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GRAPHICAL ABSTRACT

y Conventional technologies Y

1-Acid hydrolysis: High-water usage and generation of acidic wastewater, long processing
time, high operational and maintenance costs, risk of equipment corrosion, the
formation of inhibitors, and not being environmentally friendly

2-TEMPO oxidation: Limited oxidation position and toxic reagents
3-Ammonium persulfate (APS) oxidation: Long processing time

4-Ball milling: High power and energy consumption and the generation of a large
amount of heat energy during processing

5-Cryocrushing: High cost, high energy consumption, low recovery, and low uniformity of
nanocellulose

6-High-shear grinding: high energy consumption, overheating of raw materials, low
ecovery and low uniformity of nanocellulose, and reduction in CNF's crystallinity j

& : ; N
Green mechanical techniques

1-Ultrasound irradiation: High energy consumption

Nanocellulose
extraction

2-High-pressure homogenization: High operational cost, extreme mechanical damage to
the crystalline structure of CNF, its large size distribution, clogging issue because of its very
emall orifice size

/

4 Emerging technologies N

1-Enzyme production method -

2-Deep eutectic solvent Sustainable, cost-

3-Microwave irradiation effective, and eco-friendly

4-Electron beam irradiation \ methodologies

5-Plasma treatment
Q—Pulsed-electric field 4
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Abstract

Lignocellulosic biomass is a complex natural polymer primarily composed of cellulose,
hemicellulose, lignin, and various other chemical components. The cellulose in the lignocellulosic
biomass can depolymerize into a nano-dimension biomaterial called nanocellulose, which
possesses unique features with potential application in various fields. Nanocellulose production
from lignocellulosic biomass has become the subject of extensive research in the last few decades
in the fields of material sciences and biomedical engineering and has attracted the attention of
scientists and technologists worldwide. This production faces many challenges in utilizing the
cellulose from lignocellulosic biomasses and subsequent processing for their conversion into
nanocellulosic materials and their further applications in various fields of science and technology.
This current review not only focuses on the production of nanocellulose from lignocellulosic
biomass through different production methods but also discusses various sources, types,
properties, and their applications in material science and biomedical engineering. This research
review certainly shows that in the future, nanocellulose has great potential to be used as a
renewable source in the field of sustainable materials and nanocomposites.

Keywords: lignocellulosic biomass; cellulose; nanocellulose; production and applications

1. Introduction

One of the significant challenges of this century is the synthesis of new materials that fulfill our
needs and, at the same time, are eco-friendly and renewable. This goal has led to enormous growth
in research, especially in the field of bio-based polymeric materials and composites during the last
two decades.!” Compared to synthetic materials, bio-based materials are easily decomposable,

regenerated naturally, and have no adverse effects on the environment.>* These biopolymers are
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abundant in nature with numerous applications potential in material sciences.”® Among various
biopolymers, cellulose has been frequently chosen, as it is the most abundantly present biomaterial
on earth with less cost, is eco-friendly, and is renewable.'”

The cellulose from a natural source contains both crystalline (proper arrangement of molecules)
as well as amorphous (lack of arrangement of molecules) structures. The extent of crystallinity and
amorphous structure mainly depends on the source from which the corresponding cellulose is
extracted, purity, time, and temperature.!! When cellulose molecules are subjected to a set of
experimental conditions like mechanical, chemical, and enzyme actions, it leads to the production
of crystalline structures called cellulose nanocrystals (CNCs).!? The bulk form of cellulose has
higher amorphous fractions than CNCs. The cellulose nanocrystals are composed of rod-shaped
molecules in a proper arrangement, which builds up the crystalline structure. The synonym
terminologies used for CNCs are whiskers, nanocellulose, nanofibers, and microcrystalline, but
CNCs are the most appropriate and widely accepted nomenclature used.!* The crystalline nature
of CNCs is responsible for a specific strength, biodegradability, useful rheological behavior,
modulus, high surface area, maximum chances of chemical modification, biocompatibility,
lightweight, high aspect ratio, outstanding oxygen permeation resistance, oil grease barrier, water
vapor transmission rate resistance, aqueous liquid barrier, and unique liquid crystalline properties.
1416 Many researchers have produced CNCs from various cellulosic sources e.g. durian rind, wheat
bran, corn stover, sugarcane bagasse, sago seed shells, raw cotton linter, sisal fibers, mengkuang
leaves, kusha grass, mulberry, cotton stalks, and many others.!”?® In comparison to traditional
composite materials, CNCs exhibit high mechanical, electrical, optical, thermal, and gas barrier
properties.?®?-32 Therefore, the global scientific community is focusing on the use of CNCs for

various industrial applications like packaging, automobile, thermal management, and optical
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industries.?®333% Due to their exceptional properties, CNCs have been used as a reinforcement
component in nanocomposites®®’’, barriers in packaging applications®®, transparent media in
organic electronics, and anti-counterfeiting in security applications.>®> The CNCs can also be
utilized in film, aerogel, and foam, depending on the required application.?®

CNCs have been used as ideal nanofillers to improve the strength and modulus in the field of
polymer nanocomposites. These have been used in both synthetic and natural polymers for the
development of nanocomposites. Many synthetic polymers such as polycaprolactone,
polyethylene, polyvinyl chloride, polyvinyl alcohol, polyurethane, and polypropylene have been
used in the preparation of nanocomposites.!>%*? Similarly, numerous naturally available polymers
such as chitosan, natural rubber, starch, hydroxypropyl methylcellulose, gelatin, cellulose acetate
butyrate, soy protein, and carboxymethyl cellulose have also been used in this regard.!>#3-4¢
Another distinctive application of CNCs is their use in coatings.*’ Due to their high stiffness,
strength, and barrier properties, these offer enhanced mechanical, scratch-resistant, gas/water
barrier, and weathering-resistant properties to the coatings. The traditional coatings are mostly oil-
or solvent-based, which release volatile organic compounds (VOCs), thereby polluting the
environment. The use of CNCs in different coatings such as waterborne coatings is
environmentally friendly and therefore, has become the focus of intense research for scientists and
technologists worldwide. Based on the above discussion, CNCs have great potential to be used in
the field of coatings due to their state-of-the-art properties. The present review summarizes the
conversion of lignocellulosic biomass into nanocellulose, its production methods, and its potential
applications. In addition, it also highlights the main conclusions made and future research
directions by finding research gaps.

2. Lignocellulosic biomass
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Lignocellulosic biomass is an abundantly available complex biopolymer composed of cellulose,
hemicellulose, and lignin with a small number of inorganic materials and extractives.*>* These
polymeric constituents are related to each other in a heater matrix to different degrees and varying
compositions, depending on the species and even the source of the biomass from a species.’® The
worldwide annual production of lignocellulosic biomass is approximately 1.815 x 10'' metric
tons.”! Due to its higher availability and renewable nature, it has been one of the world's most
potential resources having diverse applications. However, various pre-treatment steps are required
for the successful separation of the cellulosic portion from tightly bound polymeric constituents in
lignocellulosic biomass. The presence of cellulose in lignocellulosic biomass is capable of
depolymerization into a biomaterial with nano-dimensions, excellent mechanical properties, rich
in hydroxyl groups available for modification, high surface area, and natural features with eco-
friendly applications in the biomedical field, reinforcement of nanocomposite material,
pharmaceutical carriers, electronic substrates, and many others.>

2.1. Cellulose

Cellulose is one of the natural, renewable, and biodegradable polymers that is abundantly available
on Earth.”>3>% It is an essential structural component of the cell wall present in many plants,
including reeds, grasses, and woody vegetation. In addition to plants, cellulose also occurs in many
living organisms such as fungi, algae, bacteria, and even in some marine animals. It is estimated
that ~ 1.5 x 10'? tons of cellulose are synthesized each year around the globe.’® Cellulose is a
natural linear polymer (polysaccharide), composed of -D-glucopyranose units connected via f3-
1-4-linkages.*® The cellulose present in nature does not exist in the form of an isolated individual
molecule, but it occurs as assemblies of individual cellulose chain-forming fibers. These fibrils are

combined into bigger units named microfibrils, which are subsequently assembled into a fiber.
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These microfibrils contain both crystalline (highly ordered) as well as amorphous (lack of ordered)
regions. In the crystalline areas, cellulose chains are strongly packed together by strong inter and
two intramolecular hydrogen bonds.’’

Common sources of cellulose include cotton linters, jute, and wood pulp. Cotton linters contain
approximately 90-95% cellulose, while in jute and wood pulp, it is around 45-63 and 40-45%,
respectively.’® Cellulose extracted from highly pure cotton linters requires minimal treatment
(NaOH treatment) to remove non-cellulosic materials. However, other fibers such as jute, wood
pulp, hemp, and ramie need extensive processing to remove the non-cellulosic components.
Cellulose extraction from lignocellulosic biomass is a topic of intense research with the advent
and advancement of nanotechnology. It attracts further interest in the new form of "nanocellulose"
to be used as a novel and advanced material and has become the principal theme of research work
carried out by scientists and technologists worldwide.>

2.2. Hemicellulose

Hemicelluloses are heterogeneous polysaccharides present in the cell walls of almost all plants and
act as a linkage molecule between cellulose and lignin. Hemicellulose polysaccharide chains are
relatively short with an average degree of polymerization of about 200. Hence, these can easily be
hydrolyzed and extracted from plant tissue by using water, acid, or aqueous alkali. Unlike
cellulose, it is an amorphous polymer with little strength.’*° Hemicelluloses like many other
polysaccharides, act as substantial barriers to oxygen. However, these are moisture-reactive and
show low barrier resistance under humid conditions. Mannan-type hemicelluloses have
successfully been used in the preparation of packaging films, showing strong film-forming
properties and resistance to oxygen diffusion. !

2.3. Lignin



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

Lignin, the second-most abundantly present natural polymer on earth, binds with cellulose and
hemicellulose and is mainly responsible for supporting plant structure. It primarily consists of p-
hydroxyphenyl, guaiacyl, and syringyl units.%? It is composed of complex aromatic polymers,
which are found in different proportions among various cellulosic biomasses. It has been
wonderful raw biomass, being extensively used in material science due to the presence of various
functional groups, degradability, renewability, low cost, and non-toxic nature.5%

2.4. Additional Chemical Components

Besides cellulose, hemicellulose, and lignin, cellulosic biomass also contains pentosans,
extractives, and inorganic materials. These extractives are small molecular-weight organic
substances that exist in the form of monomers, dimers, or polymers in the cell wall.® These
chemicals are comprised of fats, fatty acids, steroids, fatty alcohols, terpenes, phenols, resin acids,
rosin waxes, and many other minor organic compounds. In softwoods, the contents of extractives
are higher than in hardwoods.**

3. Main Sources of Cellulose

Plants are the major sources of cellulose, but bacteria, fungi, and other marine animals can also
produce cellulose in a significant amount.'>% A brief description of the significant cellulose
sources is given below:

3.1. Plants

Plants are the primary potential source of cellulose due to their natural abundance. In plant sources,
wood pulp and cotton fibers are the primary sources of cellulose and can be processed to extract
cellulose on a commercial scale.®”%® A large quantity of cellulose can also be obtained from other

plants such as grasses, aquatic plants, ramie, jute, sisal, hemp, flax, etc.>® Agricultural wastes
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such as rice and wheat straw, sawdust, cotton stubbles, sugarcane bagasse, etc. are also among the
significant sources of cellulose.!>"%"!

3.2. Algae

Cellulose is the fundamental component of the cell wall of many algal species. Among algal
species, blue-green algae is a major source of cellulose while red and yellow algal species contain
smaller amounts of cellulose. The cellulose extracted from valonia and cladophora species is
crystalline (95%). The properties of microfibrils depend on the nature of the cellulose biosynthesis
process occurring among different algal species.”?

3.3. Bacteria

Komagataeibacter xylinus is a well-known bacterial species that produces cellulose using nitrogen
and carbon to create dense and clear cellulose microfibrils.”> The cellulose extracted from
microbes is unique possessing outstanding properties due to its nanostructure, purity, and good
mechanical strength compared to the cellulose derived from plants.*®

3.4. Tunicates

Tunicates, belonging to marine invertebrates families, can also produce large quantities of
cellulose. Cellulose production is mainly dependent on the enzyme complexes present in the
epidermal layer of tunicates. The properties of cellulose microfibrils vary among species and
production processes.!>-%74

4. Nanocellulose

Nanocellulose is a remarkable natural fiber, isolated from cellulose due to its small size, generally
100 nm or less in diameter and some micrometers in length. It is a biodegradable nanoparticle with

excellent strength, lightweight, and low density. It has many important features that make it an

outstanding material for biomedical applications, nanocomposites, paints, coatings, adhesives,
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energy, environment, and many others.”>’® The stiffness of nanocellulose is very high, and it is up
to 220 GPa of elastic modulus, which is higher than Kevlar fiber. It has an excellent tensile strength
value of up to 10 GPa which is superior to the value of cast iron. It also has a much higher ratio of
strength to weight than stainless steel. It is rich in very reactive hydroxyl groups on its surface that
could be modified to give different surface properties.®’”’”® Because of its biodegradable and
renewable nature, mechanical strength, crystallinity, high specific surface area, tailorable surface
chemistry, anisotropic shape, biocompatibility, and optical properties, nanocellulose has
extensively been used in various scientific disciplines such as material sciences and biomedical
engineering.”’*" Moreover, nanocellulose has some other important features, which have been
extensively applied in the fields of packaging, filtration, electronic sensors, hydrogel,
reinforcement of nanocomposites, paper and pulp, paints, coatings, and many others.®!

4.1. Types of nanocellulose

Based on the technique used to synthesize nanocellulose, it is classified into three different
categories, i.e. (i) cellulose nanofibers (CNFs), (ii) cellulose nanocrystals (CNCs), and (iii)
bacterial nanocellulose (BNC). The technique and synthesis conditions of nanocellulose are also
responsible for its dimensions, composition, and properties.®*

4.1.1. Cellulose Nanofibrils (CNFs)

Cellulose nanofibrils (CNFs) are cellulosic nanomaterials, which consist of linear fibrils having a
diameter ranging from 5 to 50 nm and a length of a few micrometers.?*%* CNFs comprise both the
amorphous and crystalline regions in a single fiber®® and can be extracted from cellulosic fibers by
using three different kinds of processes such as mechanical treatments, chemical treatments, and a

combination of mechanical and chemical treatments.”” In mechanical treatment, CNFs are
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synthesized through high-pressure grinding of cellulosic pulp suspension, hence strong entangled
networks of nanofibrils are formed.3¢

4.1.2. Cellulose Nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) are cellulose nanomaterial with a length of 200—500 nm and a
diameter of 3-35 nm. These are produced through acid hydrolysis of cellulosic substances.®’ In
this method, concentrated sulfuric acid is used to dissolve the amorphous cellulosic material into
crystalline.®® Hence, rod-like CNCs with nearly perfect crystallinity and almost 90% purity are
obtained.

4.1.3. Bacterial Nanocellulose (BNC)

Bacterial nanocellulose (BNC) is microbial cellulose produced by bacteria e.g. Acetobacter
xylinum. Bacterial cellulose is different from plant cellulose as it exists as a separate molecule and
further treatment to remove impurities such as pectin, lignin, and hemicellulose is not required.*
It has many advantages over plant cellulose, as it is highly pure with excellent permeability to
liquid and gases, porosity, high water uptake, and excellent mechanical properties.”®

4.2. Properties of Nanocellulose

The properties of nanocellulose from the plant sources mainly depend on the origin of the plant,
maturity of fibers, chemical composition, defects in fibers, conditions under which the plant was
grown, and the overall method used for the production of nanocellulose.!>!*? The properties of
nanocellulose can be classified as mechanical, optical, thermal, and barrier properties.

4.2.1. Mechanical Properties

The mechanical properties of nanocellulose are comparatively better than their lignocellulosic
materials due to their uniform morphology. It has an average modulus of 100 GPa which is far

higher than its original lignocellulosic biomass source.”® The mechanical properties of
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nanocellulose depend on its structure i.e. crystalline or amorphous. The crystalline structure
contributes to its high stiffness and special elasticity whereas the amorphous one contributes to
flexibility and plasticity. Hence, the stiffness and modulus of CNCs are more due to their higher
crystalline regions as compared to CNF and BC fibrils. The modulus of CNCs is in the range of
100 to 200 GPa, which is very close to the values of Kevlar (60 to 125 GPa) and even theoretically
stronger than steel (200 to 220 GPa).®* The mechanical properties are the most outstanding assets
of nanocellulose that could be achieved by blending it in the form of fillers in polymeric
nanocomposites, which enhance its durability, resilience, rigidity, barrier properties, and flame
retardancy as compared to a pure polymeric material.”> As compared to other nanofillers such as
carbon nanotubes, the inclusion of a smaller proportion of cellulosic nanomaterial is enough for
enhancements due to its huge surface area and low cost, and it makes it more appealing for various
applications.”

4.2.2. Optical Properties

Nanocellulose has particular optical properties due to its anisotropic rod-like morphology. UV—
Vis spectrometer can be used to investigate the optical features of nanocellulose films through the
determination of the pattern of regular light transmittance. Measurements are carried out within
the wavelength range of 200—-1000 nm, and regular light transmittance is generally reported at a
wavelength of 600 nm.”* Nanocellulose could be optically transparent when it is packed in such a
way that the interstices between the nanocellulose fibers are small enough to prevent light

scattering.”

However, mechanical compression results in its structural deformation, and
ultimately, the material becomes opaque. Nanocellulose films formed by slow filtration, drying

process, and compression are densely packed and are not optically transparent but translucent. In

suspension, it behaves like a lyotropic liquid with crystalline behavior i.e. a phase transition from
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an isotropic liquid to crystal liquid results due to the change in concentration. This unique
characteristic makes it a potential candidate to explore new applications of nanocellulose in
different fields.!!

4.2.3. Thermal Properties

The thermal properties of nanocellulose mainly depend on its extraction method and the source of
lignocellulosic biomass. The nanocellulose extracted from natural cellulosic materials has
excellent thermal behavior because of its crystalline nature, versatile structure, and elimination of
thermally unstable lignin materials as compared to that present in original lignocellulosic
biomass.”®"” The thermal degradation of lignocellulosic biomass involves the decomposition of
hemicelluloses, pyrolysis of lignin, depolymerization, combustion, and char oxidation. In
comparison to hemicellulose, pectin, and lignin, cellulose nanofibrils have better thermal
performance due to high degradation onset temperature i.e. 350 °C.%

4.2.4. Barrier Properties

The nanocellulose films have higher tortuosity due to their small size with a large surface-to-
volume ratio as compared to cellulose microparticles.*® Most of the polymeric substances utilized
for food wrapping are made of non-degradable materials, which become a severe environmental
issue. These types of packaging materials are being abundantly used due to their low cost, easiness
of processing, and excellent barrier nature. However, the usage of bio-based materials for food
wrapping purposes and other different applications has become desirable in our daily lives to
sustain and develop an eco-friendly environment. Cellulose is hydrophilic and absorbs water
molecules when conditioned in a moist atmosphere or liquid water. However, when the cellulosic
fibers are disintegrated into nanoscale dimensions, the water vapor permeability becomes low.”’

Whatever the method employed, or the experimental processes utilized to prepare nanocellulose,
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it serves as an excellent moisture barrier for food packaging biomaterials. Nanocellulose-based
nanocomposite films improve the quality of food as these serve as carriers for active substances
such as antimicrobials and antioxidants and hence shelf life of food is prolonged.'®

5. Production of Nanocellulose from Lignocellulosic Biomass

The global focus is currently directed toward the conversion of lignocellulosic biomass into useful
products such as nanocellulose and its further processing for various applications.!’! The
nanocellulose production from lignocellulosic sources has been a hot topic of research in recent
years due to its excellent mechanical properties and great potential for future applications.!?? The
production of cellulose nanomaterial from lignocellulosic biomass is comprised of mainly two
different steps as demonstrated in Figure 1.2° The first step involves pre-treatment which is
necessary to ensure the successful isolation of the cellulosic portion (cellulose, hemicellulose, and
lignin) from tightly bound polymeric constituents such as hemicellulose, lignin, and other
chemicals compounds in lignocellulosic biomass. The primary purpose of this fractionation is to
increase the accessibility of cellulosic material to chemical attack followed by cellulose hydrolysis
to produce nanocellulose.?®! During the second step, nanocellulose is obtained from cellulosic
fibrils using various methods of extraction.®1% A detailed discussion of both steps is given below

in the following sections:
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Biomass Pre-treatment products
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lignin, and other
compounds.

Cellulosic Material
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obtained through
different
extraction
processes.

Extraction of Nanocellulose
Step-ll

Nanocellulose

Figure 1: Production of nanocellulose from lignocellulosic biomass

5.1. Biomass Pre-treatment

Nanocellulose is produced from lignocellulosic materials that are abundantly present on Earth. As
discussed earlier, lignocellulosic biomass is composed of cellulose and non-cellulosic substances
such as hemicellulose, lignin, and other compounds (extractives and inorganic substances).
Biomass pre-treatment is a significant step in eliminating non-cellulosic products so that the
remaining cellulosic materials can be used for further nanocellulose extraction.!**1% The two
classical approaches used for biomass pre-treatment include the acid-chlorite and alkaline
treatment processes. The acid-chlorite treatment process, also known as the bleaching or
delignification process has been extensively applied in pulp industries.!®!%” In this process,
lignocellulosic biomass is mixed with distilled water, sodium chlorite, and acetic acid and stirred

at 7080 °C for 4-12 h.106:198-110 At different intervals, pH is controlled by adding acetic acid and
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sodium chlorite to the mixture. Distilled water is added to the stirring mixture until the pH becomes
neutral. The obtained solid product as fibers mainly consists of cellulose and hemicellulose and is
known as holocellulose, which is then dried in the oven at 50 °C. The white color of holocellulose
fiber suggests that the lignin and other impurities have successfully been removed.!%-!!!

The alkaline treatment is used to eliminate the amorphous polymers and the rest of the lignin.'%-
19 During this treatment, sodium hydroxide (4-20% w/v) is mixed with holocellulose for 1-5 h,

and the obtained solid products are washed with distilled water until the pH becomes neutral.!%6:1%

It is then dried in an oven at 50 °C, and the obtained solid product mainly consists of cellulose.!!!

Many research groups have used these pre-treatment methods to eliminate non-cellulosic materials

from lignocellulosic biomass as demonstrated in Figure 2.

— Lignin
— .... == = = == == —+C(Cellulose
o <
P, A 4

Lignocellulosic cell wall
Biomass Source EllNYd i
Hemicellulose

Additional Chemical Compenents

Amorphous region

Crystalline region '[
Biomass pre-treatment methods removed

I (i) Hemicellulose
L
_|_,

Cellulosic Material

| {iii} Additional Chemical Components

Figure 2: Schematic representation of lignocellulosic biomass pre-treatment
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5.2. Production of Nanocellulose

In general, many research groups have discussed that the production procedure involves three
different processes i.e. acid hydrolysis, enzymatic hydrolysis, and mechanical process (Figure 3).
As the cellulose chain consists of ordered and disordered regions, acid can efficiently hydrolyze
the disordered parts and the ordered regions left as the nanocellulose.®*® The properties of
extracted nanocellulose depend on the temperature, acid concentration, and reaction time during

acid hydrolysis.?>**!12 Sodium hydroxide is used to neutralize the pH of the obtained products.''?

Acid Hydrolysis
—

Amorphous region

Crystalline region I

T -

1 2111 —_—
9200900 - —: Enzymatic Hydrolysis

OCCO0 .
00000 _—

Ultrasonication
Cellulosic Material ) J’_
Mechanical Process High-Pressure Homogenization

Nanocellulose

Ball Milling

Figure 3: Schematic representation of production of nanocellulose

In enzymatic hydrolysis, enzymes are used to digest or modify the cellulose fibers.!!*!!> In general,
this process can be carried out under mild conditions due to the presence of enzymes; however, a
long time of exposure is required.?®® This problem could be solved by incorporating enzymatic

hydrolysis with other methods.
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During the mechanical process, high shear force in the longitudinal axis is used to break cellulosic
fibers into cellulose nanofibrils.””’®!!* The mechanical process includes ultrasonication, high-
pressure homogenization (HPH), and ball milling. During ultrasonication, the hydrodynamic force
of high-intensity ultrasonication is used to defibrillate cellulosic fiber.”®!'*!1® When the liquid
molecules are subjected to absorb ultrasonic energy, the mechanical oscillating power is generated,
which results in the formation, expansion, and collision of microscopic gas bubbles.!'”!!8 The
high-pressure homogenization is carried out by passing cellulose slurry through a vessel under
high pressure and velocity.!!*

During ball milling, the centrifugal force from the rotating jar with shear forces among balls and
between balls and the surface of the jar is applied to defibrillate cellulose fibers.!!!20 The cellulose
fibrils are broken down into smaller cellulosic materials.'?'"'?* However, the main drawback of
this method is high energy consumption, which could be decreased by combining it with other
pretreatment methods.!'* The limitation of conventional, and green mechanical techniques and the
advantages of emerging technologies for nanocellulose extraction from lignocellulosic biomass is

presented in Figure 4.
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4 Conventional technologies Y

1-Acid hydrolysis: High-water usage and generation of acidic wastewater, long processing
time, high operational and maintenance costs, risk of equipment corrosion, the
formation of inhibitors, and not being environmentally friendly

2-TEMPO oxidation: Limited oxidation position and toxic reagents
3-Ammonium persulfate (APS) oxidation: Long processing time

4-Ball milling: High power and energy consumption and the generation of a large
amount of heat energy during processing

5-Cryocrushing: High cost, high energy consumption, low recovery, and low uniformity of
nanocellulose

6-High-shear grinding: high energy consumption, overheating of raw materials, low
ecovery and low uniformity of nanocellulose, and reduction in CNF's crystallinity /

@ : ; D
Green mechanical techniques

1-Ultrasound irradiation: High energy consumption

2-High-pressure homogenization: High operational cost, extreme mechanical damage to
the crystalline structure of CNF, its large size distribution, clogging issue because of its very
emall orifice size

Nanocellulose
extraction

y

4 Emerging technologies

1-Enzyme production method -

2-Deep eutectic solvent Sustainable, cost-

3-Microwave irradiation effective, and eco-friendly

4-Electron beam irradiation \ methodologies

5-Plasma treatment '
k&-PuIsed-electric field 4

Figure 4: Conventional, green mechanical, and emerging technologies for nanocellulose

extraction/production from lignocellulosic biomass

6. Applications of Nanocellulose

Nanocellulose has been an attractive material with multiple applications due to its extraordinary
properties (Figure 5). A detailed description of each application is given below:

6.1. Composite Industry

In recent years, the use of nanocellulose in the field of polymer reinforcement to create high-
performance biomaterials has become the principal subject of interest. It is due to its nano-size,
high aspect ratio, good dispersion in hydrophilic systems, higher uniformity with fewer defects,

and enhanced mechanical properties.'** It could be applied as a reinforcement material to



359  synthesize nanocomposites with water-soluble polymer solutions to improve the mechanical
360  strength and viscosity of dry composites.

361  One of the most interesting uses is its addition to biodegradable polymers, which not only enhances
362  the mechanical properties of the polymers but also enhances their biodegradation.!?>126 It has been
363 a model nanofiller in many polymeric nanocomposite systems as it can improve mechanical
364  strength and modulus even at very low concentrations. Nanocellulose-based polymeric composites
365 can be utilized to develop membranes, textiles, fibers, electroactive polymers, batteries,
366  supercapacitors, sensors, and actuators that utilize electromechanical responses.'?”!? Its

367 incorporation into different materials can improve mechanical strength, optical and thermal

368  stability, and barrier properties because of its better interfacial interaction and crystallinity.

Acts as model nanofiller, Enhances mechanical properties
4 and biodegradation

Composite
Used in food wrapping with low permeability to moisture,

aroma, gases, and oil

Industry

/ \\ - s
/ Reinforcement material
/

j Personal hygiene products, biomedicines, and cosmetics
7 4 (Active peeling agent )

7
/
V4 / Drugs carrier and immobilization of enzymes after chemical
/ H H et modification
/ Biomedical P&
: - |ndustrv NIl Soft tissue implants, blood vessel replacements, wound
T healing patches, biosensors,
e \
.\\ \\n
\\ \\\ Paper and b Bioprobes. tissue engineering scaffolds, fluorescence
“.\ Pa perboard bioassays, bioimaging, and hydrogels
\ Industry
b Texturing agent in food, CO, adsorbent, thickener in

cosmetics, filler in some textiles, and oil recovery

;‘" | stable colloidal dispersions
\ . f
! Other POtentlaI / Biomimetic foams, toughened paper, versatile flat panel
H H \ displays, water repellents, and high-security papers
Applications § play p g y pap

Applications of Nanocellulose
R

Nano paper, barrier films, and pH sensors, to stabilize
oil/water interfaces, to produce pickering emulsions with
outstanding stability

369

370  Figure 5: Applications of nanocellulose in various fields
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Nanocellulose-based biodegradable nanocomposite films can also be used in food wrapping where
lower permeability to moisture, aroma, gases, and oil is required.'?’

6.2. Biomedical Industry

Nanocellulose is also used in the field of medical sciences due to its good biocompatibility, low
toxicity, renewability, and outstanding physical features. Pure nanocellulose is harmless to humans
and, therefore, can be used in healthcare products such as personal hygiene products, biomedicines,
and cosmetics. It can also be used as an excellent carrier for drugs and the immobilization of

enzymes after chemical modification.36-83:13

Other interesting medical applications of
nanocellulose include soft tissue implants, blood vessel replacements, and many other useful
applications that are still under investigation in recent years.*>!* Nanocellulose-based aerogels
are also gaining attention in the field of biomedicine and pharmaceutical industries due to the
unique structure and higher surface area of nanocellulose, which improves drug bioavailability and
drug-loading capacity.!* Cellulose nanomaterials have also been used in wound healing patches,
biosensors, bioprobes, tissue engineering scaffolds, fluorescence bioassays, bioimaging, and
hydrogels for medical and pharmacological applications.!*!

6.3. Paper and Paperboard Industry

Nanocellulose also plays an essential role in the paper and paperboard manufacturing sector due
to its significant reinforcing effect on paper materials.'* It enhances the fiber-fiber bond strength
and exhibits admirable mechanical strength even 2—5 times more than common papers produced
from traditional refining processes.'* It has been observed that the application of nanocellulose as
a coating agent on paper and paperboard surfaces enhances the barrier properties, in particular, the

air resistance.'>* It improves the structural properties (flexibility and transparency) of paperboard

to be used for electronic devices.!?® Modified nanocellulose-based paper is transparent, optically
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clear, and foldable, and can be used in areas that require surfaces with anti-corrosion and self-
cleaning ability. Such types of transparent papers can also be applied instead of traditional papers
in electronic devices such as solar cells, flexible circuits, and flexible displays.

6.4. Other Potential Applications

Nanocellulose can also be used as a texturing agent in food, CO> adsorbent, thickener in cosmetics,
filler in some textiles, oil recovery, and many other fields.!>!*>1*7 It has also been used in the field
of emulsion and dispersion owing to its ability to form stable colloidal dispersions in the presence
of water and is considered suitable for water-soluble polymers such as latexes.

Though stable dispersions in the presence of nonpolar solvents can also be achieved by using either
surfactants or surface chemical grafting, however, it is also possible to disperse nanocellulose in
nonpolar solvents without surfactant or chemical modification.!*3*! Besides good dispersion,
nanocellulose, in some cases, forms a percolated network within a polymer matrix, which
improves the features of polymeric nanocomposites. Such kinds of nanocomposites are used to
produce biomimetic foams, toughened paper, versatile flat panel displays, water repellents, and
high-security papers.”>133142143 Qther distinctive applications of nanocellulose are its use in a
range of products such as nano paper, barrier films, and pH sensors, to stabilize oil/water
interfaces, and to produce Pickering emulsions with outstanding stability.”>144-146

7. Nanocellulose in Waterborne Wood Coatings

The coatings not only play a significant role in the beautification and glossiness of material but
also protect from the deleterious effects of microorganisms and acid rain.'*” However, traditional
coatings are mostly solvent- or oil-based and are not environment hence releasing volatile organic
compounds (VOCs) into the environment. Thus, waterborne coatings, which release hardly any

VOCs, are a suitable replacement for traditional organic solvent-based coatings. These coatings
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are advantageous due to their lower VOC emissions, higher peel strength, good low-temperature
ductility, and low viscosity.'*® However, due to the low mechanical performance (hardness, scratch
resistance) of waterborne coatings, their application in the waterborne coating industry has become
limited. 4152

The impact of value addition with different forms of nanocellulose on the wood coatings’
properties and their mechanisms have been summarized in Table 1. To enhance the mechanical
performance of waterborne wood coatings, nanofillers such as nano-titanium dioxide, nano-zinc
oxide, nano-silica, and clay have been widely used due to their small size and surface effect.!®-173
Moreover, nanocellulose as fillers in the form of CNFs and CNCs could be an excellent
reinforcement filler in waterborne wood coatings due to its high modulus and potential for

sustainable production.*7131-167.168,174.175
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Table 1: Impact of value addition with different forms of nanocellulose on the wood coatings properties and their mechanisms

Coating

Value addition

Effect on coating properties

Mechanisms

Reference

Polyvinyl alcohol (PVA) coating

Heating treatment
and lignin
nanocellulose

The composite coating had improved
corrosion resistance. The elimination
reaction due to heating significantly
reduced the water transport channels.

Elimination reaction, the
lignin nanocellulose
worked effectively as a
barrier against the
penetration of corrosive
media

64

Salvia-based waterborne
polyurethane-urea (WBPUU)

Cellulose
nanocrystals (CNC)

CNC addition modulates the soft and
hard phase segregation

Effective CNC
incorporation without
agglomeration

153

Waterborne polyurethane (WPU)
coatings

Nanocellulose
crystalline (NCC) and
silver nanoparticles

Improved adhesion of the NCC-WPU
composites. The antibacterial effect
was at its best with the addition of NCC
(0.5%) and the proportion of silver
elements (5%)

Improved adhesion and
antibacterial effect

154

Waterborne blocked
polyisocyanate (PIC).

CNC

Exhibited a reversible humidity-
dependent color change which can be
used in humidity sensor applications. At
90% relative humidity, the hygroscopic
strain was 20 times less compared to
untreated CNCs

Reduction in hygroscopic
strain

155

PVA coating

Polyethylene glycol
methacrylate (MPEG)
and cellulose
nanocrystals

Strong reinforcing effect with high
transparency

Colloidal stability

156

Modified vegetable oil-based WPU

Reacting excess
amino group on the
POSS with the -NCO

group

Increased initial decomposition
temperature, water contact angle, and
tensile strength

Improvement in
mechanical properties,
thermal stability, and
water resistance

157

Waterborne acrylate-based matrix

coating

Cellulose
nanocrystals

Improved barrier performance

Barrier performance




Waterborne acrylate formulation

CNC or cellulose
nanofibrils (CNF)

CNC-based barrier coating produced
had high stable polarization resistance
and open circuit potential

Stable polarization
resistance, open circuit
potential

159

WPU paint

Nanocellulose

Improved hardness and abrasion
resistance, tensile strength, and
elongation at break

Improvement in
comprehensive
properties

160

Photopolymerizable
siloxanemethacrylic-based

Nanocellulose and
microcellulose

Improved hydrophobicity, thermal
properties, stiffness into the neat cured

Improvement in
comprehensive

161

resin/CNC systems with no embrittling, surface properties
hardness with reduced water sorption
Epoxy resin-based Nanocellulose Improved anti-corrosion properties Improved 162

nanocomposites loadings physicochemical and
anti-corrosion properties
Composite of TEMPO-oxidized TOCNs Enhanced the mechanical properties Improvement in 163

cellulose nanofibers (TOCNs) and
WPU-based coating

mechanical properties

CNC modified by a cationic
surfactant was added to the
coating system

CNC was modified by
a cationic surfactant
at two loadings (1
and 3%).

CNC improved the barrier and optical
properties and agglomeration

Improvement in the
barrier and optical
properties

164

Composite of CNFs with y-
aminopropyltriethoxysilane (APS)

v-
aminopropyltriethox
ysilane

Demonstrated distributing uniformly,
retained high light transmittance, and
improved mechanical properties.

High light transmittance
with improved
mechanical properties

165

Dispersion and stabilization
impact of zinc oxide (ZnO)
nanoparticles in waterborne wood
coatings.

Nanofibrillated
cellulose (NFC) and
zinc oxide (Zn0)

Improved unstabilized ZnO distribution
and prevented sedimentation of ZnO,
improved film formation, and inhibited
crack formation. NFC had a pronounced
matting effect

Improved distribution of
unstabilized ZnO in the
coatings, film formation,
and inhibition of crack
formation

166

Composite films of NFC, and
commercial acrylic and alkyd
polymeric binders

Acrylic and alkyd
polymeric binders

Improved reinforcing effect

Improved mechanical
properties

167

Carbon chains grafting of cellulose
nanocrystal (CNC)

Alkyl quaternary
ammonium bromides
or acryloyl chloride

CNC derivatives were better dispersed,
conferring a higher scratch resistance

CNC dispersion and
mechanical properties

168
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CNC was mixed in the Varnishes Improved wear resistance (30-40%) Mechanical properties 150
varnishes
Microfibrillated cellulose (MFC) MFC and NCC Lowered gloss, improved hardness, and | Improvement in 11

and nanocrystalline cellulose
(NCC) were added to waterborne

modulus

mechanical properties

Commercially available

Commercially

Improved water vapor barrier

Water vapor barrier

61

paperboards were coated with available properties properties
thin layers of nanocellulose paperboards
Zn0 and polymer composites CNC Reduced destructive effects of UV light | Reduced AE value 176

and humidity
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Nanocellulose has received tremendous attention in the sustainable biomaterial-based industry due
to its unique nature. Coating technology is mostly applied in the construction, furniture,
automobiles, military, and packaging industries.!”” Nanocellulose improves service life and plays
an essential role in its functionality. Regarding its use in coatings, several studies have been
published, but its use in waterborne wood coatings is still in progress, and limited research work
has been reported. Nanocellulose has improved resistance against scratching and abrasion of
acrylic latex, high-solids coating, and UV-curing waterborne varnishes,'>*164168169 Begides
developments in the field of coating, also optical properties may be affected by the addition of
nanocellulose to coatings.!” It is reported that it can be straightforward to disperse in waterborne
coatings; however, chemical hydrophilization would be required for nonpolar systems such as an
organofunctional silane or acryloyl chloride, or alkyl quaternary ammonium bromides. 6316

8. Conclusions and Future Perspectives

The main focus of this review is to overview the process of production of nanocellulose (CNCs,
CNFs, and BC) from lignocellulosic biomass through different processes and discuss its potential
applications. Several research projects have worked on the production of nanocellulose from
various sources of lignocellulosic biomass and it is still the main challenge to make it easily
available on a commercial scale to meet its demand due to its significant features. It is a material
with carbon-neutral, sustainable nature, eco-friendly, recyclable, and harmless nature. Hence, it
has special morphology and geometric proportions, high specific surface area, crystallinity, liquid
crystalline behavior, rheological properties, mechanical stability, alignment and orientation,
barrier properties, chemical reactivity of the surface, lack of toxicity, biocompatibility,
biodegradability, many more others special features which make it a potential candidate to

generate new applications of nanocellulose in the field of science and technology. It has played a
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vital role in various industries such as composite, biomedical, paper, and pulp industries, and many
others. It also has the potential to replace synthetic or petrochemical-based materials to enhance
the environmental footprint of many of these industries. While the subject of nanocellulose has
been researched intensively over the last few years, still the place for new advancements exists
such as its production from novel sources, and its application in various fields should attract more
attention in future studies. Due to its cost-effectiveness and environmentally friendly nature,
further expansion in the limits of nanocellulose applications, especially in the field of material
science and engineering, would be of particular interest in the future for scientists and technologists
around the globe. Similarly, the production of nanocellulose is still expensive and requires energy-
intensive procedures, and could be resolved by upscaling the manufacturing and economical
surface modification methods. Overcoming all these obstacles may further expand nanocellulose's

role in enhancing material science and engineering while also promoting sustainability.

Author Contributions:

“Conceptualization, M.N.K., A.D., A.S., Z.HF, N.R,, EA., M.LD., M.T., R.I.,, SM.E., LA, and
S.B.; software, M.N.K., A.D., A.S.,ZH.F., NR,, EA, M.LD, M.T.,R.I.,, SM.E., LA, and S.B.;
validation, M.N.K., A.D., A.S., ZHF., NR, EA., M.LD,, M.T., R.I1, SM.E,, LA., and S.B;
writing—original draft preparation, M.N.K., and A.D.; writing—review and editing, M.N.K.,
AD.,, AS.,ZHF, ,NR, EA.,MILD., M.T.,R.I1, SME., ILA,, and S.B.; visualization, M.N.K_,
AD.,,AS.,ZHF., NR,EA, , MLD.,M.T.,R.I,SSM.E., LA, and S.B.; supervision, A.S., Z.H.F.,
N.R., and M.L.D.; project administration, A.S., Z.H.F., N.R., and M.L.D.; funding acquisition,
A.D.,R.I,SME, LA, and S.B.

Conflicts of Interest:



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

“The authors declare no conflict of interest.”

References

[1].

[2].

[3].

[4].

[5].

[6].

[7].

[8].

Gejo G, Kuruvilla J, Boudenne A, Sabu T (2010) Recent advances in green composites. Key
Eng Mater 425:107-166.

Pandey JK, Ahn SH, Lee CS, Mohanty AK, Misra M (2010) Recent advances in the
application of natural fiber-based composites. Macromol Mater Eng 295:975-989.

Tabone MD, Cregg JJ, Beckman EJ, Landis AE (2010) Sustainability metrics: life cycle
assessment and green design in polymers. Environ Sci Technol 44:8264—8269.

Yates MR, Barlow CY (2013) Life cycle assessments of biodegradable, commercial
biopolymers-A critical review. Resour Conserv Recycl 78:54-66.

Ditta A (2012) How helpful is nanotechnology in agriculture? Adv Nat Sci Nanosci
Nanotechnol 3:33002.

Ditta A, Arshad M (2016) Applications and perspectives of using nanomaterials for
sustainable plant nutrition. Nanotechnol Rev 5:209-229.

Mehmood, S., Ahmed, W., Rizwan, M., Bundschuh, J., Elnahal, A. S., & Li, W. (2023).
Green synthesized zinc oxide nanoparticles for removal of carbamazepine in water and soil
systems. Separation and Purification Technology, 125988.

Mehmood, S., Ou, W., Ahmed, W., Bundschuh, J., Rizwan, M., Mahmood, M., ... & Li, W.
(2023). ZnO nanoparticles mediated by Azadirachta indica as nano fertilizer: Improvement
in physiological and biochemical indices of Zea mays grown in Cr-contaminated soil.

Environmental Pollution, 339, 122755.



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

Mehmood, S., Mahmood, M., Nufiez-Delgado, A., Alatalo, J. M., Elrys, A. S., Rizwan, M.,
... & Ahmed, W. (2022). A green method for removing chromium (VI) from aqueous systems
using novel silicon nanoparticles: Adsorption and interaction mechanisms. Environmental
Research, 213, 113614.

Azizi MAS, Alloin F, Dufresne A (2005) Review of recent research into cellulosic whiskers,
their properties and their application in nanocomposite field. Biomacromolecules 6:612—626.
Revol J-F, Godbout L, Dong X-M, Gray DG, Chanzy H, Maret G (1994) Chiral nematic
suspensions of cellulose crystallites; phase separation and magnetic field orientation. Liq
Cryst 16:127-134.

Domingues RMA, Gomes ME, Reis RL (2014) The potential of cellulose nanocrystals in
tissue engineering strategies. Biomacromolecules 15:2327-2346.

Habibi Y, Lucia LA, Rojas OJ (2010) Cellulose nanocrystals: chemistry, self-assembly, and
applications. Chem Rev 110:3479-3500.

Islam MT, Alam MM, Zoccola M (2013) Review on modification of nanocellulose for
application in composites. Int J Innov Res Sci Eng Technol 2:5444-5451.

George J, Sabapathi SN (2015) Cellulose nanocrystals: synthesis, functional properties, and
applications. Nanotechnol Sci Appl 8:45.

Imani, M.; Dimic-Misic, K.; Kostic, M.; Barac, N.; Janackovic, D.; Uskokovic, P.;
Ivanovska, A.; Lahti, J.; Barcelo, E.; Gane, P. Achieving a Superhydrophobic, Moisture, Oil,
and Gas Barrier Film Using a Regenerated Cellulose—Calcium Carbonate Composite
Derived from Paper Components or Waste. Sustainability 2022, 14, 10425.

LiR,FeilJ,Cai Y, Li Y, Feng J, Yao J (2009) Cellulose whiskers extracted from mulberry:

A novel biomass production. Carbohydr Polym 76:94-99.



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

Sheltami RME, Abdullah I, Ahmad I (2012) Structural characterization of cellulose and
nanocellulose extracted from mengkuang leaves. Adv Mater Res 545:119-123.

Morais JPS, Rosa MDF, De Souza Filho MDSM, Nascimento LD, Do Nascimento DM,
Cassales AR (2013) Extraction and characterization of nanocellulose structures from raw
cotton linter. Carbohydr Polym 91:229-235.

Nguyen HD, Thuy Mai TT, Nguyen NB, Dang TD, Phung Le ML, Dang TT, Tran VM
(2013) A novel method for preparing microfibrillated cellulose from bamboo fibers. Adv Nat
Sci Nanosci Nanotechnol 4:015016.

Penjumras P, Rahman RBA, Talib RA, Abdan K (2014) Extraction and Characterization of
Cellulose from Durian Rind. Agri Agri Sci Procedia 2:237-243.

Wang Q, Zhang YH (2014) Extraction of Nanocellulose from Sugarcane Bagasse. Appl
Mech Mater 633-634:550-553.

Costa LAS, Assis DJ, Gomes GVP, Da Silva JBA, Fonséca AF, Druzian JI (2015) Extraction
and Characterization of Nanocellulose from Corn Stover. Mater Today Proc 2:287-294.
Soni B, Hassan EB, Mahmoud B (2015) Chemical isolation and characterization of different
cellulose nanofibers from cotton stalks. Carbohydr Polym 134:581-589.

Naduparambath STVJ, Shaniba VMPS, Balan AK, Purushothaman E (2018) Isolation and
characterization of cellulose nanocrystals from sago seed shells. Carbohydr Polym 180:13—
20.

Rehman, N., Muhammad, N., Ullah, H., Khan, M., Rahman, L., Jan, A. & Hassan, T. (2023).
Extraction and characterization of novel cellulose nanocrystals from Artemisia scoparia
straw and their application in hydroxypropyl methylcellulose (HPMC) films. Zeitschrift fiir

Physikalische Chemie, 237(8), 1243-1256.



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

Rehman, N., Hussain, Z., Ullah, H., Khan, M., Khan, A., Khan, N. & Mian, I. (2023). Eco-
friendly extraction of cellulose from Ailanthus altissima for nanocellulose production:
physico-chemical properties. Zeitschrift fiir Physikalische Chemie, 237(8), 1153-1163.
Khan, M., Hassan, T., Rehman, N., Mian, 1., Ullah, H., Tarigq, M., Nasruddin, Khan, S.,
Bashir, S., Rehman, H., Sahibzada, K., Ullah, K. & Muhammad, N. (2023). Isolation of
nanocellulose from Dodonaea viscosa plant: structural and thermal properties. Zeitschrift fiir
Physikalische Chemie, 237(11), 1807-1819.

Le Bras D, Stromme M, Mihranyan A (2015) Characterization of dielectric properties of
nanocellulose from wood and algae for electrical insulator applications. J Phys Chem B
119:5911-5917.

Guidetti G, Atifi S, Vignolini S, Hamad WY (2016) Flexible photonic cellulose nanocrystal
films. Adv Mater 28:10042—-10047.

Leonardo J, Shishehbor M, Zavattieri PD (2017) Mechanics of Crystalline Nano Cellulose
Nanofilm. Available online: https:/nanohub.org/resources/cnc (accessed on 08 August
2021).

Shishehbor M, Zavattieri PD (2019) Effects of interface properties on the mechanical
properties of bio-inspired cellulose nanocrystal (CNC)-based materials. ] Mech Phys Solids
124:871-896.

Siqueira G, Bras J, Dufresne A (2010) Cellulosic bionanocomposites: a review of
preparation, properties, and applications. Polymers 2:728-765.

Duran N, Paula Lemes AB, Seabra A (2012) Review of cellulose nanocrystals patents:

preparation, composites, and general applications. Recent Pat Nanotechnol 6:16-28.



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

Charreau HL, Foresti M, Vazquez A (2013) Nanocellulose patents trends: a comprehensive
review on patents on cellulose nanocrystals, microfibrillated and bacterial cellulose. Recent
Pat Nanotechnol 7:56-80.

Liu J, Martin DJ, Moon RJ, Youngblood JP (2015) Enhanced thermal stability of biomedical
thermoplastic polyurethane with the addition of cellulose nanocrystals. J Appl Polym Sci
132(22).

Yoo Y, Martinez C, Youngblood JP (2017) Sustained dye release using poly (urea—
urethane)/cellulose nanocrystal composite microcapsules. Langmuir 33(6):1521-1532.
Lavoine N, Desloges I, Dufresne A, Bras J (2012) Microfibrillated cellulose—Its barrier
properties and applications in cellulosic materials: A review. Carbohydr Polym 90:735-764.
Chindawong C, Johannsmann D (2014) An anisotropic ink based on crystalline
nanocellulose: Potential applications in security printing. J Appl Polym Sci 131(22).
Ljungberg N, Bonini C, Bortolussi F, Boisson C, Heux L, Cavaill¢ J-Y (2005) New
nanocomposite materials reinforced with cellulose whiskers in atactic polypropylene: effect
of surface and dispersion characteristics. Biomacromolecules 6:2732-2739.

Cao X, Dong H, Li CM (2007) New nanocomposite materials reinforced with flax cellulose
nanocrystals in waterborne polyurethane. Biomacromolecules 8:899-904.

Goffin A-L, Raquez J-M, Duquesne E, Siqueira G, Habibi Y, Dufresne A, Dubois P (2011)
Poly (e-caprolactone) based nanocomposites reinforced by surface-grafted cellulose
nanowhiskers via extrusion processing: morphology, rheology, and thermo-mechanical
properties. Polymer 52:1532—1538.

Choi Y, Simonsen J (2006) Cellulose nanocrystal-filled carboxymethyl cellulose

nanocomposites. J Nanosci Nanotechnol 6:633—-639.



599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Wang Y, Cao X, Zhang L (2006) Effects of cellulose whiskers on properties of soy protein
thermoplastics. Macromol Biosci 6:524-531.

Bendahou A, Habibi Y, Kaddami H, Dufresne A (2009) Physico-chemical characterization
of palm from phoenix dactylifera—L, preparation of cellulose whiskers and natural rubber—
based nanocomposites. J Biobased Mater Bioenergy 3:81-90.

de Mesquita JP, Donnici CL, Pereira FV (2010) Biobased nanocomposites from a layer-by-
layer assembly of cellulose nanowhiskers with chitosan. Biomacromolecules 11:473—480.
Khan, M. N., Clarkson, C. M., Nuruddin, M., Sharif, A., Ahmad, E., & Youngblood, J. P.
(2022). Performance of Advanced Waterborne Wood Coatings Reinforced with Cellulose
Nanocrystals. ACS Applied Bio Materials, 5(9), 4179-4190.

Demirbas A (2005) Estimating of the structural composition of wood and non-wood biomass
samples. Energy Sources 27:761-767.

Li X, Sun C, Zhou B, He Y (2015) Determination of hemicellulose, cellulose, and lignin in
Moso bamboo by near-infrared spectroscopy. Sci Rep 5:17210.

Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD (2007)
Biomass recalcitrance: engineering plants and enzymes for biofuels production. Science
315:804-807.

Paul S, Dutta A (2018) Challenges and opportunities of lignocellulosic biomass for anaerobic
digestion. Resour Conserv Recycl 130:164—174.

Lee HV, Hamid SBA, Zain SK (2014) Conversion of Lignocellulosic Biomass to

Nanocellulose: Structure and Chemical Process. Sci World J 2014:631013.



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

[53]

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62]

Mathew AP, Chakraborty A, Oksman K, Sain M (2006) The structure and mechanical
properties of cellulose nanocomposites prepared by twin-screw extrusion. ACS Symposium
Series 938:114-131.

Nada A-AMA, El-Kady MY, El-Sayed, ESA, Amine FM (2009) Preparation and
characterization of microcrystalline cellulose (MCC). BioResources 4:1359—-1371.

Klemm D, Heublein B, Fink H, Bohn A (2005) Cellulose: fascinating biopolymer and
sustainable raw material. Angew Chem Int Ed 44:3358-3393.

Brinchi L, Cotana F, Fortunati E, Kenny JM (2013) Production of nanocrystalline cellulose
from lignocellulosic biomass: technology and applications. Carbohydr Polym 94:154—169.
Zhou C, Wu Q (2012) Recent development in applications of cellulose nanocrystals for
advanced polymer-based nanocomposites by novel fabrication strategies. Nanocrystals-
Synthesis, Characterization and Applications, 103—120.

Pickering K (2008) Properties and performance of natural-fiber composites. Elsevier.
Chirayil CJ, Mathew L, Thomas, S (2014) Review of recent research in nano cellulose
preparation from different lignocellulosic fibers. Rev Adv Mater Sci e:37.

Maiki-Arvela P, Holmbom B, Salmi T, Murzin DY (2007) Recent progress in the synthesis
of fine and specialty chemicals from wood and other biomass by heterogeneous catalytic
processes. Catal Rev 49:197-340.

Aulin C, Strom G (2013) Multilayered alkyd resin/nanocellulose coatings for use in
renewable packaging solutions with a high level of moisture resistance. Ind Eng Chem Res
52:2582-2589.

Huang J, Fu S, Gan L (2019) Lignin Chemistry and Applications. Elsevier.



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

Liu MLY (2010) Fermentation of hemicellulose-rich liquid fractions derived from steam
pretreated softwoods. The University of British Columbia.

Zhang J, Huang Y, Wu H, Geng S, Wang F (2021) Corrosion protection properties of an
environmentally friendly polyvinyl alcohol coating reinforced by a heating treatment and
lignin nanocellulose. Prog Org Coat 155:106224.

Rowe JW (2012) Natural products of woody plants: chemicals extraneous to the
lignocellulosic cell wall. Springer Science & Business Media.

Gallo Stampino, P.; Riva, L.; Punta, C.; Elegir, G.; Bussini, D.; Dotelli, G. Comparative Life
Cycle Assessment of Cellulose Nanofibres Production Routes from Virgin and Recycled
Raw Materials. Molecules 2021, 26, 2558.

Dalle Vacche, S.; Karunakaran, V.; Patrucco, A.; Zoccola, M.; Douard, L.; Ronchetti, S.;
Gallo, M.; Schreier, A.; Leterrier, Y.; Bras, J.; Beneventi, D.; Bongiovanni, R. Valorization
of Byproducts of Hemp Multipurpose Crop: Short Non-Aligned Bast Fibers as a Source of
Nanocellulose. Molecules 2021, 26, 4723.

Mehanny, S.; Magd, E.E.A.-E.; Sorbara, S.; Navarro, J.; Gil-San-Millan, R. Spanish Poplar
Biomass as a Precursor for Nanocellulose Extraction. Appl. Sci. 2021, 11, 6863.

Anh, T.P.T.; Nguyen, T.V.; Hoang, P.T.; Thi, P.V.; Kim, T.N.; Van, Q.N.; Van, C.N.; Hai,
Y.D. Dragon Fruit Foliage: An Agricultural Cellulosic Source to Extract Cellulose
Nanomaterials. Molecules 2021, 26, 7701.

Mateo, S.; Peinado, S.; Morillas-Gutiérrez, F.; La Rubia, M.D.; Moya, A.J. Nanocellulose

from Agricultural Wastes: Products and Applications—A Review. Processes 2021, 9, 1594.



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

Maslennikov, A.; Peretz, R.; Vadivel, V.K.; Mamane, H. Recycled Paper Sludge (RPS)-
Derived Nanocellulose: Production, Detection, and Water Treatment Application. Appl. Sci.
2022, 12, 3077.

Park S, Baker JO, Himmel ME, Parilla PA, Johnson DK (2010) Cellulose crystallinity index:
measurement techniques and their impact on interpreting cellulase performance. Biotechnol
Biofuels 3:10.

Paramasivan, M.; Kumar, T.S.S.; Chandra, T.S. Microbial Synthesis of Hydroxyapatite-
Nanocellulose Nanocomposites from Symbiotic Culture of Bacteria and Yeast Pellicle of
Fermented Kombucha Tea. Sustainability 2022, 14, 8§144.

Jonoobi M, Oladi R, Davoudpour Y, Oksman K, Dufresne A, Hamzeh Y, Davoodi R (2015)
Different preparation methods and properties of nanostructured cellulose from various
natural resources and residues: a review. Cellulose 22:935-969.

Mondal S (2017) Preparation, properties, and applications of nanocellulosic materials.
Carbohydr Polym 163:301-316.

Pirozzi, A.; Ferrari, G.; Donsi, F. The Use of Nanocellulose in Edible Coatings for the
Preservation of Perishable Fruits and Vegetables. Coatings 2021, 11, 990.

Khalil HPSA, Bhat AH, Yusra AFI (2012) Green composites from sustainable cellulose
nanofibrils: A review. Carbohydr Polym 87:963-979.

Dufresne A (2013) Nanocellulose: A new ageless bionanomaterial. Mater Today 16:220—
227.

Abitbol T, Rivkin A, Cao Y, Nevo Y, Abraham E, Ben-Shalom T, Lapidot S, Shoseyov O

(2016) Nanocellulose, a tiny fiber with huge applications. Curr Opin Biotechnol 39:76—88.



685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

[80]

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

Phanthong P, Reubroycharoen P, Hao X, Xu G (2018) Nanocellulose : Extraction and
application. Carbon Resour Convers 1:32—43.

Sharma A, Thakur M, Bhattacharya M, Mandal T, Goswami S (2019) Commercial
application of cellulose nano-composites — A review. Biotechnol Rep 21:¢00316.

Nasir M, Hashim R, Sulaiman O, Asim M (2017) Nanocellulose: Preparation methods and
applications. In: Cellulose-Reinforced Nanofibre Composites: Production, Properties, and
Applications. Elsevier Ltd.

Lin N, Dufresne A (2014) Nanocellulose in biomedicine: Current status and future prospect.
Eur Polym J 59:302-325.

Oyekanmi, A.A.; Saharudin, N.I.; Hazwan, C.M.; H. P. S., A.K.; Olaiya, N.G.; Abdullah,
C.K.; Alfatah, T.; Gopakumar, D.A.; Pasquini, D. Improved Hydrophobicity of Macroalgae
Biopolymer Film Incorporated with Kenaf Derived CNF Using Silane Coupling Agent.
Molecules 2021, 26, 2254.

Jiang F, Hsieh Y-L (2013) Chemically and mechanically isolated nanocellulose and their
self-assembled structures. Carbohydr Polym 95:32—40.

Tonoli GHD, Teixeira EM, Corréa AC, Marconcini JM, Caixeta LA, Mattoso LHC (2012)
Cellulose micro/nanofibres from Eucalyptus kraft pulp: Preparation and properties.
Carbohydr Polym.

Samyn, P. Confined Crystallization of Thin Plasma-Polymerized Nanocomposite Films with
Maleic Anhydride and Cellulose Nanocrystals under Hydrolysis. Molecules 2022, 27, 5683.
Lu P, Hsieh Y-L (2012) Preparation and characterization of cellulose nanocrystals from rice

straw. Carbohydr Polym 87:564-573.



707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

[89].

[90].

[91].

[92].

[93].

[94].

[95].

[96].

[97].

Lin S-P, Calvar IL, Catchmark JM, Liu J-R, Demirci A, Cheng K-C (2013) Biosynthesis,
production and applications of bacterial cellulose. Cellulose 20:2191-2219.

Portela R, Leal CR, Almeida PL, Sobral RG (2019) Bacterial cellulose: a versatile
biopolymer for wound dressing applications. Microb Biotechnol 12:586—610.

Thomas B, Raj MC, Athira KB, Rubiyah MH, Joy J, Moores A, Drisko GL (2017)
Nanocellulose, a Versatile Green Platform: From Biosources to Materials and Their
Applications.

Randhawa, A.; Dutta, S.D.; Ganguly, K.; Patil, T.V.; Patel, D.K.; Lim, K.-T. A Review of
Properties of Nanocellulose, Its Synthesis, and Potential in Biomedical Applications. Appl.
Sci. 2022, 12, 7090.

Mishra RK, Sabu A, Tiwari SK (2018) Materials chemistry and the futurist eco-friendly
applications of nanocellulose: Status and prospect. J Saudi Chem Soc 22:949-978.

Dorez G, Ferry L, Sonnier R, Taguet A, Lopez-Cuesta J-M (2014) Effect of cellulose,
hemicellulose, and lignin contents on pyrolysis and combustion of natural fibers. J Anal Appl
Pyrol 107:323-331.

Nogi M, Iwamoto S, Nakagaito AN, Yano H (2009) Optically transparent nanofiber paper.
Adv Mater 21:1595-1598.

Abraham E, Deepa B, Pothan LA, Jacob M, Thomas S, Cvelbar U, Anandjiwala R (2011)
Extraction of nanocellulose fibrils from lignocellulosic fibers: A novel approach. Carbohydr
Polym 86:1468—-1475.

Deepa B, Abraham E, Cordeiro N, Mozetic M, Mathew AP, Oksman K, Faria M, Thomas S,
Pothan LA (2015) Utilization of various lignocellulosic biomass for the production of

nanocellulose: a comparative study. Cellulose 22:1075-1090.



730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

[98]. Chen W-H, Kuo P-C (2011) Isothermal torrefaction kinetics of hemicellulose, cellulose,
lignin, and xylan using thermogravimetric analysis. Energy 36:6451-6460.

[99]. Minelli M, Baschetti MG, Doghieri F, Ankerfors M, Lindstrom T, Sir6 I, Plackett D (2010)
Investigation of mass transport properties of microfibrillated cellulose (MFC) films. ] Membr
Sci 358:67-75.

[100]. Andresen M, Stenstad P, Meretre T, Langsrud S, Syverud K, Johansson L-S, Stenius P
(2007) Nonleaching antimicrobial films prepared from surface-modified microfibrillated
cellulose. Biomacromolecules 8:2149-2155.

[101]. Sir6 I, Plackett D (2010) Microfibrillated cellulose and new nanocomposite materials: a
review. Cellulose 17:459-494.

[102]. Velazquez, M.E.; Ferreiro, O.B.; Menezes, D.B.; Corrales-Urena, Y.; Vega-Baudrit, J.R.;
Rivaldi, J.D. Nanocellulose Extracted from Paraguayan Residual Agro-Industrial Biomass:
Extraction Process, Physicochemical and Morphological Characterization. Sustainability
2022, 14, 11386.

[103]. Cabiac A, Guillon E, Chambon F, Pinel C, Rataboul F, Essayem N (2011) Cellulose
reactivity and glycosidic bond cleavage in aqueous phase by catalytic and non-catalytic
transformations. Appl Catal A-Gen 402:1-10.

[104]. Haafiz MKM, Hassan A, Zakaria Z, Inuwa IM (2014) Isolation and characterization of
cellulose nanowhiskers from oil palm biomass microcrystalline cellulose. Carbohydr Polym
103:119-125.

[105]. Ibarra, D.; Martin-Sampedro, R.; Wicklein, B.; Fillat, U.; Eugenio, M.E. Production of
Microfibrillated Cellulose from Fast-Growing Poplar and Olive Tree Pruning by Physical

Pretreatment. Appl. Sci. 2021, 11, 6445.



753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

[106]. Cullen LE, MacFarlane C (2005) Comparison of cellulose extraction methods for the
analysis of stable isotope ratios of carbon and oxygen in plant material. Tree Physiol 25:563—
569.

[107]. Hubbell CA, Ragauskas AJ (2010) Effect of acid-chlorite delignification on cellulose
degree of polymerization. Bioresour Technol 101:7410-7415.

[108]. Mandal A, Chakrabarty D (2011) Isolation of nanocellulose from waste sugarcane bagasse
(SCB) and its characterization. Carbohydr Polym 86:1291-1299.

[109]. Johar N, Ahmad I, Dufresne A (2012) Extraction, preparation and characterization of
cellulose fibers and nanocrystals from rice husk. Ind Crops Prod 37:93-99.

[110]. dos Santos RM, Neto WPF, Silvério HA, Martins DF, Dantas NO, Pasquini D (2013)
Cellulose nanocrystals from pineapple leaf, a new approach for the reuse of this agro-waste.
Ind Crops Prod 50:707-714.

[111]. Phanthong P, Ma Y, Guan G, Abudula A (2015) Extraction of nanocellulose from raw
apple stem. J Jpn Inst Energy 94:787-793.

[112]. Naveed, M, Rehman, N, Sharif, A, Ahmed, E, Farooqi, Z. H, Imran, M. (2020).
Environmentally benign extraction of cellulose from dunchi fiber for nanocellulose
fabrication. Int J Biol Macromol 153, 72-78.

[113]. Wang N, Ding E, Cheng R (2007) Thermal degradation behaviors of spherical cellulose
nanocrystals with sulfate groups. Polymer 48:3486—-3493.

[114]. Khalil HPSA, Davoudpour Y, Islam N, Mustapha A, Sudesh K, Dungani R, Jawaid M
(2014) Production and modification of nanofibrillated cellulose using various mechanical

processes : A review. Carbohydr Polym 99:649-665.



775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

[115]. Zielinska, D.; Szentner, K.; Waskiewicz, A.; Borysiak, S. Production of Nanocellulose by
Enzymatic Treatment for Application in Polymer Composites. Materials 2021, 14, 2124.

[116]. Szymanska-Chargot, M.; Ciesla, J.; Pekala, P.; Pieczywek, P.M.; Oleszek, W.; Zyla, M.;
Szkopek, Z.; Zdunek, A. The Influence of High-Intensity Ultrasonication on Properties of
Cellulose Produced from the Hop Stems, the Byproduct of the Hop Cones Production.
Molecules 2022, 27, 2624.

[117]. Filson PB, Dawson-Andoh BE (2009) Sono-chemical preparation of cellulose nanocrystals
from lignocellulose-derived materials. Bioresour Technol 100:2259-2264.

[118]. Zhou YM, Fu, SY, Zheng, LM, Zhan, HY (2012) Effect of nanocellulose isolation
techniques on the formation of reinforced poly (vinyl alcohol) nanocomposite films. Express
Polym Lett 6(10).

[119]. Baheti V, Abbasi R, Militky J (2012) Ball milling of jute fiber wastes to prepare
nanocellulose. World J Eng

[120]. Feng YT, Han K, Owen DRJ (2004) Discrete element simulation of the dynamics of high
energy planetary ball milling processes. Mater Sci Eng A 375:815-819.

[121]. Avolio R, Bonadies I, Capitani D, Errico ME, Gentile G, Avella M (2012) A multi-
technique approach to assess the effect of ball milling on cellulose. Carbohydr Polym
87:265-273.

[122]. Kim HJ, Lee S, Kim J, Mitchell RJ, Lee JH (2013) Environmentally friendly pretreatment
of plant biomass by planetary and attrition milling. Bioresour Technol 144:50-56.

[123]. Barakat A, Mayer-Laigle C, Solhy A, Arancon RAD, De Vries H, Luque R (2014)
Mechanical pretreatments of lignocellulosic biomass: towards facile and environmentally

sound technologies for biofuels production. RSC Adv 4:48109-48127.



798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

[124]. Spence K, Habibi Y, Dufresne A (2011) Nanocellulose-based composites. In Cellulose
fibers: bio-and nano-polymer composites (pp. 179-213). Springer.

[125]. Garcia-Gonzalez CA, Alnaief M, Smirnova I (2011) Polysaccharide-based aerogels-
Promising biodegradable carriers for drug delivery systems. Carbohydr Polym 86:1425—
1438.

[126]. Jung YH, Chang T-H, Zhang H, Yao C, Zheng Q, Yang VW, Mi H, Kim M, Cho SJ, Park
D-W (2015) High-performance green flexible electronics based on biodegradable cellulose
nanofibril paper. Nat Commun 6:7170.

[127]. Hoeger I, Rojas OJ, Efimenko K, Velev OD, Kelley SS (2011) Ultrathin film coatings of
aligned cellulose nanocrystals from a convective-shear assembly system and their surface
mechanical properties. Soft Matter 7:1957-1967.

[128]. Yang H, Tejado A, Alam N, Antal M, van de Ven TGM (2012) Films prepared from
electrostatically stabilized nanocrystalline cellulose. Langmuir 28:7834—7842.

[129]. Lange J, Wyser Y (2003) Recent innovations in barrier technologies for plastic packaging
- areview. Packaging Technology and Science: An International Journal, 16:149-158.
[130]. Jorfi M, Foster EJ (2015) Recent advances in nanocellulose for biomedical applications. J

Appl Polym Sci 132:41719

[131]. Dong S, Roman M (2007) Fluorescently labeled cellulose nanocrystals for bioimaging
applications. ] Am Chem Soc 129:13810-13811.

[132]. Toelovich M, Leykin A (2004) Nano-cellulose and its application. J SITA 6:17-24.

[133]. Henriksson M, Berglund LA, Isaksson P, Lindstrom T, Nishino T (2008) Cellulose

nanopaper structures of high toughness. Biomacromolecules 9:1579—-1585.



820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

[134]. Kumar V, Elfving A, Koivula H, Bousfield D, Toivakka M (2016) Roll-to-roll processed
cellulose nanofiber coatings. Ind Eng Chem Res 55:3603-3613.

[135]. Gebald C, Wurzbacher JA, Tingaut P, Zimmermann T, Steinfeld A (2011) Amine-based
nanofibrillated cellulose as adsorbent for CO2 capture from air. Environ Sci Technol
45:9101-9108.

[136]. Kaushik M, Moores A (2016) Nanocelluloses as versatile supports for metal nanoparticles
and their applications in catalysis. Green Chem 18:622—637.

[137]. WeiB, XueY, Wen Y, LiJ (2016) Improving the physical properties of nano-cellulose by
chemical grafting for potential use in enhancing oil recovery. Journal of Bioresources and
Bioproducts 1:186—191.

[138]. Samir M, Alloin F, Dufresne A (2005) Review of recent research into cellulosic whiskers,
their properties and their application in nanocomposite field. Biomacromolecules 6:612—626.

[139]. de Jesus Carvalho de Souza, V.; Caraschi, J.C.; Botero, W.G.; de Oliveira, L.C.; Goveia,
D. Development of Cotton Linter Nanocellulose for Complexation of Ca, Fe, Mg and Mn in
Effluent Organic Matter. Water 2021, 13, 2765.

[140]. Xu, Q.; Huang, X.; Guo, L.; Wang, Y.; Jin, L. Enhancing Removal of Cr(VI), Pb2+, and
Cu2+ from Aqueous Solutions Using Amino-Functionalized Cellulose Nanocrystal.
Molecules 2021, 26, 7315.

[141]. Sun, X.; Lv, X.; Han, C.; Bai, L.; Wang, T.; Sun, Y. Fabrication of Polyethyleneimine-
Modified Nanocellulose/Magnetic Bentonite Composite as a Functional Biosorbent for

Efficient Removal of Cu(Il). Water 2022, 14, 2656.



841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

[142]. Svagan AJ, Samir MASA, Berglund LA (2008) Biomimetic foams of high mechanical
performance based on nanostructured cell walls reinforced by native cellulose nanofibrils.
Adv Mater 20:1263-1269.

[143]. Bayer IS, Fragouli D, Attanasio A, Sorce B, Bertoni G, Brescia R, Di Corato R, Pellegrino
T, Kalyva M, Sabella S (2011) Water-repellent cellulose fiber networks with multifunctional
properties. ACS Appl Mater Interfaces 3:4024—4031.

[144]. Nielsen LJ, Eyley S, Thielemans W, Aylott JW (2010) Dual fluorescent labeling of
cellulose nanocrystals for pH sensing. Chem Comm 46:8929-8931.

[145]. Belbekhouche S, Bras J, Siqueira G, Chappey C, Lebrun L, Khelifi B, Marais S, Dufresne
A (2011) Water sorption behavior and gas barrier properties of cellulose whiskers and
microfibrils films. Carbohydr Polym 83:1740-1748.

[146]. Kalashnikova I, Bizot H, Cathala B, Capron I (2012) Modulation of cellulose nanocrystals
amphiphilic properties to stabilize oil/water interface. Biomacromolecules 13:267-275.
[147]. Nikolic M, Lawther JM, Sanadi AR (2015) Use of nanofillers in wood coatings : a scientific

review. J Coat Technol Res 12:445-461.

[148]. Mazela, B.; Tomkowiak, K.; Jones, D. Strength and Moisture-Related Properties of Filter
Paper Coated with Nanocellulose. Coatings 2022, 12, 1376.

[149]. Xu S, Girouard N, Schueneman G, Shofner ML, Meredith JC (2013) Mechanical and
thermal properties of waterborne epoxy composites containing cellulose nanocrystals.
Polymer 54:6589-6598.

[150]. Vardanyan V, Poaty B, Chauve G, Landry V, Galstian T, Riedl B (2014) Mechanical
properties of UV-waterborne varnishes reinforced by cellulose nanocrystals. J Coat Technol

Res 11:841-852.



864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

[151]. Veigel S, Griill G, Pinkl S, Obersriebnig M, Miiller U, Gindl-Altmutter W (2014)
Improving the mechanical resistance of waterborne wood coatings by adding cellulose
nanofibres. React Funct Polym 85:214-220.

[152]. Noreen A, Zia KM, Zuber M, Tabasum S, Saif MJ (2016) Recent trends in environmentally
friendly water-borne polyurethane coatings : A review. Korean J Chem Eng 33:388—400.

[153]. Santamaria-Echart A, Fernandes I, Ugarte L, Barreiro F, Corcuera MA, Eceiza A (2021)
Green nanocomposites from Salvia-based waterborne polyurethane-urea dispersions
reinforced with nanocellulose. Prog Org Coat 150:105989.

[154]. Cheng L, Ren S, Lu X (2020) Application of Eco-Friendly Waterborne Polyurethane
Composite Coating Incorporated with Nano Cellulose Crystalline and Silver Nano Particles
on Wood Antibacterial Board. Polymers 12(2):407.

[155]. Chowdhury RA, Clarkson CM, Shrestha S, El Awad Azrak SM, Mavlan M, Youngblood
JP (2020) High-performance waterborne polyurethane coating based on a blocked isocyanate
with cellulose nanocrystals (CNC) as the polyol. ACS Appl Poly Mater 2:385-393.

[156]. Mabrouk AB, Dufresne A, Boufi S (2020) Cellulose nanocrystal as an eco-friendly
stabilizer for emulsion polymerization and its application for waterborne adhesive.
Carbohydr Polym 229:115504.

[157]. Zhang P, Lu Y, Fan M, Jiang P, Bao Y, Gao X, Xia J (2020) Role of cellulose-based
composite materials in synergistic reinforcement of environmentally friendly waterborne
polyurethane. Prog Org Coat 147:105811.

[158]. He Y, Boluk Y, Pan J, Ahniyaz A, Deltin T, Claesson PM (2019) Corrosion protective
properties of cellulose nanocrystals reinforced waterborne acrylate-based composite coating.

Corros Sci 155:186-194.



887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

[159]. He Y, Boluk Y, Pan J, Ahniyaz A, Deltin T, Claecsson PM (2020) Comparative study of
CNC and CNF as additives in waterborne acrylate-based anti-corrosion coatings. J Dispers
Sci Technol 41:2037-2047.

[160]. Kong L, Xu D, He Z, Wang F, Gui S, Fan J, Pan X, Dai X, Dong X, Liu B, Li Y (2019)
Nanocellulose-reinforced polyurethane for waterborne wood coating. Molecules 24:3151.

[161]. Cataldi A, Corcione CE, Frigione M, Pegoretti A (2017) Photocurable resin/nanocellulose
composite coatings for wood protection. Prog Org Coat 106:128-136.

[162]. Ma IAW, Shafaamri A, Kasi R, Zaini FN, Balakrishnan V, Subramaniam R, Arof AK
(2017) Anticorrosion properties of epoxy/nanocellulose nanocomposite coating.
Bioresources 12:2912-2929.

[163]. Cheng D, Wen Y, An X, Zhu X, Ni Y (2016) TEMPO-oxidized cellulose nanofibers
(TOCNSs) as a green reinforcement for waterborne polyurethane coating (WPU) on wood.
Carbohydr Polym 151:326-334.

[164]. Kaboorani A, Auclair N, Riedl B, Landry V (2016) Physical and morphological properties
of UV-cured cellulose nanocrystal (CNC) based nanocomposite coatings for wood furniture.
Prog Org Coat 93:17-22.

[165]. Tan Y, Liu Y, Chen W, Liu Y, Wang Q, Li J, Yu H (2016) Homogeneous dispersion of
cellulose nanofibers in waterborne acrylic coatings with improved properties and unreduced
transparency. ACS Sustain Chem Eng 4:3766-3772.

[166]. Griineberger, F., Kiinniger, T., Huch, A., Zimmermann, T. and Arnold, M., 2015.
Nanofibrillated cellulose in wood coatings: dispersion and stabilization of ZnO as UV

absorber. Progress in Organic Coatings, 87, pp.112-121.



909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

[167]. Griineberger F, Kiinniger T, Zimmermann T, Arnold M (2014) Nanofibrillated cellulose
in wood coatings: Mechanical properties of free composite films. J Mater Sci 49:6437—6448.

[168]. Poaty B, Vardanyan V, Wilczak L, Chauve G, Riedl B (2014) Modification of cellulose
nanocrystals as reinforcement derivatives for wood coatings. Prog Org Coat 77:813-820.

[169]. Landry V, Riedl B, Blanchet P (2008) Alumina and zirconia acrylate nanocomposites
coatings for wood flooring: Photocalorimetric characterization. Prog Org Coat 61:76-82.

[170]. Cristea MV, Riedl B, Blanchet P (2011) Effect of addition of nanosized UV absorbers on
the physico-mechanical and thermal properties of an exterior waterborne stain for wood.
Prog Org Coat 72:755-762.

[171]. Sow C, Riedl B, Blanchet P (2011) UV-waterborne polyurethane-acrylate nanocomposite
coatings containing alumina and silica nanoparticles for wood: mechanical, optical, and
thermal properties assessment. J Coat Technol Res 8:211-221.

[172]. Nkeuwa WN, Riedl B, Landry V (2014) Wood surfaces protected with transparent
multilayer UV-cured coatings reinforced with nanosilica and nanoclay. Part I: Morphological
study and effect of relative humidity on adhesion strength. J Coat Technol Res 11:283-301.

[173]. Bettaieb F, Khiari R, Dufresne A, Mhenni MF, Belgacem MN (2015) Mechanical and
thermal properties of Posidonia oceanica cellulose nanocrystal reinforced polymer.
Carbohydr Polym 123:99-104.

[174]. Kluge M, Veigel S, Pinkl S, Henniges U, Zollfrank C, Rossler A, Gindl-Altmutter W
(2017) Nanocellulosic fillers for waterborne wood coatings: reinforcement effect on free-

standing coating films. Wood Sci Technol 51:601-613.



930

931

932

933

934

935

936

937

938

939

940

[175]. Yang F, Wu Y, Zhang S, Zhang H, Zhao S, Zhang J, Fei B (2020) Article mechanical and
thermal properties of waterborne polyurethane coating modified through one-step cellulose
nanocrystals/graphene materials sols method. Coatings 10(1).

[176]. Harandi, D. and Moradienayat, M., 2023. Multifunctional PVB nanocomposite wood
coating by cellulose nanocrystal/ZnO nanofiller: Hydrophobic, water uptake, and UV-
resistance properties. Progress in Organic Coatings, 179, p.107546.

[177]. Zhou, W.; Fang, J.; Tang, S.; Wu, Z.; Wang, X. 3D-Printed Nanocellulose-Based
Cushioning—Antibacterial Dual-Function Food Packaging Aerogel. Molecules 2021, 26,
3543.

[178]. Vlad-Cristea MS, Landry V, Blanchet P, Ouellet-Plamondon C (2013) Nanocrystalline

cellulose as effect pigment in clear coatings for wood. ISRN Nanomaterials 2013.



