extract nanocellulose from agro-waste. This article highlights the latest
technologies used to acquire agro-waste nanocellulose, as well as existing advances in and applications
of nanocellulose technologies.
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Nanoceluloza z odpad6éw rolniczych jako nowy material material
do zastosowan w nanotechnologii — przeglad

Streszczenie: W ostatnich dziesigcioleciach nanotechnologia odgrywa kluczowa role nie tylko w nauce,
ale coraz czesciej takze w przemysle. Wyniki prowadzonych badan wskazuja, ze odpady rolnicze moga
stanowi¢ potencjalny surowiec do produkcji nanocelulozy. Wiadomo, ze nanoceluloza jest doskonatym
materiatem do réznych zastosowan, m.in. jako biosensor, pétprzewodnik i czynnik wzmacniajacy —
wiokna. Wykorzystanie agroodpaddw jako surowca jest korzystne nie tylko ze wzgledu na ich cene, ale
takze ze wzgledu na potencjalnie niewielki wptyw na klimat, niskie koszty i tatwos¢ przetwarzania
oraz dostepnos¢. Niweluje rowniez mozliwe problemy wynikajace z emisji nieprzyjemnych zapachéw
iich negatywnego wptywu na zdrowie organizmoéw zywych. Do ekstrakcji nanocelulozy z agroodpa-
dow stosuje sie procesy obrébki chemicznej, obrébki mechanicznej i obrébki chemiczno-mechanicznej.
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Przedstawiono najnowsze technologie wykorzystywane do pozyskiwania nanocelulozy z agroodpa-
dow, a takze dotychczasowe postepy i zastosowania technologii z uzyciem nanocelulozy.

Stowa kluczowe: nanoceluloza, odpady rolnicze, biopolimer, nanotechnologia, ,,zielone” produkty.

Agro-waste is an unusable substance that can be either
a solid or a liquid formed as a by-product of food pro-
duction processes, such as pesticides, crop residues and
waste from livestock [1]. As a long-term strategy for the
production of the enormous wealth of natural plant fibers
currently in use, the use of natural fibers, especially agri-
cultural waste fibers, requires further growth [2].

Several research on the potential of agricultural waste
as an alternative fiber or material have been under-
taken to obtain renewable and earth-friendly products.
Environmental protection involves the recycling and
reuse of waste products from natural resources, reduc-
ing usage and minimizing the use of non-degradable
products. Furthermore, if handled properly, agro-wastes
could produce good profits.

Some of the abundant agro-wastes containing cellulose
or fibers are shown in Fig. 1, of which only 10% are used
for manufacturing of valuable items, such as biocompos-
ites, automotive components and biomedical components
[2]. These agro-wastes, referred to as cellulose fibers (CFs),
are an essential fiber source. With an estimated annual
production of over 7.5 to 1010 tones, cellulose is the most
abundant renewable organic material produced in the
biosphere [3]. Cellulose is generally spread in higher
plants, most aquatic species (e.. tunicates), algae, fungi,
bacteria, invertebrates and even ameba (e.g. Dictyostelium

discoideum) to a lesser extent. In general, cellulose is
a fibrous, strong, water-insoluble material that plays an
important role in maintaining the structure of the walls
of plant cells [3]. They have potential as reinforcement
materials because, compared to hard woody materials,
they are affordable, lightweight, sustainable, degradable,
and soft. The lignocellulosic fiber, of which wood is the
most important source, is the main source of cellulose in
forests [4]. Other cellulose-containing products include
crop residues, water plants, algae, grass and other plant
substances. Not only do they contain cellulose, they also
contain hemicellulose, lignin and a relatively limited
number of extractives. Commercial cellulose production
focuses on harvested sources such as wood or, of course,
high pure sources such as cotton [4].

In order to reduce fossil fuel use, biomass is gain-
ing popularity because it is a readily available source
of renewable energy. These agro-wastes or biomass are
generated from agricultural production on an ongoing
basis and in large quantities. Some of these agricultural
wastes are used to produce heat and electricity as a raw
material for fuel [5]. Due to its poor fuel properties, such
as high moisture and ash content, low bulk density, low
energy content and storage, handling, and transport dif-
ficulties, the use of biomass for energy conversion is still
considered to be minimal. Not only does the excess bio-

Fig. 1. Agricultural residues for energy sources: a) rice husk, b) rice straws, c) baggase, d) coconut coir, e) banana, g) pineapple leaf
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mass produced from agricultural industries cause prob-
lems with disposal, but it is also considered a waste of
primary resources [5].

Numerous attempts have been made to develop suit-
able and cost-effective methods for the nanoscale deg-
radation of cellulose fibers into their secondary compo-
nents. Pretreatment, for example, requires the production
of synthetic drugs to evacuate most of the waxes, extrac-
tives, hemicelluloses and lignin fiber. Next, the fibers are
mechanically divided into smaller-scale/nanoscale fibrils
by smashing, ultrasonic, steam explosion, high-pressure
homogenization or a combination of those handling tech-
niques [6]. Chemical improvements to traditional organic
polymers are valuable techniques for discovering new
materials with enhanced properties [7]. Acid hydrolysis,
bleaching and alkali treatment are examples of chemical
extraction.

For perspective applications, standard cellulose-based
fibers are increasingly considered as building materials
and support parts of engine vehicles where a decrease
in weight and molecule size is significant. There are no
less than 1000 plant types that are used to manufacture
fibers that are industrially functional, that agro-wastes
are a noticeable source of fibers based on cellulose. These
include coir, straw build-up, bagasse, coffee husk and
many more [8]. The contents of a nanometer-sized fiber
improves many properties of terminal product, such as
mechanical power, elevated surface energy, tempera-
ture of glass transition and improved surface reactivity.
Packaging, filtration membranes, composites and textiles
are the main markets for CNF. For the largest part of the
current sales for CNFs, polymeric nanofibers account
for applications in a range of industries [9]. Cellulose
can have modern applications that contribute to market-
ing. Cellulose has an incredible potential in the nano-
sized regime and could benefit many industries due to
its attractive properties, such as the beauty and pharma-
ceutical industries [10]. Applications in nanotechnology
fields, such as biosensors, energy devices and biocom-
posites, may also be accessible. Instead of standard base
materials such as glass fibers, carbon and powders, the
use of cellulose fibers has many advantages, such as low
thickness, low complexity, strong mechanical properties,
low instrument wear and biodegradability. In various
applications, such as in the biomedical field, in bioimag-
ing and as a nanocomposite, gas barrier film and opti-
cally transparent material, cellulose nanofibrils (CNFs)
have demonstrated incredible potential [11]. Energy
storage has become a global issue in recent decades as
a result of skyrocketing energy demands and an increas-
ing awareness of the environmental implications of fossil
fuel use. To solve these issues, a strong call for renew-
able energy sources has been launched worldwide [12].
The interests of cellulose scientists have changed with
the advent of nanotechnology to extracting nanocellulose
from various plant sources and using it in technological
applications. Nanocelluloses also combine the important

properties of cellulose with the remarkable characteris-
tics of nanoscale materials [13].

This analysis paper highlights the issues surrounding
agricultural waste nanocellulose, its role in recycling ini-
tiatives and advances in nanotechnology applications.
Furthermore, the paper addresses the extraction method
of nanocellulose and its application.

AGRICULTURAL WASTE
Natural fibers

Natural fibers are considered as a sustainable, environ-
mentally friendly and useful resources because of their
usefulness as an alternative to inorganic fillers and fibers.
In the composite industry, they are usually referred to as
plant fibers and are further categorized as wood or non-
wood sources. Fiber sources are also called agro-waste,
such as rice husks and rubber plant waste, corn, soybean,
cocoa, sugar cane production, timber/wood and palm oil
production [14, 15].

Wastes from rural and agricultural operations cause
issues with waste management. Increased pollution
problems arise from the agro-wastes generated each year.
To minimize the environmental impact, the use of agro-
-waste is therefore significant. These biological wastes
have tremendous potential as sustainable feedstocks for
biofuels, biochemicals and biomaterials via biorefinery
concepts [16]. Advanced research has been carried out
worldwide to isolate beneficial compounds from agro-
waste in order to make them a value-added commodity
that can be commercialized on an industrial scale [3].

Provided their biological and organic properties, agro-
-wastes are a biomass. Biomass is a source of renewable
energy that can either be used directly or converted into
other energy products for energy production [5]. Biomass
materials typically contain three main constituents: cel-
lulose, lignin and hemicellulose. The most abundant
renewable natural material produced in the biosphere
is cellulose, which is typically contained in plants, a few
aquatic creatures and, to a limited degree, in green organ-
isms such as algae, diatoms and cyanobacteria, microor-
ganisms, spineless creatures and even amoebas [15, 17].

Cellulose is the most common polymer on Earth. In
general, cellulose and other non-cellulosic materials act
as the building blocks for natural fibers. It is possible
to remove the cellulose that forms the primary constit-
uent in natural fibers naturally. Hemicellulose, lignin
and pectin are primarily the non-cellulosic components
found in natural fibers [18]. Thus, for many purposes, it
can be considered to be a very significant raw material.
Recently, cellulose has gained considerable interest in the
industry because of its possible use in the development
of biofuels. In the cardboard products and paper market,
it has been commonly used as a raw material. Moreover,
in various applications, cellulose has shown value. It can
be chemically modified to yield derivatives of cellulose.
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Fig. 2. Classification of nanocellulose extracted from agriculture waste

Cellulose is commonly used in different manufacturing
industries, in addition to being used as a source for com-
modity products. However, the efficient use of cellulose
as a material source has been challenging because of its
poor solubility, especially in the chemical industry [19].

Cellulosic nanomaterials or nanocellulose are regularly
referred to as the various kinds of nanomaterials that can
be extracted from cellulose (Fig. 2). This type of cellulose
can be identified as CNF and CNC that can be extracted
from plants, micro-organisms and a few animals, such
as tunicates. For a variety of applications, the extraction
of cellulose may stimulate extensive research related to
the processing of nanomaterials. Cellulose application
strategies can include the use of CNFs as reinforcement
materials in composites due to their high quality charac-
teristics, efficiency and convenience, or the use of CNCs
because of their high quality, renewability, light weight,
high surface area and oxygen transmission rate capabil-
ity [20]. As an alternative to micro-sized reinforcement
materials in composite plastics, cellulose nanofiber (CNF)
from sustainable biomass has attracted great interest. It
can be used to improve the mechanical strength of gen-
eral purpose thermoplastics, such as polypropylene (PP),
polyethylene (PE), poly(vinyl chloride), poly(lactic acid)
and nylon, because of its strong rigidity [21].

Cellulose and nanocellulose from agricultural waste
Current status on cellulose and nanostructure cellulose

Raw materials such as coconut, palm oil, bagasse and
pineapple are technically and economically feasible for
the production of waste biomass from the agricultural
sector. They may play a significant additional role in the
form of fibers. The manufacture of composites, paper
and engineered materials from agricultural waste mate-
rials has been defined as necessary. Tropical regions are
widely known as areas rich in biomass fiber resource and

diversity in abundance. For example, palm oils are bio-
mass fiber assets that can largely be found in countries
such as Malaysia and Indonesia in Asia. These two coun-
tries are the main producers of the agricultural industry
in the world [2].

Extensive cellulose research has been performed in
review articles and books describing the various sec-
tions of cellulose, i.e. particles and composites based
on cellulose, including cellulose nitrate (CN) cellulose
regeneration, cellulose suspension rheological behav-
ior, bacterial cellulose, CN composites, cellulose struc-
tures, cellulose surface chemical alteration, suspension
self-assembly [22]. Due to the limited quantities of fossil
fuels, their growing costs and the lack of biodegradability
of petroleum-based polymers, renewable waste materials
are increasing in value. Approximately 10% of its rough
material requirements are considered to be fulfilled by
the chemical industry from recycled waste materials [23].

In addition to cellulose, hemicelluloses, lignin and
a comparatively limited number of extractives are also
present in agro-wastes. Derivatives of some essential
polymers, like thermoplastics, can be used as petrochem-
ical replacements and different polymer-like reactions
can be used to change cellulose [24]. Two decades ago,
research into cellulose nanofiber as a reinforcement in
nanocomposites began. Therefore, a lot of research has
been based on cellulose nanofibers and it is an important
topic to address [4]. Whether for system applications on
a small scale or for structural materials on a larger scale,
a deeper understanding of cellulose itself, which includes
nanoscale structures, can open up new areas for use.

Synthesis of cellulose and nanostructure cellulose

Scientists and researchers use specific cellulose extrac-
tion techniques such as alkaline/acid treatment and chlo-
rine-free extraction from various plant materials and
plant waste, including wheat straw, soy frame, rice husk,



POLIMERY 2021, 66, nr 3

161

EI"REATMENTS FOR EXTRACTION OF CELLULOSE}

e N
Chemical treatment
N Y,
e N
Mechanical treatment
N Y,
e N
Chemo-mechanical treatment
\ Y,

Fig. 3. Treatment procedures of extraction cellulose

and empty palm oil fruit [25]. In plant waste, cellulose
fibers are made of various materials, including lignin,
hemicellulose and pectin, and can be referred to as com-
posites. According to the growth and shape of the plant,
these materials are different. The separation of cellu-
lose fiber from agricultural waste requires significant
care along these lines. For the extraction of fibers from
cellulose, there are various methods, such as chemical
treatment, mechanical treatment and chemo-mechanical
treatment (Fig. 3). Use of chemicals such as potassium
hydroxide and sodium hydroxide are common methods
for the extraction of cellulose. Too much use of chemi-
cals can lead to environmental problems, especially when
waste chemicals are improperly disposed of. The use of
environmentally friendly pretreatment techniques, such
as the use of superheated steam (SHS), hot compressed
water and explosion of steam, has been confirmed [26].
The proportion of acid to fiber and treatment time effec-
tively influences the cellulosic fiber separation and prop-
erties[2].

Chemical treatment

Chemical treatment has been commonly used in
normal fibers to extract non-cellulosic materials, but it
can weaken the crystalline structure. Numerous analysts
have focused on the extraction by chemical treatment of
cellulose from rural waste fiber using chlorite bleaching,
alkali treatment and acid hydrolysis. Studies performed
by Anuj Kumar (2014) [27], Roni et al. (2013) [28] and Jabbar
(2016) [29] on sulfuric acid hydrolysis (H,SO,) has been
utilized on agricultural waste cellulose strands. A white-
-hued and artificially refined cellulose was produced by
the chemical purification process by acidic sodium chlo-
rite and alkali treatment, which was further hydrolyzed
by acid to extract the CNCs. Characterization of nano-
cellulose fibers obtained from chemical treatment was
carried out for the extraction of nanocellulose fibers from

cellulose plant fibers, including sulfuric acid (H,SO,). In
another review by Lani et al. (2014) [30], they used sodium
chlorite (NaClO,) acid hydrolysis treatment on cellulose
filaments from an empty bunch of fruit (EFB) and palm
oil. Via acidic sodium chlorite and alkali treatment,
the chemical purification process has been effective in
expelling sections of lignin and hemicellulose. From an
attempt by Piyaporn (2015) [31], an alkali treatment and
a bleaching process for the preparation of cellulose nano-
crystals from maize husks using acid hydrolysis resulted
in cellulose nanocrystals having the most significant cry-
stallinity index (68.33%) and displaying the highest and
sharpest peak at 20 =22°. In comparison to the untreated
maize husk, the increased crystallinity of the treated corn
husk was attributed to the complex evacuation of uni-
dentified non-cellulosic materials. Moreover, an impro-
vement in the composition of cellulose and nanocellulose
may be accomplished by the chemical treatment used as
a part of this analysis.

Mechanical treatment

In order to isolate fiber cellulosic materials a few
mechanical techniques, such as homogenization, ultraso-
nics and electrospinning, have been used. Refining, cry-
ocrushing, crushing and microfluidization may also be
viewed as other mechanical methodologies in addition
to the disengagement process of fiber cellulose by homo-
genization. The use of electrospinning, which is a techni-
que involving the application of external electric force to
a polymer solution, is popular in MFC (Microfibrillated
Cellulose) processing. As the surface tension of the poly-
mer solution is resolved by electrostatic charge repulsion
within the solution, a polymer solution jet is expelled at
very high strain rates towards the MFC collector [26].
Mohamad (2012) [32] reviewed nanocellulose fibers from
various sources (flax, banana tree and grass) utilizing
a high-pressure microfluidizer. Another review by Zhang
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Scheme A. Direct homo-polysaccharide cellulose polymer consisting of D-anhydro glucopyranose units (AGU) connected by

B-1,4-glycosidic bonds [25]

et al. (2016) [33] showed a technique for extracting cellu-
lose from kenaf fibers extracted by steam explosion with
different pressures and mechanical treatment was used.
After the steam explosion procedure, the amount of hemi-
cellulose and cellulose was calculated. In this study, the
extreme load (3 MPa and greater) annihilated the cellulose
structure, verified by changes in the spectrum of Fourier-
-transform infrared spectroscopy (FI-IR) and the index of
crystallinity. Chen (2011) [34] used a mechanical treatment
by ultrasonication to remove lignin from poplar wood.
Using a pretreatment and high intensity ultra-sonication,
cellulose nanofibers were isolated from poplar wood.

Chemo-mechanical treatment

To extract cellulose filaments from various lignocellu-
losic plants, chemo-mechanical procedures with a com-
bination of chemical and mechanical treatments have
been used recently. Saelee et al. (2014) [35] utilized steam
explosion as the extraction technique for cellulose from
sugarcane bagasse. By using steam explosion and a xyla-
nase pretreatment and bleaching process, cellulose was
separated from sugarcane bagasse. The chemical ana-
lysis revealed that the cellulose extracted had a greater
content of cellulose and a lower content of hemicellu-
lose and lignin than the crude material. In addition, the
treatment with xylanase was effective in reducing com-
pound fading by 23%. In this way, steam explosion and
xylanase pretreatment can be used for cellulose extrac-
tion from sugarcane bagasse. In addition, experiments
have been carried out on crude strands such as banana,
pineapple leaf fiber, jute and coir filaments using steam
explosion combined with compound therapy [36]. In this
study steam explosion combined with acid hydrolysis
was found to be effective in acquiring strands from dif-
ferent plant fibers in the nanoscale range. Another review
[37] was also focused on the extraction of nanocrystal-
line cellulose from sugar palm bunches using a chemo-
-mechanical treatment to isolate nanocellulose.

Morphology of cellulose and nanocellulose from
agriculture waste

The structure of cellulose among the polysaccharides
is special and fundamental. From their natural start, cel-
lulose strands exhibit a fundamental progression. They
are made of nanofiber collections with a diameter ran-

ging from 2 to 20 nm and a length greater than a few
micrometres [4]. In different sectors, cellulose is used in
many applications. Purkait and colleagues initially disco-
vered its effectiveness as a typical component in plant
cell dividers [38]. Cellulose is highly polished and insolu-
ble in natural solvents, making it the ideal basis for con-
struction materials [24]. The cellulose polymer is a direct
homo-polysaccharide consisting of (3-1,4-glycosidic
bonds bound together by D-anhydroglucopyranose units
(AGU). In relation to its neighbour, each and every other
AGU is turned 180° and two AGUs form a cellobiosis unit
next to each other, the smallest repeating unit in the poly-
mer (Scheme A) [25]. Cellulose can also be used by solid
acid hydrolysis as a starting material for nanocellulose
formation. This method supplied the local cellulose with
negative charges from the acidic substances and hydroly-
zed the uncertain section into nanosized fibers [39].

Cellulose is a distinctive polymer, polysaccharide con-
sisting of a linear chain of several hundred to many thou-
sands of B(1—4) linked D-glucose units. When water is
extracted by combining the H and-OH aggregates, the
sugar units are linked. A disaccharide called cellobioses
is formed by connecting only two of these units. The glu-
cose units are in 6-membered rings called pyranoses in
the cellulose chain. They are joined between the C-1 of
one pyranose ring and the C-4 of the following ring by
single oxygen atom (acetal linkages). The glucose units in
the cellulose polymer are referred to as anhydroglucose
units because an molecule of water is lost due to the reac-
tion of acid and a hemiacetal to form an acetal [40].

Cellulose has a non-resistant against itself and sub-
stances containing hydroxyl. Cellulose is particu-
larly receptive to water considering the dominance of
hydroxyl functional groups. Cellulose can have a mini-
mum number of monomolecular layers and up to a few
molecular layers of water attached to it under simple con-
ditions. In an array of solvents, cellulose is highly stable
and must be broken up with the use of solid acids or solid
hydrogen-holding dissolvable frameworks, often amine-
-based. The thermal properties of cellulose are that the
temperature shift of the cellulose crystal is in the range
of 200 to 230°C, which is near its warm degradation tem-
perature of 260°C [41].

The isolation, classification and quest for applications
of novel cellulose forms, referred to as whiskers (CNW),
CNC and CNEF, is currently of significant interest [40].
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All nanocellulose materials combine high-quality cellu-
lose with a high surface area, making them promising
as composite bio-based materials [42]. The nanocellulose
family has three forms of cellulose: microfibrillated cel-
lulose (MFC), nanocrystalline cellulose (NCC) and bac-
terial nanocellulose (BNCC) [40]. Gel-like features are
expressed in microfibrillated cellulose. Likewise, it has
a high ratio of surface to volume. This means that the sur-
face plays a primary function not only in the mechanical
efficiency of stress transfer in a nanocomposite, but also
in the ability to modify scientific research [4]. A second
form of nanocellulose, namely nanocrystalline cellulose,
was formed by the elimination of amorphous parts of
partially crystalline cellulose by acid hydrolysis. The
liquid-crystalline properties of NCC suspensions are
described in [40].

BNCs are a pure portion of biofilms, such as acetic acid
bacteria of the genus Gluconacetobacter, also known as bio-
cellulose, microbial cellulose or bacterial cellulose (BC).
Such forms of cellulose are common in nature, where

sugars and plant carbohydrates are fermented. BNC dif-
fers from MFC and NCC because biotechnological assem-
bly processes from low-molecular weight carbon sources
such as D-glucose are produced as a polymer and nano-
material, whereas MFC and NCC materials are isolated
from cellulose sources [40]. Bacterial cellulose (BC) has
a high flexibility and hydrophilic porous structure and
is a low-cost biopolymer. These specific characteristics
allow researchers to use BC for the development of elec-
trodes for fuel cells, batteries, and supercapacitors. Many
nano-scale carbons such as CNTs and graphene and even
conductive polymers such as polyaniline (PANI) and
polypyrrole have shown simple binder-less coating of
BC [43].

Cellulosic nanomaterials or nanocellulose are also the
types of nanomaterials that can be delivered from cel-
lulose. For example, the extraction from plants, micro-
organisms and a few animals (e.g, tunicates) of CNF
and CNC encourages to research into the applications
of these nanomaterials [22]. Because of their high-qual-

Table 1. Chemical composition from different agricultural wastes

Cellulose Hemicellulose Lignin Moisture Nanocellulose References
wt % wt % wt % content, wt %
RAW WASTE

Banana fiber 69.9 19.6 5.7 9.8 N/A

Coir fiber 39.3 2 49.2 9.8 N/A [36]
Jute fiber 68.3 15.4 10.7 10.1 N/A

Pineapple leaf fiber (PALF) 81.27 12.31 3.46 10.52 N/A [45]
Sugarcane bagasse 44.5 21.8 22.5 N/A 76.0 [29, 46]
Pineapple leaf 66.2 19.5 4.28 N/A N/A

Corn stalk 39.0 42.0 7.30 N/A N/A [47]
Napier grass 12.4 68.2 10.8 N/A N/A

Kenaf 63.5 17.6 12.7 N/A 82.6 [48]
Corn husk 29.3 39.7 114 N/A 68.33 [31]
Oil palm frond 39.13 23.04 34.37 N/A N/A [49]
Cocoa pod husk 35.4 37.0 14.7 N/A N/A [50]

BLEACHING

Banana fiber 96.8 0.2 N/A 9.3 N/A

Coir fiber 97.3 0.2 0.2 89 N/A [36]
Jute fiber 97.3 N/A 0.3 9.6 N/A

PALF 88.0 N/A N/A 8.5 N/A [41]
Sugarcane bagasse 89.3 4.3 15 N/A N/A [29, 46]
Kenaf 92.8 47 0.5 N/A N/A [48]
Pineapple leaf 98.63 0.53 0.77 10.80 92.8 [47]
Corn husk 97.6 19 0.2 N/A N/A [31]

STEAM EXPLOSION

Banana fiber 88.3 6.9 29 10.1 N/A

Coir fiber 574 N/A 309 8.8 N/A [36]
Jute fiber 86.7 4.3 3.5 10.4 N/A

PALF 93.45 3.72 2.08 10.64 N/A [45]
Sugarcane bagasse 65.7 99 18.3 N/A N/A [29, 46]
Kenaf 55.32 11.86 N/A N/A N/A [33]
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ity properties, relative minimal effort and usability, dia-
grams include using CNFs as reinforcing components in
composites. CNCs have the advantages of high quality,
renewability, light weight, high surface area and photonic
characteristics of one kind [44].

Chemical composition of cellulose and nanocellulose
from agricultural waste

Cellulose is a naturally occurring biopolymer in plant
cells, such as wood and cotton. It is the principal constitu-
ent of trees and plants in the cell wall, and the most abun-
dant polymer in nature. In cotton, which is approximately
90% cellulose, the highest cellulose content is found com-
pared to bast fibers, such as flax, hemp or ramie, which
have approximately 70-80% cellulose content, and wood,
which has about 40-50% cellulose content. In addition
to wood and plants, which consist of proteins and car-
bohydrates, cellulose may also be contained in different
bacterial organisms, tunicates, algae and sea animals [25].
Another example of fibers that contain cellulose can be
found in Table 1.

APPLICATION OF CELLULOSE AND
NANOCELLULOSE AS A NATURAL BIOPOLYMER

For the next wave of superior biocomposites, nanocel-
lulose is often used as a cutting-edge sustainable reinfor-
cement. Natural fibers are also regarded as ideal reinfor-
cements for green composites because of their low cost,
low density, renewability and biodegradability. However,
natural fibers as reinforcements can cause many pro-

Table 2. Sources of raw nanocellulose and extraction process

blems compared to synthetic fibers such as glass, aramid
or carbon fibers, such as high linear coefficients of ther-
mal expansion, susceptibility to moisture, limited pro-
cessing temperature, poor absolute tensile strength and
inconsistency of batch-to-batch [51]. Pre-treatments of
cellulose fibers can modify the surface of the fiber; for
example, surface alteration prevents the absorption of
moisture and increases the surface roughness [52].

In other words, the high stiffness of the cellulose crystal
for reinforcement will theoretically leverage the cellulose
nanofibers in composite materials. The plant hierarchical
structure will break down into high crystallinity indivi-
dualized nanofibers, thus reducing the amount of pre-
sent amorphous material (Table 2) [53].

The consideration, research and production of common
fiber, biopolymers and polymer materials for their use in
biocomposites, packaging, agriculture, medicine and so on
has increased significantly. In order to obtain user-friendly
polymer composites and advanced materials, numerous
researchers have customized fiber and polymer features
[74]. In aqueous media, polymers are usually mixed with
NCC by simple mixing at room temperature and, at times,
under vacuum to preserve the incidence of air bubbles in
the last film. Films may be framed by film throwing from
these blends, where the solvent is vaporized at direct tem-
peratures, or by conventional methods, such as hot press-
ing and expulsion (usually followed by solvent molding
or freezing). Without damaging it, the sort of holder used
for throwing should be prepared carefully. Popular hold-
ers are made of teflon, PP or glass. Thermal, chemical or
photo-cross-linking agents may be used to make NCC or
any other polymer theoretically tougher [74].

Name Source Process References
Ramie [54]
MCC [55]
CNW H,SO, hydrolysis
MCC [56]
MCC [57]
CNW Cotton linters HCI hydrolysis [58]
Whiskers Cellulose fibers H,SO, hydrolysis [59, 60]
NF Wheat straw HCI + mechanical treatment [61]
NCC MCC H,SO, hydrolysis [62]
MCC Alpha-cellulose fibers Hydrolysis [63]
Cellulose crystallites Cotton Whatman filter paper . [64]
. . H,SO, hydrolysis
Nanocellulose Sisal fibers [65]
MCC Cotton Whatman filter paper HCl hydrolysis [66]
NF Soybean pods Chemical treatment + high pressure defibrillator [67]
Cotton Whatman filter paper [68, 69]
Bacterial cellulose [70]
H,SO, hydrolysis
CNC Cotton (cotton wool) [71]
MCC [72]
MCC Sonication [73]
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A multiphase material where the polymer is reinforced
with a nanomaterial is a polymer nanocomposite. Due to
their nanometric scale and the extended surface zone of
the reinforcing material, these polymer nanocomposites
exhibit interesting properties. In a large number of appli-
cations, CNW, NCC and CNC are very promising build-
ing blocks for sustainable materials. In addition to their
mechanical properties, such as very high strength, CNCs
at sufficient concentration can form a so-called chiral nem-
atic phase, although the chirality transfer mechanism from
the molecular scale to the colloidal scale has not yet been
completely resolved [75]. In various polymer nanocompos-
ite frameworks, CNCs are used as heap-bearing constitu-
ents because they can produce important improvements
in mechanical properties even at low volumes. Moreover,
its high degree of perspective, great dispersion of hydro-
philic principles and the ability to disperse through a poly-
mer framework make it a commonly chosen reinforce-
ment material [42]. As a polymer nanocomposite, CNCs
are often used to confer adequate efficiency and modu-
lus as model nanofillers with a characterized morphol-
ogy. For the development of nanocomposites, both natu-
ral and processed polymers are used. For nanocomposites,
a few standard polymers are used, such as starch, chito-
san, natural elastic, butyrate derived from cellulose acetic
acid, carboxymethyl cellulose, hydroxypropyl methylcel-
lulose, gelatin and soy protein [76]. Some of the polymers
produced are also used, such as poly(vinyl alcohol) (PVA),
poly(vinyl chloride), polyethylene, polycaprolactone, poly-
propylene and polyurethane [42]. The most significant and
commonly used polyolefin is PP. Its low density, low cost

of production, versatility of design and recyclability make
it a common option for composite making as a matrix. PP
is hydrophobic, which results in compatibility problems
when polar surface fillers such as cellulose are used [21].

FUTURE PROSPECTS

Cellulose is known as a natural polymer that is biode-
gradable and reusable. Biocompatibility, biodegradability
and renewability are at its disposal. There are also other
benefits of cellulose, such as high porosity, large specific
surface area and low density (Table 3) [77].

In many fields, it can be used in the areas of ther-
mal insulation, biomedical applications, adsorption and
oil/water separation for many purposes [78]. Cellulose is
a well-known non-toxic and low-cost polymer. It is also
a polymer that is naturally biocompatible and it has been
used in many fields. Due to the high potential of indus-
trial applications, including batteries, sensors and elec-
trical equipment, the manufacture of polymer-cellulose
composites has attracted considerable attention in recent
years [79]. Nanocellulose has also attracted attention for
its use as a medicinal material due to its surface chem-
istry, physical properties and excellent biological prop-
erties (biodegradability, low toxicity and biocompatibil-
ity) because of its special and promising natural material
derived from native cellulose. Bacterial cellulose (BC),
cellulose nanocrystals (CNC) and cellulose nanofibrils
(CNF) were three different forms of nanocellulose that
were introduced and compared in terms of production,
properties and biomedical applications [80].

Table 3. Characteristics and properties of the major constituents in lignocellulose fibers [77]

Lignocellulosic

material/characteristic Lignin

Hemicellulose Cellulose

Shape and physical structure Random, amorphous structure

Complex hydrocarbon
polymer with both aliphatic
and aromatic constituents.
Contains five hydroxyl and
five methoxy groups per
building unit

Chemical structure

Degree of polymerization NA
Hydrophobicity Hydrophobic
Thermoset/thermoplastic Thermoplastic
Melting temperature 170°C

Glass transition temperature 90°C
Solubility in alkali Soluble in hot alkali
Solubility in acid Not hydrolysed in acid

Oxidizing agent resistance Not resistant

Slender rod like crystalline
microfibrils made of solid
cellulose
High order: crystalline
Low order: amorphous
D-anhydro glucose (C,H,,0;)
repeating units joined by
1,4-B-D-glycosidic linkages
at C1 and C4 position. Each
repeating unit contains three

Random, amorphous structure

A group of polysaccharide-
-rides composed of a of both
5- and 6-carbon ring sugars

hydroxyl groups
50-300 10 000
Very hydrophilic Hydrophilic
Thermoplastic Thermoset
N/A N/A
N/A N/A
Soluble in alkali ReSiSta‘&t;g j\f{‘;/o“)g alkali

Easily hydrolysed by acid to

Easily hydrolysed in acids water-soluble sugars

Not resistant Resistant
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As a result of studies on the chemical and physical
properties of cellulose and nanocellulose, numerous
advances have been made with respect to environmen-
tally friendly usable cellulose-based materials, such as
cellulose films, cellulose fibers, cellulose aerogels, cel-
lulose hydrogels and cellulose-based composites [81].
The exploration of energy storage technologies, espe-
cially large-scale battery storage technologies is impor-
tant and could be a solution to these global concerns [12].
However, there are still problems with the preparation
and alteration of cellulose. Firstly, during the drying
process, nanocellulose is vulnerable to self-agglomera-
tion, and the cost of nanocellulose and bacterial cellu-
lose is high. In addition, the process of solvent exchange
appears to be very time-consuming; it is therefore diffi-
cult to recover cellulose solvents during regenerated cel-
lulose preparation. Second, some cellulose modification
methods are relatively costly and complex, and cellulose
is still unable to meet the requirements of many actual
applications based on its structural strength and stabil-
ity efficiency (such as thermal stability and repeated
adsorption capacity).

Therefore the following problems should be addressed
for future research and cellulose growth. The dissolution
efficiency of cellulose needs to be improved and cheap,
reliable, non-toxic cellulose and environmentally friendly
solvent systems must be developed. Furthermore, the
processes of solvent exchange must be progressed to
shorten the production cycle. Safe methods of drying and
quick and low-cost facilities should be explored. Finally,
to assess the potential for cellulose efficiency and stabil-
ity, physical mixing or chemical modifications should be
enhanced.

CONCLUSIONS

The plan to transform agro-wastes into products has
been in progress for some time. However, there are also
some disadvantages, such as limited technology related
to the use agro-waste product. In the coming decades,
proposals for future green, economical and renewable
energy should involve the increased use of agricultural
waste. As possible strengthening materials for various
applications, cellulose fibers from agro-wastes are being
used. Cellulose fibers can be used in many applications,
such as for the production of vehicles, furniture, appli-
ances, drugs and beauty products. These materials are
waste from biomass and exhibit great mechanical prop-
erties. The increased use of rural waste for bio-composite
agro-based products depends on the growing effect of
the agriculture sector.
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