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Abstract Cellulose nanocrystals are the most fascinating smart bio-based nano-
materials derived from the most abundant and inexhaustible, naturally occurring
biopolymer “cellulose.” These nanomaterials have received a tremendous amount
of interest in both industry and scientific research due to their unique structural and
physicochemical properties includingmechanical, optical, chemical, and rheological
along with bio-compatibility, biodegradability, renewability, low density, and adapt-
able surface chemistry. However, few challenges are addressed due to the hydrophilic
nature of these nanocrystals while acting as reinforcing agent for developing com-
posite films. The surface modification or functionalization of these nanomaterials
is one such strategy to meet the various challenging demands such as the devel-
opment of high-performance nanocomposites, using hydrophobic polymer matrices.
Considering the increasing potential of this sustainable bio-nanomaterial, the current
chapter aims to collate the knowledge about the various biomass-based sources, the
details of synthesis techniques, and wide applications along with the compatibility of
sustainable polymers of cellulose nanocrystals. Further, the details about the various
characteristic properties of these bio-nanomaterials and its composites are discussed
along with their potential in wide range of applications.

Keywords Bio-nanomaterials · Sustainable · Biodegradability · Composites

1 Introduction

The growing and emerging trends of developing and utilizing nanoscaled material in
several aspects of life offers a new approach toward research, innovation, and gover-
nance. Further, the bio-based, novel, and renewable nanomaterials have gained much
interest with the aim of reducing environmental hazards. Meanwhile, the synthesis
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and functionalization of nanomaterials with their well-defined structure and modi-
fications have attracted an increasing attention due to their various potential appli-
cations in the field of nanoscience and nanotechnology. The advancement of these
nanomaterials has led to the development of functionalized nanoparticles that have
broadened their area of application in research as well as in industrial sectors, such as
in medicine, electronics, packaging, composites, biomaterials, and energy produc-
tion [1]. However, due to the growing concerns of global warming and sustainable
development, the need of substituting conventional or petroleum-based resources as
raw material with renewable bio-based is essential [2]. Furthermore, the ability to
transform cheap and abundant material to yield high value-added products will aid
significant benefit. Recently, these nanomaterials have largely used in the context
of developing new composite materials with enhanced properties and functionalities
derived from the nanomaterials and the structures they form. Cellulose nanocrys-
tals (CNC) are the recently developed, biodegradable, environment-friendly, and
nontoxic green bio-nanomaterials.

Cellulose is a standout amongst the richest crude materials found on the surface
of earth. It is a boundless biopolymer which has its broad use because of its reason-
able properties. Cellulose can be derived from various sources like plant sources,
microbial sources, and also from aquatic animals. Cellulose is a fibrous and water-
insoluble polymer that has various advantages like biodegradability, renewability, and
bio-compatibility. Previously, cellulose had its use limited to the clothes, paper and
pulp, and construction industry, but now, owing to its abundancy and unique proper-
ties, it is being processed at nanoscale in the form of CNCs. Using various isolation
processes, different types of nanomaterials can be derived from cellulose. Recent
advances are focused on deriving nanomaterials and nanofibers (which have dimen-
sions of nanometers) and using them based on their distinct properties. CNCs are a
subtype of such nanomaterials which are highly crystalline in nature and are usually
rod or needle shaped. The nanocrystals have certain biophysicochemical properties
which owes to its huge range of applications, such as low thermal expansion, gas
impermeability, and surface chemistry that is adaptable to various environmental
changes, optical transparency, and better mechanical properties [3, 4]. Depending
on the source from which the crystals are derived, the CNCs vary in properties.
Also the properties of CNCs depend on the isolation process. Acid hydrolysis is
the most common technique for deriving crystals from cellulose where strong acids
like sulfuric and hydrochloric acid are usually used. However, there are various
other methods available such as oxidation, water hydrolysis, mechanical refining,
enzymatic hydrolysis, etc. Nanocomposites, where CNCs act as reinforcement, have
higher elasticmodulus and a good amount of shift in glass transition. CNCs have high
length-to-diameter ratio and also large surface area because of its size that ranges
in nanometers. Due to these reasons, CNCs are suitable for nanocomposites. Also
the mechanical properties of the nanocomposites are improved by greater interfacial
area and better interactions between the matrix and the reinforcement. This chapter
is mainly focused on the structure and dimensions of the CNCs, its various sources,
various methods of isolation, and the different properties of CNCs depending the
sources of extraction and the isolation technique and the applications thereof.
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2 Cellulose Nanocrystals

Cellulose consists of fiber like structures which are usually crystalline in nature.
These microfibrils have different properties depending on the source fromwhich it is
derived. On undergoing various chemical, physical, and enzymatic treatments, these
highly crystalline structures can form CNC. Also, it has various shapes including
rod, needle, and spherical depending on the source material. They can too differ in
properties based on the process of isolation. They have high crystalline structures
and high modulus as compared to that of bulk cellulose.

2.1 Structural Arrangement of Cellulose

Cellulose is comprised of β(1–4) connected glucose deposits and the uridine
diphosphate-glucose atomwhich functions as a substrate for the cellulose biosynthe-
sis. Cellulose is a linear homopolymer usually derived from anhydroglucose which
is one of the glucose residues. All the other alternate glucose residues in the same
cellulose chain are β(1–4) linked by synthase protein isoform (CESA isoform) and
are rotated by 180°. The auxiliary redundant unit of cellulose chain is the dimer,
(two glucose residues β(1–4)-linked) known as cellobiose. In each cellulose chain,
two different terminal groups are found as shown in Fig. 1. One end of the each
chain is attached to a reducing group with a structure that is aliphatic in nature and a
carbonyl group. A closed ring structure along with a non-reducing group is attached
to the other end of chain. At the non-reducing ends, glucose residues are added by
CESA isoforms, which allow chain elongation. Cellulose is a rigid linear structure

Fig. 1 Chemical structure of cellulose
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and is water insoluble having a unique structure because of β(1–4)-linkages. Further,
many thousands of glucose repeat units are linked together covalently through ether
groups by β(1–4) linkage, called as a glycosidic bond (Fig. 1).

There are six different polymorphs of cellulose, namely—cellulose I, II, IIII, IIIII,
IVI, and IVII. These polymorphs are crystalline in nature. Cellulose I and cellulose II
exist in nature while the others are produced by chemical and heat treatments. Cellu-
lose I is subdivided into allomorphs, Iα and Iβ. Cellulose Iα-like chain has similarity
with crystalline algal cellulose Iα [5]. Cellulose is often found in amorphous form as
cellulose I [6]. In both the cellulose forms, the inter-chain hydrogen bonding has two
different patterns. The bonding O6—H—O3 in cellulose I is dominant whereas, in
cellulose II, the inter-chain hydrogen bondingO6—H—O2 is dominant. The inelastic
and straight shape of each cellulose chain is imparted by the O3—H—O5 bonding.
The intra-hydrogen bonding plays the prior role for imparting these characteristics.
This bonding is found in both polymorphs (I and II) [7–9]. The higher visualization
of the structure of cellulose demonstrates that there are two distinctive chains in a
unit cell in Iβ, wherein, all the glucosyl residues are similar but they face in opposite
direction alternately whereas in Iα, there is a single chain structure in a triclinic unit
cell. In this structure of cellulose, alternate glucosyl residues differ slightly in config-
uration and hydrogen bonding. The O2 and O6 have various possibilities of hydrogen
bonding. The O2—H—O6 bonding (intra chain) is present in both Iα and Iβ. But the
chain bonding is shorter in that of Iα [8]. The O2 and O6 are very reactive hydroxyl
groups, but the less reactivity of O3 atoms is due to the O3—H—O5 bonding which
is strong [10].

2.2 Cellulosic Nanomaterials

Cellulosic nanomaterials are made from a very common material found on earth,
cellulose. They can be made from materials such as plants, wood, algae, and bacte-
ria. Cellulosic nanomaterials from different sources are of different types and shapes
having various different properties. These are whisker like materials and crystalline
in nature with a range of mechanical properties. Some cellulosic nanomaterials have
unique properties that are important for the applications in optics, nanotechnology,
and in fields of material science. As the name suggests, these materials are nano-
sized and have highly ordered cellulose chain bundles. These bundles of cellulose
chain are aligned along the axis of the bundle. To this, they impart new properties in
contrast to the properties of their sources. Cellulose nanomaterials have low thermal
expansion, high mechanical properties, and high aspect ratio. They have hydroxyl
groups attached to the surface which when chemically modified impart additional
functionalities. The nanomaterials have higher surface area, modulus, amorphous
fractions, and specific strength in comparison to normal cellulose. The huge indus-
trial applications of cellulosic nanomaterials may be accounted for their minimum
environmental risks, low safety risks, sustainability and biodegradability, and also
lower processing costs.
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Fig. 2 Different forms of nanocellulose

Cellulose nanomaterials can be broadly classified into two types viz. nanostruc-
tured materials and nanofibers (Fig. 2). These two can be further subdivided depend-
ing on the size of the particles. Nanostructured materials can be classified as micro-
crystals and microfibrils whereas the nanofibers can be categorized into nanofibrils
and nanocrystals.

2.3 Various Crystalline forms of Cellulose Nanocrystals

CNCs are highly crystalline because of the linear and homogeneous nature of the
cellulose polymer and also the intermolecular hydrogen bonding between the cel-
lulose chains that are adjacent to each other. The source of the cellulose and the
isolation process determines the size of the crystal and the degree of crystallinity.
For example, the degree of crystallinity in bacterial cellulose is 50–60%, 80% in
tunicates, and 90% in some algae. Acid hydrolysis is generally employed to isolate
the crystalline cellulosic structures in the form of CNCs. This idea of acid hydrolysis
to isolate cellulose nanocrystal from disarranged inter-crystalline areas of cellulose
chain networks was developed by Nickerson and Habrle [11]. It was later confirmed
by Rånby [12] when he produced colloidal suspensions of cellulose crystals.

The different polymorphs of cellulose may have different properties such as
nanocrystal I, cellulose nanocrystal II, cellulose nanocrystal: I → II (i.e. cellulose
nanocrystal II derived from cellulose I), and cellulose nanocrystal III. All these
polymorphs are produced using different methods like acid hydrolysis, sulfuric acid
hydrolysis specifically. Depending on the polymorphs, the CNCs contrast in their
properties and their effect on the properties of the network of the polymer. All these
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polymorphs of cellulose nanocrystal differ in their reinforcing ability and network
formation ability along with precisely percolated network formability.

The cellulose nanocrystal can be of fibrous structure, in the form of microfibrils
and macrofibrils. The microfibrils are fundamental structures that build the microfib-
rillar part of every single layer of cell wall. The rudimentary fibrils are made of
just β(1–4)-connected glucose residues that are CESA complex synthesized [13].
Microfibril mainly comprises of elementary fibrils and these fibrils aremainly associ-
ated with polymers, non-cellulosic in nature. Every microfibril has 36 glucose chains
in approximation. Inter-hydrogen bonding and intra-hydrogen bonding stabilizes the
glucose chains and provides higher stability to microfibrils [7, 8]. The degree of
polymerization of cellulose chains is in the range of 2000–25,000 glucose residues
[14]. In case of primary cell wall of aspen wood, the degree of polymerization is
4200, whereas in case of secondary cell wall, it is 9200 [15].

Recently,microbial auxiliarymodel dependent on direct visualization of themaize
parenchyma cell walls, primary cell walls to be specific, was proposed with the use of
atomic force microscopy [13]. As per the model, there are thirty-six glucose chains
which are re-distributed based on their respective location into three groups. The
first group that comprises the center actual-crystal core is made of six glucose chains
which form a hexagonal shape cross-section. The first group is seen to be completely
crystalline in structure. The next group is made of twelve sub-crystalline chains and
is directly connected with the crystal core. The last group consists of eighteen sub-
crystalline or noncrystalline chains situated at the outside of crystal. The second and
third groups add to the protection and transitional stages between the crystal centers
and later keep noncrystalline polymers.

2.4 Dimensions of Cellulose Nanocrystals

The measurements, length and width of the CNCs may vary depending on the nature
of the cellulose microfibrils and the states of corrosive hydrolysis such as time,
temperature, etc. The dimensions of the CNCs are shown in Table 1 based on the
various sources and extraction methods. Since the hydrolysis process is diffusion-
controlled, cellulose nanocrystal has a huge range of length and width. There is
a variation in average length of the rod-shaped particles from tens to nanometers.
The width ranges from 3 to 50 nm. The aspect ratio of CNCs play a major role in
determining its reinforcing capability. The aspect ratio is nothing but the ratio of its
geometrical length-to-diameter and higher the aspect ratio, higher the reinforcing
ability. The mechanical performance of CNCs is improved by the networks. Aspect
ratio or angle proportion assumes a vital job in the development of these systems.
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Table 1 Dimensions of cellulose nanocrystal based on various sources

Source Preparation method Length (nm) Width (nm) Aspect ratio Reference

Wood H2SO4 hydrolysis 100–150 3–5 20–100 [16]

Sisal H2SO4 hydrolysis 100–300 3–5 −60 [17]

Tunicates H2SO4 hydrolysis >1000 10–20 −100 [18]

Valonia H2SO4 hydrolysis 1000–2000 10–20 50–200 [19]

Bacteria H2SO4 hydrolysis 100–1000 10–50 2–100 [20]

Ramie H2SO4 hydrolysis 70–200 5–15 12 [21]

Cotton HCl hydrolysis 100–300 5–10 10–30 [22]

Bacteria HCl hydrolysis 160–420 15–25 7–23 [23]

3 Biomass-Based Sustainable Sources of Cellulose
Nanocrystals

CNCs are derived from various sources such as plant cell walls, algae, bacteria,
cotton, rice husk, and microcrystalline cellulose. Depending on the source, matu-
rity, extraction method and reaction parameters; various structures, properties, and
application of CNCs can be obtained.

3.1 Lignocellulosic Sources

Woody and non-woody plants are a source of lignocellulosic fibers which is a good
feedstock for the production of various nanocrystals. Lignocellulosic fibers can be
broadly classified on the basis of part of the plant as leaf, stem, grass, seed or fruit,
and straw.

Woodyandnon-woodyplants canbe termedas cellular hierarchical biocomposites
that have been created by nature. In these, the semi-crystalline cellulose microfibril
acts as reinforcement while the matrix material in such biocomposites is lignin or
hemicellulose, waxes, and trace elements [24, 25]. There are a number of factors that
prominently affects the properties of natural fibers. They are chemical composition,
internal structure of fiber alongwith variation between different parts of the plant. On
removing hemicellulose, lignin, and all other impurities, pure cellulose is obtained.
Wood is the primary source of cellulosic fibers and an important raw material in
production of cellulose nanocrystal.

Various sources such as aquatic plants, crops, herbs, and their by-products too are
used as cellulosic sources. Fibers from these sources have cellulosic microfibrils less
tightly wound around the primary cell wall in contrast to the secondary wall in case
of wood. Bleaching methods in case of non-woody plant are less chemical and more
energy demanding since due to the lower content of lignin as compared to woody
plants. Other lignocellulosic sources can be seasame husk [26], sugarcane bagasse
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[27, 28], groundnut shells [29], straws [30], jute [31], bamboo [32], and coconut [33].
Based on the sources and different isolation processes, cellulose crystals may vary
in their morphology, degree of crystallization, surface charge, porosity, mechanical
properties, stability, etc.

3.2 Algal Sources and Bacterial Sources

Algae is also a source of microfibrils other than lignocellulosic materials. Due to the
high carbohydrate content of red algae,which is composedof agar and cellulose, it has
numerous applications [34]. One such red algae isGelidium. For preparation of cellu-
lose nanomaterials,Gelidiumelegans is used [35]. Since this red algae is readily avail-
able and abundant, it is widely used in production of cellulose nanomaterials. Cellu-
lose producing algae usually belong to the orders Siphonocladales (Dictyosphaeria,
Valonia, Boergesenia and Siphonocladus) and Cladophorales (Microdyction, Rhizo-
clonium, Cladophora and Chaetomorpha) [36]. Cellulose microfibril structures are
different for varying algae species because of the biosynthesis process. For example,
cellulose obtained fromCladophora or Valonia has a high degree of crystallinity that
may reach up to 95% [37].

Cellulose that is derived from bacteria has high chemical purity, less weight,
large water holding capacity, good mechanical properties, and high chemical stabil-
ity. It is nontoxic, biodegradable, renewable, and has a highly crystalline network
structure. There are certain species of bacteria that use a large variety of nitrogen
and carbon sources for the production of cellulose. An example of such a bacte-
ria is Komagataeibacter xylinus. There are various advantages of cellulose that are
derived from microbes over the plant derived cellulose. They have higher purity,
greater mechanical properties, higher water holding capacity, distinct nanostructure,
and greater stability [38]. The cellulose microfibrils, that are formed, are in the shape
of flat and thick pellicles on the surface of the growth medium [39]. Cellulose from
bacterial sources has a high degree of polymerization and also has better chemical
and mechanical properties.

3.3 Other Sources

Other sources of cellulose may be animals, precisely aquatic animals. Tunicates are
proven to be a good source of cellulose. Tunicates are aquatic animals and fall in the
category of invertebrates.Cellulose is present in the tunic tissues of the tunicates and it
acts as a skeletal support to the tissues which covers their entire epidermis. Tunicates
have a leathery structure that provides a good source for cellulose microfibrils. The
structure and properties of the cellulose microfibrils depend on the various species of
tunicates from where they are obtained. Table 2 showing CNCs derived from various
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Table 2 Various cellulose nanocrystals derived from various sources

Source Dimension Application and
advantages

References

Lignocellulosic
source

Seasame husk 30–120 nm As reinforcement
in polymer matrix

[26]

Cotton 8 ± 3.4 nm
(diameter)

Used in polymer
composites since
it has high
crystallinity, low
cost, etc.

[40]

Palm oil 12.15 nm Used in
nanocomposites
as it has high
thermal stability

[41]

Jute 550 ± 100 nm
(length)

Used as
reinforcing
element in
nanocomposites

[31]

Rice husk – Used in drug
delivery system

[42]

Algal source Red algae
(Gelidium)

21.8 ± 11.1 nm
(diameter)

It has good
thermal stability
and is used in
nanocomposite

[35]

Bacterial source Bacteria
(Acetobactor
xylinum)

– Used in
biopackaging
material

[43]

sources, its dimensions and its advantages and applications. This table has the recent
advances made by CNCs.

4 Various Extraction Techniques of Cellulose Nanocrystals

Themorphology, physiochemical properties, andmechanical characteristics ofCNCs
exhibit variations depending on their source of raw material and the extraction pro-
cess. The latter step is crucial for further processing and developing CNCs into
functional, high-value added products, and, as such, efforts to face the shortcomings
in the conventional methodology, to increase the production with a reduced cost are
continuously reported in the literature. As stated above, CNCs can be extracted from
various raw materials on the earth that firstly need to follow a pre-treatment proce-
dure for the removal of the matrix materials (e.g. lignin, hemicelluloses, fats, waxes,
proteins, etc.) resulting in the extraction of the individual cellulose fibers. Depending
on the source of the cellulose, the naturally occurring bulk cellulose primarily con-
sists of highly ordered crystalline domains and some disordered amorphous regions
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Fig. 3 Various extraction techniques of CNCs

in varying proportions. When these microfibrils are subjected to a proper combina-
tion of chemical, mechanical, oxidation and/or enzymatic treatments, the crystalline
domains of the cellulose microfibrils can be isolated, giving rise to the formation
of CNCs. The production of CNCs in an economic and sustainable way and further
exploration of its functional products are currently the major tasks for the researchers
both from the academia and industrial point of view. Several processes have been
reported in literature for the extraction of CNCs, namely chemical acid hydrolysis,
enzymatic hydrolysis, mechanical refining, ionic liquid treatment, subcritical water
hydrolysis, oxidation method, and combined processes (Fig. 3).

4.1 Acid Hydrolysis

The most commonly used technique for the fabrication of CNC is acid hydrolysis.
During the process, acid molecules are diffused through the cellulose microfibrils,
resulting in cleavage of glycosidic bonds within cellulose molecular chains in the
amorphous regions along the cellulose fibrils, thus leading to the breaking of the
hierarchical structure of the fibril bundles into crystals form. The function of using
acid in hydrolysis is to release hydronium ions that tend to penetrate the cellulosic
material in the amorphous domains and also react with the oxygen molecules on
the glycosidic linkages between two anhydroglucose moieties for the initiation of
protonation of oxygenmolecules and thus, hydrolytic cleavage of glycosidic linkages
of amorphous regions occur. Moreover, the selective cleavage of cellulosic chains is
done because of the difference in the kinetics of hydrolysis between paracrystalline
and crystalline regions. Also, breaking down the polysaccharides into simple sugars
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during acidic treatment could help to hydrolyze the residual pectin and hemicellulose.
The size of the crystallites depends on the freedomofmotion after hydrolytic cleavage
and accordingly, they can grow and the dimension of crystallites will be larger than
the original microfibrils.

In this hydrolysis technique, a specific concentration of desired acid is mixed
with deionized water to form an acid solution which will be added to the pure cel-
lulose. The final mixture at the end of the acid hydrolysis process is subjected to a
number of separation and washing steps which is followed by the dialysis against
deionized water for the removal of excess acid and neutralized salts. The hydrolyzed
acid suspension is subjected to ultrasonication, homogenization, and centrifugation
during separation andwashing steps to get homogeneous dispersion ofCNCs in aque-
ous media. Further, hydrolysis coupled with ultrasonication and homogenization is
used to increase the activity of acids to degrade amorphous regions of cellulose. At
the last, after dialysis, the neutralized suspension is subjected to centrifugation for
the removal of deionized water followed by lyophilization/freeze-drying to obtain
powdered CNC. A schematic representation of the acid hydrolysis process is shown
in Fig. 4.

Several types of acids have been used by researchers to date, ranging from strong
acid to weak bio-based acids such as sulfuric acid, hydrobromic acid, hydrochloric
acid, phosphoric acid, maleic acid, and hydrogen peroxide to extract CNCs from
different resources. However, sulfuric and hydrochloric acids are frequently used
for the acid hydrolysis of cellulose from various sources. The effect of processing
conditions on the physicochemical, thermal, and mechanical properties of CNC has
been mentioned in literature by numerous researchers. Also, the particle size, crys-
tallinity, morphology, thermal stability, and mechanical properties of CNC depend
on the temperature and time of the hydrolysis along with the nature, concentration of

Fig. 4 A schematic representation of the acid hydrolysis process



248 K. Mondal et al.

acid, and fiber to acid ratio. It has been observed by the researchers that an increase
in hydrolysis time showed reduction in the length of the CNCs and an increase in
acid/fiber ratio reduced the crystals dimensions [44]. Moreover, the selection of acid
affects the properties of the fabricated CNCs.

Sulfuric acid, the most commonly used acid for the CNC extraction, provides
highly stable aqueous suspensions, due to the esterification of surface hydroxyl
groups to give charged sulfate groups, whereas hydrochloric acid leads to an unstable
CNC suspension, with minimal surface charge. Further, hydrochloric acid provides
low-density surface charges alongwith limited dispensability and also promotes floc-
culation in aqueous suspensions [45, 46]. Although the mentioned drawback can be
arrested by surface modification or functionalization method. On the other hand, in
the case of using sulfuric acid, a stable colloidal suspension is produced due to the
high negative surface charge promoted by sulfonation of CNCs surface. In this con-
text, these sulfate groups catalyze and initiate the degradation of cellulose at higher
temperature. Thus, produced CNCs have limited thermal stability, whichmay restrict
the use of CNCs in processing of CNC-based nanocomposites at high temperature
[47]. Though several ways have been adopted to address the drawback related to their
thermal stability, one of the ways is mixing the above-mentioned acids to generate
CNCs with high thermal stability along with low dispersibility.

Other acids such as phosphoric acid surprisingly have achieved little attention in
increasing the thermal stability and bio-compatibility by using functionalization of
phosphate groups. This acid has also been used for the fabrication of CNCs by
hydrolysis from cotton and cedar kraft pulp [48]. The acid has been added drop by
drop to the cellulose slurry up to a predetermined concentration and further heated.
Although, the yield of CNC completely depends on the reaction temperature and acid
concentration. Generally around 80% yield has been achieved by the researchers.
Espinosa et al. [47] reported the dimension and surface-charged density of phospho-
ric acid hydrolyzed fabricated CNCs. The fabricated CNCs had a width of ~31 nm,
length of ~316 nm, and charge density of ~11 mmol/kg cellulose and obtained
at the optimized conditions of 10.7 M phosphoric acid and 90 min reaction time
at 100 °C. Application of phosphorylated microcrystalline cellulose and phospho-
rylated regenerated cellulose hydrogels have been investigated in bone regenera-
tion [49]. Literature also states that phosphorylated CNCs have shown much higher
thermal stability than partially sulphated CNCs.

A mineral acid, other than sulfuric acid, reported for fabrication of CNCs is
hydrobromic acid (HBr). Further, to increase the yield of CNCs, ultrasonication had
also been applied during hydrolysis reaction and the optimized condition 2.5MHBr,
100 °C and 3 h, which resulted in a yield of around 80%.Cotton fiber had been chosen
as source material for the production of CNCs. Moreover, HBr-modified CNCs can
be used for site-specific grafting reactions.

In the context of reducing waste, coming from strong acids during the production
of CNCs, ammonium persulfate (APS) can be used as substitute to sulfuric acid
due to its inexpensive oxidizing nature with high water solubility and low stability.
It has been reported that APS-based CNC production is a sustainable way which
generates lesser hazard. This process is very advantageous for scaling up as APS
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has the capability to remove lignin, hemicellulose, pectin, and other plant contents
in a single step process. In contrast, the yield of CNCs is less compared to the strong
acid hydrolysis process. Additionally, the fabrication of CNCs by APS was done by
Leung et al. and the achieved yield was 28–36% from the complex flax and hemp
fibers compared to the 81% yield from pure cellulose source from Whatman filter
paper [50].

Although all the acid hydrolysis procedures are simple, yet a few limitations are
essential to be addressed.Due to the use of strong acids, the drawbacksmainly include
large water usage, corrosion of equipment, and the generation of waste acid solu-
tion. Furthermore, the cost of CNC production is increased due to the requirement
of corrosion-resistant equipment. Further, during fabrication of CNCs, crystalline
regions are subjected to hydrolysis and structural changes occur in this step, though,
in harsh conditions the crystallinity got decreased [51]. Although researchers have
started to find out the way of replacing strong liquid acids by solid acids for environ-
mental and sustainable reasons [52]. In this context, cation-exchange resin hydrolysis
technique has been used to fabricate CNCs with 84% crystallinity and with a 50%
yield and they have reported that this method causes less waste and corrosion. Phos-
photungstic acid is also another substitute for CNC production reported by Liu et al.
[53] and the produced CNCs showed relatively good dispersibility in aqueous phase
and high thermal stability. Another work by Du et al. [54] reported CNC produc-
tion by ferric chloride catalyzed formic acid hydrolysis with a high crystallinity and
excellent thermal stability of 70–80% yield.

Moreover, bio-based acids are now getting attention as substitutes to strong acids
for the production of sustainable CNCs. In contrast, these bio-based acids have weak
penetration power, and due to this reason, ultrasonication is required for breaking
downof glycosidic linkages of cellulose chains.Yu et al. [55] reported the preparation
of carboxylated CNCs from microcrystalline cellulose with citric/hydrochloric acid
hydrolysis. The fabricated CNCs from this method had shown better crystallinity,
best suspension stability, and better thermal stability with the hydrolysis time of
4 h. Another work reported by Tang et al. [56] reports the usage of ultrasonication
for disintegration of esterified cellulosic slurry with acetic/sulfuric acid hydrolysis.
Further, the ultrasonication aids in breaking the amorphous region of the cellulosic
material. Kontturi et al. [57] mentioned about the preparation of the CNCs using
hydrogen chloride (HCl) vapor with less water consumption along with a higher
yield. Use of vapor of HCl helps in raising rapid hydrolysis of cotton-based cellulose
fibers. The CNCs produced from this method showed improved crystallinity without
any mass loss in the cellulose substrate during hydrolysis with a minimal impact on
the morphology. With this system, the yield obtained was 97.4% which is better than
employing only liquid HCl with 11% yield. Further, Chen et al. [58] have reported
the high thermal stablity of functional CNCs using organic acids such as oxalic,
maleic, and p-toluene sulfonic acids. They also mentioned about the easy recovery
of solid organic acids after hydrolysis reactions through crystallization at a lower or
ambient temperature using their low water solubility.
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4.2 Enzymatic Hydrolysis

Moreover, hydrolysis using concentrated acid poses serious environmental risk in
terms of both disposal and energy consumption. Further, the increasing demand of
green and sustainable technology aided to search an alternative of acid hydrolysis
which must be economically and environmentally feasible. In addition, the corrosive
nature of the acids also adds high cost to the production for using highly corrosion-
resistant reactor. However, acid-treated CNCs are poor in thermal and mechanical
properties which may affect the performance of composites. Therefore, an alterna-
tive way of CNC production needs to be found which would be eco-friendly without
affecting the property of native cellulose. In addition, the enzymatic hydrolysis has
shown its potential effects in the conversion of cellulosic biomass into fuels and
chemical with higher yields, selectivity, lower energy costs, and milder operating
conditions than others [59]. Further, the global focus on refining of lignocellulosic
biomass has been enlarged so as to include the intermediate products like nanocel-
lulose [60]. Thus, enzymatic hydrolysis could be employed as an approach with low
environmental impact in the downstream process of cellulose to CNCs. Aiming to
make this process economically viable, effort needs to be made to increase the effi-
ciency of cellulolytic enzymes by enhancing the resistance to operational conditions
such as pH and temperature or by increasing the speed and importantly, by reduc-
ing their price. In this context, a mixture of various enzymes collectively known
as cellulose enzymes is available in market under different trade names. Generally,
the mixture includes endo-1,4-β-glucanases (EGs) which breaks cellulose chains
in random locations away from the main chain ends, exoglucanases or cellobiohy-
drolases (CBHs) which breaks cellulose by splitting off molecules from both ends
of the chain and produce dimmers, and β-glucosidases, which hydrolyze the cel-
lobiose units that are produced during the EG and CBH attacks, turning them into
glucose [61]. Furthermore, EGs help to degrade the amorphous regions of the cel-
lulose chains to produce smaller cellulosic fragments and CBHs targets the short
crystalline regions of the cellulose. This favorable effect presents an advantage for
the controlled production of CNCs [62]. Thus, cellulase can be used as an alternative
to acid hydrolysis to obtain nanocrystals. Although, few reports exist on the fab-
rication of CNCs through enzymatic hydrolysis, George et al. [63] have compared
morphological and thermal properties of bacterial CNCs with acid hydrolyzed CNCs
where CNCs was used as filler in poly(vinyl alcohol) nanocomposites. Satyamurthy
et al. [64] have produced CNCs using a controlled microbial hydrolysis of MCC
using cellulolytic fungus Trichoderma reesei with a yield of 22% and the author
reported that the crystallinity obtained by microbial hydrolysis was lesser compared
to acid hydrolyzed [65]. Thus, to overcome the problems that occur during enzy-
matic hydrolysis, few pre-treatment methods have been reported before processing
to enzymolysis for CNC fabrication. In this context, Chen et al. [66] has reported the
pre-treatment of natural cotton with DMSO (dimethyl sulfoxide), NaOH (sodium
hydroxide) or ultrasonic waves before proceeding toward enzymatic hydrolysis and
obtained the yield of 32.4%. In a similar study, Xu et al. [67] demonstrated the
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endoglucanase derived from Aspergillus oryzae to hydrolyze pre-treated hemp and
flaw fibers. In this work, sonication-microwave was used to pre-treat the sample
in 2% NaOH solution for better quality and higher yield. Though they have effec-
tively eliminated the need of acid for hydrolysis, but pre-treatment is still costlier
for enzymatic hydrolysis before processing. However, cellulose from Aspergillus
niger has shown the capability of fabricating CNCs with minimal processing from
feedstock of kraft pulp with 10% yield. In addition, recently, Hu et al. [68] devel-
oped a bio-absorbable bacterial cellulose for wound dressing applications and their
biodegradability was investigated by using different enzymes. Wang et al. [69] has
also done similar in vitro study of biodegradability of bacterial cellulose by cellulose
in simulated body fluid. In contrast, Domingues et al. [70] compared CNCs obtained
by acid hydrolysis of eucalyptus fibers with CNCs from bacterial cellulose using
enzymatic hydrolysis.

Fabrication of CNCs by enzymatic hydrolysis has been observed to be potential
with acceptable yields, advanced selectivity, andmilder operating conditions in com-
parison to the chemical process. However, economical and technical constraints are
responsible for hindering this technique from commercialization. Mainly, the high
cost of enzyme and rate-limiting step of cellulose degradation with a long processing
period are considered as drawbacks. The slow rate of enzymatic hydrolysis has been
found to be affected by various factors that encompasses structural features resulting
from pre-treatment and enzyme mechanism.

4.3 Mechanical Methods

Mechanical approaches for the fabrication of CNCs have also been investigated as
a part of the process indicating combinations of acid hydrolytic, enzymatic treat-
ment and oxidative methods, or directly [71–73]. Most commonly used methods
are microfluidization, ultrasonication, high-pressure homogenization or ball milling.
These procedures are commonly employed for the fabrication of cellulose nanofibers
(CNFs). In addition, CNFs are characterized as nanocellulosic materials with a diam-
eter in nanometers or tens of nanometers with a length up to several microns [74].
Relating to this method, recently, people have studied high energy bead milling
(HEBM) process for the fabrication of CNCs from aqueous or dilute acid (phospho-
ric acid) dispersion of commercially availablemicrocrystalline cellulose (MCC). The
dispersed sample gotmicronized through aHEBMprocess. They have reported about
the similar characteristic morphology and aspect ratio of produced CNCswith that of
acid hydrolyzedCNCs. The resultedCNCswere rod-like and presented a crystallinity
index of 85–95% with yield of 57–76%. Furthermore, they have found that the fab-
ricated CNCs are thermally stable to withstand the melt processing temperature of
most common thermoplastics. Generally, in ball milling technique, cellulose suspen-
sion can be disintegrated by the high the energy collision between the balls made
by ceramic, metal, or zirconia in a hollow cylindrical container while the container
rotates. However, chemical pre-treatment is helpful for weakening hydrogen bonds
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and eliminating the small particles. But the fibrous morphology is easily damaged by
the ball mill. In this context, high-intensity ultrasonication has been employed as one
of the mechanical method for the isolation of CNCs [72, 75]. The fabricated CNCs
were rod-shaped and produced from an aqueous dispersion of MCC using physical
method of ultrasonication. The obtained diameter of fabricated CNCs was between
10 and 20 nm with a length of 50–250 nm in range with a production yield of 10%.
Another study has reported the better yield of 85.38% of esterified-CNCs fabricated
from pure wood pulp filter paper through ultrasonic extraction. They revealed that
E-CNCs were prepared with cellulose pulp using a mixture of acetic and sulfuric
acid with the aid of ultrasonication. The yield obtained was better in this method as
compared to that without the method used ultrasonication. In this particular study,
ultrasonication showed an important role in the degradation of cellulose and esteri-
fication. The effect of this method may be explained by the formation, growth, and
collapse of cavities in aqueous solution [76]. Cavitation occurred during ultrasoni-
cation, showed energy of approximately 10–100 kJ/mol and which falls under the
hydrogen bond energy scale [77]. The impact of ultrasonication can effectively dis-
integrate the amorphous region of cellulose due to the energy and also beneficially
effective for the reagent to enter the interior of cellulose fibers.

4.4 Oxidation Methods

The presence of hydroxyl groups on cellulose is highly reactive and can be easily
oxidized by strong oxidants to aldehydes, ketones, and carboxyl groups. Thus, the
structure of cellulose is destructed and the degree of polymerization is also decreased.
Therefore, taking the advantages of the presence of reactive group of cellulose,
the researchers have successfully fabricated CNCs by the use of oxidation method.
Saito and Isogai [78] had reported a new method to introduce charged carboxy-
lated groups into cellulosic materials which helped disintegration into nanofibrils
with smaller widths, by utilizing a much lower energy input in comparison to that
of the traditional pure mechanical treatments. The two-step oxidation method was
employed to prepare CNCs and microfibrils using sodium periodate followed by
sodium chlorite as oxidant [50] and finally, two-step centrifugation. Generally, peri-
odate is firstly utilized to oxidize the C2 and C3 hydroxyl groups using chlorite.
They have reported the diameter and length of fabricated CNCs and microfibrils
accordingly 13 nm, 120–200 nm and 120 nm, 0.6–1.8 μm. In this case, the produced
CNCs with carboxyl groups on the surface had shown a high crystallinity ~91% and
high charge density which could form a stable suspension in aqueous phase. Fur-
ther, the resultant microfibrils could be translated to cellulose nanofibers (CNFs) by
mechanical agitation. However, this two-step oxidation method requires the expen-
sive and toxic periodate along with the disintegration process with very high energy
consumption.

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation has also been
employed to prepare carboxyl CNCs which is one of the region-selective chemical
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modifications of the primary hydroxyl groups of CNCs. The reaction occurs on the
surface of cellulose fibers and in amorphous domains. As the carboxyl content is
increased to a certain amount, cellulose starts to disperse in aqueous solution but the
crystalline regions remain intact and can, therefore, be released. Another literature
stated about the direct use of ultrasonic-assisted TEMPO–NaBr–NaClO system for
the production of carboxylic CNCs from cotton linter pulp. A stable well-dispersed
aqueous suspension was obtained after the oxidation process where some of the
amorphous regions of the cellulose were found to be gradually hydrolyzed. They
have reported the microscopic observations of the CNCs 5–10 nm in width and 200–
400 nm in length. Furthermore, TEMPO–NaBr–NaClO system was used by Cao
et al., who reported the stable transparent dispersion of CNCs with a yield of 80%
and high crystallinity and surface area. Moreover, TEMPO-mediated CNCs are able
to be completely disperse at the individual nanofibril level in water by electrostatic
repulsion and/or osmotic effects. This behavior is responsible for the presence of
anionically charged sodium carboxylate groups at the fiber surface. In contrast, this
method also exhibits some serious constraints, such as toxicTEMPOreagents leading
to cause environmental issues, oxidation time, and limited oxidation at C6 primary
hydroxyl groups in CNCs. Furthermore, the oxidation reaction helps to reduce the
rigidity/lengths of the CNCs due to breakage of the glycosidic linkages. Another
oxidant APS could be used to fabricate carboxylated CNCs by one-step procedure
from various cellulosic sources with yields in the range of 14–81%. However, this
method also consumed the time for alkaline pre-treatments and long reaction times of
16–24 h. The overall yield of CNCs was higher by the oxidation degradation method
after comparing with mineral acid hydrolysis and enzymatic hydrolysis. However, in
this process of reaction, a large number of oxidants were consumed, and the reaction
time was longer. Also, a large amount of water and energy needs to be consumed
which leads to the fact that the cost of CNCs production would be very high.

4.5 Ionic Liquid Treatment

Ionic liquids (ILs) is a kind of organic salt solution with low melting point, gener-
ally, less than 100 °C, which is composed of organic cations and other anions. This
treatment has received growing attention by the researchers due to its recyclability,
high stability, non-flammability, low melting point, and low vapor pressure reagents,
which leads to innovative and sustainable solutions. Further, their unique solvating
properties and environment-friendly nature helped them to use as solvent for dissolv-
ing and separating medium from lignocellulosic materials for fabrication of CNCs.
Additionally, it is considered as green solvent. In spite of their unique advantages,
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their embodied energy and cost, the recyclability, and the reuse of ILs, undoubt-
edly, appear to be indispensible for the conception of any environmentally and eco-
nomically viable CNCs isolation process. Commonly used ILs are imidazolium-
based acidic solutions, such as 1-ethyl-3-methylimidazolium diethylphospho-
nate ([EMIM]DEP), 1-butyl-3-methylimidazolium chloride ([BMIM]Cl), 1-butyl-
3-methylimidazolium acetate ([BMIM]OAc), and 1-butyl-3-methylimidazolium
hydrogen sulfate ([BMIM]HSO4). These solvents are found to be most interest-
ing and mostly investigated solvents for fabrication of CNCs from cellulose. The
recovery rate of these ILs can be reached at 99.5% by evaporating the anti-solvents,
has estimated by some researchers.

Various current works have stated about the effectiveness of ILs for selective and
controlled cellulose hydrolysis leading to nanoscale particles isolation as an alterna-
tive to conventional methods. In the recent works, ([BMIM]HSO4 ) has been utilized
to fabricate CNCs fromMCC [79]. The author clearly demonstrated about the poten-
tial effect of [BMIM]HSO4 for the isolation of rod-like morphology of CNCs with
yield of 48% andwith the diameter of 14–22 nm and the length of 50–300 nm. Also it
has been reported thatmechanismof ILs hydrolysiswas similar to the acid hydrolysis.
During this treatment, the amorphous domain got dissolved and thereby increase of
crystallinity occurred. Further, the native conformation of cellulose type I remained
in this treatment compared to MCC. A two-step hydrolysis process was explored
by Mao et al. employing ([BMIM]HSO4)[80]. In this work, they first allowed 24
h for swelling at room temperature followed by 12 h hydrolysis at 100 °C and the
developed CNCs was conferred with good surface properties and high production
yield. Later, they hydrolyzed softwood, hardwood, and MCC by optimizing two-
stage method with ([BMIM]HSO4)aqueous, and the yield of CNCs was 57.7, 57, and
75.6%, respectively. Further, similar work by Tan et al. where ([BMIM]HSO4)was
utilized as both solvent and acid catalyst [81]. In this case, hydrolysis of MCC was
done at 70–100 °C for 1 h 30min in ([BMIM]HSO4)solvent. The author has reported
the rod-like morphology of CNCs obtained with conserved cellulose type I structure
during the catalytic conversion process with crystallinity of 95.8% compared to the
original MCC. Currently, for the first time, Abushammala et al. [82] have stated the
use of [BMIM]OAc for the direct extraction of CNCs from wood. They demon-
strated the capability of [BMIM]OAc to dissolve lignin in situ and at the same time,
resulting in the swelling of cellulose only during treatment. The developed CNCs
showed crystallinity of 75% and a high aspect ratio of 65 with a yield of 44%. This
study explained that [EMIM]OAc had three main functions in the process, respec-
tively, (a) dissolving cellulose in situ when cotton fibers were infiltrated, (b) reducing
intermolecular cohesion in wood by acetylation, and (c) catalyzing the hydrolysis
reaction of cellulose. Lazko et al. reported the use of [BMIM]Cl for infiltration
at 80 °C and subsequently sulfuric acid was added with a concentration of 1–4 wt%
[83]. Further, allowing the time of 2–16 h for reaction to complete production of CNC
showed diameter of 20 nm and length of 150–350 nm. It has been found that obtained
CNCs prepared by [BMIM]Cl had less sulfonic group content on the surface com-
pared to [BMIM]HSO4 with increased thermal stability. Furthermore, Iskak et al.
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had used [BMIM]Cl for preparation of CNCs and they varied reaction time and tem-
perature to check the yield, particle size, and crystallinity index of CNCs [83]. The
obtained CNCs showed particle size of 9 nm with crystallinity index of 73% with 30
min reaction time, while increasing the temperature of reaction at 100 °C, obtained
CNCs showed 76% crystallinity index with 90% yield. Moreover, researchers have
updated a new one-pot preparation of hydrophobic CNCs from wood pulp using
solvent system tetrabutylammonium acetate/dimethlacetamide in conjunction with
acetic acid, where both the dissolution of amorphous cellulose and acetylation of
hydroxyl group takes place [84]. The developed CNCs were found to be hydropho-
bic with rod-shapedmorphology, good thermal stability, and high crystallinity index,
but the yield was unknown.

4.6 Subcritical Water Hydrolysis

The natural ability of water to hydrolyze polysaccharides is well known in hydrother-
mal process of elimination of hemicelluloses [85]. Very few investigations have been
reported on subcritical water hydrolysis for the fabrication of CNCs. However, the
subcritical water possessed higher diffusion, activity, and ionization than common
water as sub and supercritical water has lower ionization value (Kw) . Additionally,
the rate of hydrolysis mainly depends on few characteristics such as presence of
water molecules and the availability of H3O+ and water. Therefore, the utilization
of subcritical water could be efficient for the hydrolysis reactions. It has been previ-
ously demonstrated that water at high temperature and pressure is able to hydrolyze
lignocellulosic materials. Moreover, utilization of water as a reagent is a promising
technique for not only its environment-friendly characteristics but for its low and
cleaner effluents, low corrosion, and cost effectiveness [86]. Utilization of subcriti-
cal water hydrolysis has been reported byNovo et al. [86] for the production of CNCs
from commercial microcrystalline cellulose. Optimization of the reaction conditions
had been done to obtain good quality of CNCs with higher yield. The optimized
condition was 120 °C and 20.3 MPa for 60 min for subcritical water to hydrolyze
cellulose. The resulted rod-shaped CNCs showed high crystallinity index of 79%
with a yield of 21.9% and high thermal stability along with similar aspect ratio in
comparison to conventional CNCs. Further, the reactor is needed for this eco-friendly
technique. During experiment, the pressure inside the reactor could be decreased by
opening the restrictor valve or increased by injecting water with precision pump. The
author has compared the production cost of CNCs using subcritical and conventional
methods and they found lesser cost of 0.02 $/kg for subcritical treatment than con-
ventional which is around 1.54 $/kg. Also, they have mentioned about the influence
of pressure and temperature on the yield of CNCs. It has observed, while increasing
the temperature, the stability of CNCs aqueous suspensions was enhanced gradually
though it was lesser than the stability of acid hydrolyzed CNCs. This method would
be a promising approach for industry.
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4.7 Combined Processes

The characteristic properties and yield ofCNCs play a vital role in all aspects of appli-
cations. Therefore, a prevalent techniquemust be developed to improve the properties
and yield for the fabrication of CNCs. Though, a sufficient number of methods have
been reported for the fabrication of CNCs but all these methods have their own
limitations. Further, various sources of cellulosic materials also have the influence
which affects the characteristic property and yield. In this regard, the improvement
of extraction technologies and development of combined processes using a combi-
nation of two or several aforementioned methods could be one of the most effective
ways to improve the properties of CNCs and simultaneously would be able to arrest
the limitations of single process technique. Some of the new combined approaches
have been made in recent days for isolation of CNCs from cellulose. However, var-
ious limitations need to be considered such as environmental pollution due to the
generated effluents, corrosion of the equipment, and the hurdle to control the degree
of hydrolysis [87]. In this context of combined process, Tang et al. have employed the
low-intensity sonication concept to improve the yield of CNCs based on sulfuric acid
hydrolysis extracted from commercial MCC [88]. The developed CNCs showed a
good amount of increment over the yield from 33 to 40% as a result of the supplement
of sonication at 100 W for 30 min compared to the traditional sulfuric acid hydroly-
sis. Further, they have reported a different combined approach including enzymatic
hydrolysis, phosphoric acid hydrolysis, and sonication for isolation of CNCs from
old corrugated contained fibers. Consequently, the result showed high crystallinity,
good thermal stability, and improved dispersion with a higher yield of 28.98% in
comparison to single acid hydrolysis process [56]. Another investigation by Rohaizu
and Wanrosli studied the use of sono-assisted treatment TEMPO oxidation of ligno-
cellulosic biomass of palm oil for production of CNCs [89]. They revealed that the
sono-assisted treatment has a remarkable effect on the yield of around 39% andmore
than 100% increment of carboxylate content in comparison to non-assisted process.
The resulted CNCs are comprised of good thermal stability, high crystallinity index
of 72%, and a production yield of 93%. Further, Beltramino et al. employed the
combined process using acid hydrolysis assisted with enzymatic treatment [90]. The
optimized condition revealed the reduction in hydrolysis time by 44% and increased
yield of around 80%. In addition, the optimal conditions helped to generate particle
size of around ~200 nm with decreased surface charge and sulfur content.

Another combined technique ofmicrowave-assisted ultrasonic treatments of plant
fiber materials to attain high efficiency was established by Lu et al. [91]. The author
fabricated CNCs from filter paper using sulfuric acid hydrolysis under microwave-
assisted ultrasonic treatment. The optimized condition showed the yield and crys-
tallinity of CNCs with the crystal form of cellulose Iα, respectively, 85.75 and 80%.
In this context, Chowdhury and Abd Hamid have reported the combined use of ultra-
sonication and microwave for the preparation of CNCs from the stalk of Corchorus
olitorius [92]. They mentioned the pre-treatment of jute stalk powder using sodium
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hydroxide under microwave irradiation followed by bleaching with hydrogen per-
oxide for extracting crude cellulose. The obtained crude cellulose was hydrolyzed
by ultrasonication in the presence of various hydrolyzing mediums. The fabricated
CNCs showed high crystallinity index of 83% with yield of 48% using ILs and a
yield of 43% using sulfuric acid. Therefore, combined methods could be an effective
way for obtaining better yield of CNCs from various sources.

4.8 Purification and Fractionation

Fabrication of CNCs has been done predominantly either using pure acid hydrolysis
or combined with other process. After hydrolysis, the obtained aqueous suspension
of CNCs is quenched by filtering the substances over small-pore fritted glass filter
or by diluting with distilled or Millipore water at room temperature. However, some
constraints came after hydrolysis during removal of free acid, as these post treatments
are time and cost consuming and it could be a limitation for industrial scale. Cen-
trifugation has been employed to remove the part of excess acid and water-soluble
fragments. In contrast, the remaining free acid molecules from the dispersion can
be eliminated by using dialysis against water till the neutral pH is obtained, but this
step is costly and time consuming which usually takes more than two or three days.
The possible ways to overcome this issues could be the addition of sodium hydrox-
ide solution to the hydrolyzed suspension to attain pH ~9 and afterward washed
with distilled water until neutrality attained. This neutralization procedure is simple
with minimum processing steps to produce CNCs but it is a time-consuming step.
Moreover, chemical neutralization method using NaOH was considered as simple,
economic, and efficient in comparison to dialysis [93]. Sonication can be used to dis-
integrate the aggregates to obtain a complete dispersion of nanocrystal which could
serve the purpose of neutralization. The final aqueous suspension of nanocrystals can
be stored in a refrigerator after possible filtration for removal of residual aggregates.
Further, the addition of few drops of chloroform can be helpful to avoid bacterial con-
tamination. However, CNCs produced by enzymatic, ionic liquids, subcritical water,
oxidation, and mechanical methods do not require dialysis. In this case, the impor-
tant steps are washing, neutralization, centrifugation, and sonication. The aqueous
suspensions of CNCs could be separated into isotropic and anisotropic phases by
increasing the concentration through water evaporation. Literature also stated that
smaller particles present in the isotropic phase, whereas the longer one remains in the
anisotropic phase [94]. Moreover, CNCs is stated as aqueous suspension due to its
hydrophilic nature and tendency to agglomerate during drying. Therefore, drying is
a vital step for fabrication of CNCs. The recommended procedures are supercritical,
freeze, and spray drying. However, freeze and supercritical drying approaches gen-
erate highly networked structures of agglomerates having multi-scalar dimensions.
During freeze-drying, the self-assembled behavior of CNCs was observed by Han
et al. [95]. Moreover, spray drying has been recommended for a technically suitable
production for dry or powdered CNCs.
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5 Typical Properties of Cellulose Nanocrystals and Its
Composites

5.1 Mechanical Properties

The quantitative evaluation of tensile modulus and strength of CNC is immensely
challenging due to the limitations inmeasuring themechanical properties of nanoma-
terials along multiple axes. In this context, other factors such as crystallinity index,
dimensions of the samples, anisotropy, and defects in nanocrystals also affect the
results of mechanical properties. The mechanical properties of CNCs are largely
controlled by their dimensions and morphology as determined from the percolation
theory. According to this theory, the higher aspect ratio of CNCs will result in the
better mechanical properties as the lower amount of nanofillers are required for the
percolation [96]. The elastic property of CNCs have been measured indirectly and
theoretically by using atomic force microscopy (AFM), X-ray diffraction (XRD)
analysis, inelastic X-ray scattering, Raman scattering, etc. Furthermore, the theoret-
ical tensile strength of CNCs has found to be in the range of 7.5–7.7 GPa which is
better than the steelwire [97]. In another study, the elasticmodulus ofCNCs extracted
from tunicates was determined by AFM. In this study, the AFM tip was used to per-
form a three-point bending test and elastic moduli of around ~150 GPa was found in
this study. Moreover, the transverse elastic modulus of CNCs was determined using
AFM by comparing the experimental force–distance curves with three-dimensional
finite elemental calculations. The result has shown that the transverse modulus of an
individual CNC lies in the range of 18–50GPa. In addition, Raman spectroscopy also
determined the deformation micromechanics analysis of tunicate cellulose whiskers
and evaluated the value of ~143 GPa [98].

The composites-based CNC and biodegradable copolymers have been reported
by Muiruri et al. wherein they grafted the CNC on the copolymer based on (PCL)
and poly(D-lactic acid) (PDLA), and blended with poly(L-lactic acid) (PLLA). The
authors reported that the stereocomplexation led to the enhancement in the thermal
properties of the resulting nanocomposites with 20% enhancement in the elongation
at break. The reason behind the improved toughness was attributed to the crazing and
fibrillation during deformation. These improved properties may widen the industrial
acceptance of such nanocomposites [99]. Furthermore, the same group reported the
dual CNC-based fillers in order to control the morphology and the interfacial tension
of the biodegradable nanocomposites. In one case, the composite consisted of CNC
as a core and PCL–PDLA copolymer as the outer layer (rubbery). In the other case,
the outer layer consisted of the rubber layer grafted with PDLA blocks and CNC as
a core. The resulting materials were mixed with PLLA followed-by solution casting,
pulverization, and injection molding to form the specimens for impact test. It was
been found that both the fillers led to the increase in tensile toughness (100 fold)
as well as impact strength (3 fold) when added to the PLLA matrix. The reason for
the improved mechanical properties is attributed to the synergistic matrix crazing
and cavitation effect of the fillers leading to extensive plastic deformation and these
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improved properties makes the resulting composites as promising candidates for
orthopedic and packaging applications [100].

Owing to the applicability of CNCs in widespread applications and comparable
properties with carbon fibers, Kevlar, stainless steel, etc., Jahan et al. used CNCs
as the reinforcing agent into the matrix of poly(vinyl alcohol) (PVA) in order to
fabricate the composite membranes for biogas separation. The elastic modulus and
mechanical strength of the membranes were found to increase at higher humidity in
presence of CNC and no significant change was observed in % elongation at break.
The lower content of CNC in the composite membranes resulted in better swelling
and improved elastic modulus and thus, it may be considered as a candidate for gas
separation applications [101].

The effective utilization of CNCs in fabrication of composites in order to enhance
the properties of the composites is often restricted by their aggregation and on several
occasions, the mechanical properties of CNCs are different from that of the theo-
retical values. In order to overcome this drawback, Meesorn et al. added PVA with
the speculation that it would act as a dispersant and disrupt the interactions between
CNC–CNC and enhance the stress transfer. The composites based on poly(ethylene
oxide-co-epichlorohydrin) (EO-EPI) and CNC (10% w/w) were prepared with vary-
ing amount of PVA (1–5% w/w) by solution casting. In a similar fashion, the com-
posites were prepared by loading CNC into the matrices of polyurethane (PU) and
poly(methyl acrylate) (PMA). A significant enhancement in the mechanical prop-
erties was achieved with a quadruple enhancement in stiffness and tensile strength
upon addition of 5% PVA in all the composites. The authors suggested the appli-
cation of CNCs as reinforcing agents in a wide range of matrices. Additionally, an
improved distribution of CNCs was obtained in the polymer matrices in presence of
PVA which supported the hypothesis that the dispersant leads to the increased stress
transfer by improved dispersion of CNC [102].

5.2 Rheological Properties

The properties of rheological behavior of CNCs are influenced by several factors
such as liquid crystallinity, ordering, and gelation. Moreover, rheological parameters
showed different characteristics based on the concentration of CNC suspension. The
dilute CNC suspensions exhibit shear thinning behavior which shows dependency
on concentration at low rates, whereas at higher concentration, it exhibits anomalous
behavior and the suspension is lyotropic. The reason behind this type of behavior is
due to the rod-shaped morphology of nanocrystals which tends to align at a critical
shear rate. The chirality of the CNC suspension breaks down to a simple nematic
structure when shear rate reaches to a critical point [103]. Further, the relaxation time
constant depends on the aspect ratio and in case of CNCs with higher aspect ratio
shows alignment for longer time even after shear. The aspect ratio of rod-like parti-
cles is found to be higher than spherical particles which is essential in improving the
rheological properties at lower particle loadings [104]. Additionally, the rheological
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properties of CNCs also influenced by the acid used for hydrolysis. In this regards,
sulfuric acid-treated CNCs show shear thinning behavior that is independent of time,
whereas hydrochloric acid-treated CNC has shown higher shear thinning behavior,
anti-thixotropy at lower concentrations and thixotropy at higher concentrations [105].
In order to develop the formulations of the products, the knowledge of rheological
properties and microstructures of the polymers incorporated with CNC is important.
In this regard, Peng et al. studied about the rheological properties of the polymers
loaded with rod-like CNC and spherical CNC [106]. These fillers were loaded into
different polymeric systems (anionic, cationic, non-ionic) such as PVA, (PEG), gum
arabic, chitosan, sodium carboxymethyl cellulose (SCMC),monomethyl ether (ME),
sodium alginate (SA), and hydroxypropyl methylcellulose (HPMC) so as to deter-
mine the interaction between CNCs and particles and its effect on the rheological
properties. The rod-like CNCs resulted in the enhanced viscosity as compared to the
spherical CNCs. Upon investigating the gelation behavior of CNC dispersion into
the different polymeric systems, it was found that the thickening effect was higher
in case of cationic systems as compared to anionic systems which in turn was higher
than non-ionic polymeric system which may be accounted for the different inter-
actions between the polymer and CNC along with the properties of the polymeric
chains. The flexible chains (in case of non-ionic polymers) resulted in negligible
viscosity enhancement. At a particular concentration, the strongest thickening effect
was observed in case of HPMC.

The role of CNCs as a filler in thematrices of biodegradable polymers such as PLA
is well-known andwidely explored by various researchers to improve themechanical
and barrier properties of the composites [107]. In order to improve the processability
of the composites involving high shear rates, the rheological properties are of prime
importance. CNCs when used as fillers into the polymer matrix provide high stability
to the polymer network by incorporating themselves between the polymer chains. In
a study reported by Shojaeiarani et al., CNCs were incorporated into the PLAmatrix
and the composites were prepared by diluting the master batches using spin coating
and film casting [106]. An improvement in the storage modulus was observed upon
incorporation of CNCs. The storagemodulus of the spin-coated nanocomposites was
higher than that of the film casted sample. The spin-coatingmethodwas considered to
be a promising approach for fabricating PLA-CNC nanocomposites with improved
properties.

Furthermore, as reported by Khandal et al., the rheological behavior of CNC was
tailored by functionalization with polyethyleneimine (PEI) [108]. They prepared a
stable suspension of CNC-PEI that exhibited interesting rheological properties. The
Newtonian suspension turned into a non-Newtonian gel upon modification with PEI
wherein a dramatic increase in complex viscosity was observed. Also, the increas-
ing shear rate resulted in the loss of linear viscoelastic properties which could be
attributed to the breaking of inter-particle network. In an another study reported
by Gupta et al., the CNCs coated with lignin were used as biofillers to modify the
rheological properties of the composites based on PLA [109]. The increased dis-
persion of the biofiller (percolation threshold constant: 0.66 wt%) and the improved
interfacial interaction with the matrix of PLA led to the improved rheological and
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thermo-mechanical properties. The lignin-coated CNCs were considered to be as
promising candidates for improving the properties of the PLA matrix and in turn
lead to the development of completely bio-based composites.

The dispersion of CNCs in the aqueous solution of polyoxoethylene (POE) and its
rheological properties have been investigated by Azouz et al. [110]. They observed
that incorporation of CNC, the viscosity of the suspension was found to decrease
at first followed by an increase in viscosity. The POE adsorbed CNC was freeze-
dried followed by its extrusion with low-density polyethylene (LDPE). This melt
processing of CNC-based composites with hydrophobic polymer was considered to
be a promising approach for the industrial-scale production.

5.3 Surface Modification/Functionalization

The presence of plenty of hydroxyl groups makes CNC more suitable for many type
of surface functionalization for several applications. However, the hydrophilic nature
of this nanocrystals hinder its application for fabrication of composite films as effec-
tive dispersion of this nanoparticle into the polymer hydrophobic matrix is a big issue
due the strong intermolecular hydrogen bonding between cellulosic chains. Thus, for
arresting the incombatibilization limitation between polymer matrix and CNC, sur-
face modification has been carried out. Most commonly used procedure for surface
modifications/functionalization of CNCs are esterification, etherification, oxidation,
amidation, carbamation, nucleophilic substitution, silylation, polymer grafting, etc.
Furthermore surface modification can be done with different mechanisms like by
grafting with the organic and inorganic molecule aiming to increase the hydropho-
bicity. In addition, the abundant surface hydroxyl groups not only provide opportu-
nities for diverse chemical modification but also render the hydrophilicity to CNCs.
Though the hydrophilic nature of CNCs is attractive for water-based applications
and this presents a challenge for their homogeneous dispersion in common nonpolar
solvents and hydrophobic polymer matrixes [97]. In addition, the chemical func-
tionalization introduces either negative or positive electrostatic charges on the CNC
surface which provides better dispersion in any solvent or polymer. It also helps to
tune the surface energy characteristics to improve compatibility. Moreover, all these
functional groups act as nucleating sites for polymer grafting on CNC surface. On
the other hand, polymer grafting is usually carried out by two approaches, namely
“grafting from” and “grafting onto” methods.

In literature, variousmethods have been reported for the hydrophobicmodification
of CNCs. One of the ways is adsorption of surfactants or polymers or covalent mod-
ification of the particle surfaces [111, 112]. For example, the quaternary ammonium
salts bearing long alkyl tails have been used to modify CNCs based on ionic interac-
tions between the sulfate half ester groups on the CNC and the ammonium group of
the surfactant; these modified CNCs require extensive purification to remove excess
surfactant, and such ionic bonds are not robust enough to withstand some processing
techniques and media [113–115]. Covalent modifications of CNCs generally include
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esterification (mostly acetylation, butyration, and palmitoylation), urethanization
(also known as carbanylation), amidation, and silylation with moderate increased
contact angles [116, 117]. Additionally, the esterification involves the conversion of
the surface hydroxyls of cellulose to esters and sulfation and phosphorylation are
some commonly used methods for the cellulose esterification. In etherification, most
commonly used chemical is glycidyltrimethylammonium chloride or its derivatives
to cationize the surface. The crystalline morphology and dimensions of CNCs can be
preserved by mild alkaline cationization condition. In addition, TEMPO-mediated
oxidation enables to produce surface-carboxylated CNCs [118]. Furthermore, the
oxidized CNCs have been used as the starting material where carboxylic mioties are
directly converted to amides by reacting with primary amines. The surface modi-
fication of CNCs using isocyanates was reported by Siqueira et al., who modified
sisal-basedCNCswith n-octadecyl isocyanatewithout any catalyst [119]. Silanes can
also be grafted onto CNCs, which is one technique used to enhance the interactions
with polymer matrices.

Furthermore, the most of these modifications are carried out in organic solvents.
For larger modifications such as attaching polymer chains (polypropylene, poly-
tetrahydrofuran, poly(ε-caprolactone) (PCL), polyethylene glycol (PEG), etc.) via
grafting onto CNC is another process though steric hindrance limits the graft den-
sities achievable. The catalytic ring-opening polymerization from CNCs, using the
surface hydroxyl groups as initiating sites, is the most common route for the synthe-
sis of CNCs with grafted polyesters such as the bio-based PLA. In addition, atom
transfer radical polymerization has been extensively explored to synthesize well-
defined polymers on CNC surfaces. These grafting from approaches have yielded
highly compatible CNCs with higher contact angle; however, the pre-attachment of
initiator, polymerization reactions themselves, and the separation are lengthy. How-
ever, the abundant hydroxyl groups on the surface of negatively charged CNCs act as
both nucleating sites and a reducing agent for the growth of the metal nanoparticles.
To date, several reports of CNC-supported metal nanoparticles such as Au, Pt, Ag,
Pd, Fe, etc., have been reported in literature through the green chemistry route, hav-
ing potential applications as high-performance conductive polymer nanocomposites,
biocatalysts for pollutant remediation and electrocatalytic activity.Moreover, the fab-
rication of such CNC-supported metal nanoparticles has been shown to improve the
dispersion quality and chemical stability and solve the problems related to coagu-
lation and agglomeration of the nascent metal nanoparticles. Dhar et al. have also
reported the good dispersion ability and improved crystallinity of magnetic CNCs
into the hydrophobic (PLA) matrix by modification of the surface of CNCs using
iron nanoparticles [120]. Hu et al. have used plant polyphenols (tannic acid) for sur-
face modification of CNCs with improved hydrophobicity [121]. However, the main
challenge in this process lies in preserving the original morphology and maintaining
the integrity of the CNCs.
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6 Conclusion

In this chapter, the synthesis of biomass-derived CNC and the fabrication of the
composites based on CNC have been detailed. Various biomass-based sources for
the synthesis of CNCs have been highlighted followed the extraction techniques
thereof. The applications of CNCs have further been marked by using it as filler in
the development of composites. The modification of CNC has been carried out by
the surface functionalization in order to improve the properties of the composites for
industrial applications. The rheological and mechanical properties of CNC-based
composites have been reported based on several case studies. The potential of CNCs
and its composites in the various applications have, thus, been underlined along with
a focus on improved processability.
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