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Abstract

This chapter describes the chemistry and structure of cellulose fibers and the
existing extraction methods for various kinds of nanocellulose (NC), such as
cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs), amorphous nanocel-
lulose (ANC), and cellulose nanoyarn (CNY). Specific conditions for extraction
of NC from various natural sources are discussed in detail. The effects of the
extraction methods, pretreatments, and conditions on the structure, morphology,
and properties of isolated NC are described.
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CI crystalline structure of native cellulose
CI crystallinity index

CMF cellulose microfibril

CNC cellulose nanocrystal

CNF cellulose nanofibril

CNY cellulose nanoyarn

DMAc N,N-dimethylacetamide

DMSO dimethyl sulfoxide

DP degree of polymerization

EPFBF empty palm fruit bunch fiber
Fe,(SO,); iron(III) sulfate

FeCl, iron(II) chloride

FeCl, ferric chloride

FeSO, iron(II) sulfate

GL glycerol

H;PW,,04 solid phosphor-tungsten acid

HA hydrochloric acid

HIUS high-intensity ultrasonication

HPH high-pressure homogenizers

IL ionic liquid

KCl potasium chloride

L/D aspect ratios

LiCl lithium chloride

MCC microcrystal or microcrystalline cellulose
NaCl sodium chloride

NC nanocellulose

NCDs nanocrystalline nanodomains

NH, ammonia

NMMO N-methylmorpholine-N-oxide

PA phosphoric acid

PCL paracrystalline layer

PEF local defect

SA sulfuric acid

TAPPI Technical Association of the Pulp and Paper Industry
TEM transition electron microscopy
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl radical
\\4 watt

1.1 Introduction

The depletion of petroleum-based resources and the attendant environ-
mental problems, such as global warming, have stimulated considerable
interest in the development of environmentally sustainable materials, which
are composed of cellulose, hemicelluloses, and lignin [1-3]. Bio-based plant
materials have various advantages, such as renewability, biodegradability, and
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environmental friendliness; therefore, they can be used as suitable replace-
ments for petroleum-based materials as a means of overcoming environmental
problems.

Cellulose is the most abundant type of renewable organic matter on Earth,
with an annual biosynthetic production that is estimated to be over 10! tons
[4]. The biosynthesis of cellulose is a very complex phenomenon, and detailed
descriptions of the biosynthesis process can be found in the papers of Brown [5],
Saxena and Brown [6], and Dufresne [7]. Cellulose is a fascinating and almost
inexhaustible sustainable natural polymer that has been used in the form of fiber
or its derivatives for thousands of years, for a wide range of materials and prod-
ucts applications.

The unique hierarchical architecture of natural cellulose consisting of
nanoscale fibrils and crystallites allows the extraction of the nanoconstituents
via mechanical and chemical methods, or through a combination of both
of these techniques. Isolated cellulose nanofibrils (CNFs) are long, thin, and
flexible formations composed of alternating crystalline and amorphous domains,
whereas the obtained cellulose nanocrystals (CNCs) are rod-shaped crystalline
particles released after splitting of the amorphous domains. Other types of
nanocellulose (NC), such as amorphous nanocellulose (ANC) and cellulose
nanoyarn (CNY) or electrospun nanofibers, have also been reported.

NC has recently gained a significant level of attention in the materials com-
munity, which does not appear to be waning. It has been the subject of a wide
array of research efforts aimed at different applications, because of its availabil-
ity, renewability, lightweight, nanoscale dimensionality, unique morphology, and
its unsurpassed quintessential physical and chemical properties.

This chapter focuses on the extraction methods applicable to obtaining
certain types of NC from various cellulosic sources. In addition, the effect of
pretreatment and extraction conditions on the morphology and properties of the
obtained NCis described. The effect of pretreatment on the energy consumption
level during the manufacturing process is also discussed.

1.2 Hierarchical Structure of Natural Fibers

Plant fibers are the main natural sources of cellulose. They are complex biocom-
posites that are naturally occurring. An elementary plant fiber is a single cell,
typically of length ranging from 1 to 50 mm and with a diameter of approximately
10-50 pm. A single fiber is similar to a microscopic hollow tube, wherein the cell
wall surrounds a central lumen. The lumen contributes to the water uptake by the
plant fiber.

The cell wall of a fiber is composed of an external primary P-wall and an inner
secondary S-wall. The thin P-wall (~100-200 nm thick) contains a loose net of
microfibrils. The S-wall has a thickness of 3—6 pm and is composed of three layers:
S1, S2, and S3 [8-10]. The S1 and S3 layers are nanosized, while the S2 layer has
a thickness of approximately 2—5 pm. The dominating S2 layer is composed of
a series of helically wound cellulose microfibrils (CMFs), which are orientated
under an acute angle (microfibril angle) toward the fiber axis (Figure 1.1).
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The CMFs of the cell wall reinforce an amorphous matrix consisting of lignin,
hemicelluloses, proteins, extractive organic substances, and trace elements. The
CMF and hemicelluloses are linked to each other by hydrogen bonds. On the
other hand, the hemicelluloses are more strongly linked to lignin through cova-
lent bonds, that is, the hemicellulose component is a compatibilizer between cel-
lulose and lignin. The CMFs with diameter of 10-30 nm are composed of 30—100
cellulose macromolecules in an extended chain conformation.

The structure and chemical composition of plant fiber can vary from one fiber
to another and depends on the plant species, age, part, growth area, and climate.
This causes considerable variation in fiber characteristics and leads to difficul-
ties in establishing the quality standard [12, 14—16]. The various structures and
compositions of plant fibers are responsible for the unique mechanical properties
and high strength-to-weight ratio exhibited by plants. However, these character-
istics also facilitate flexibility and large dimensional changes due to swelling and
shrinking.

1.3 Cellulose Fibers: Structure and Chemistry

Cellulose is a semicrystalline polycarbohydrate composed of anhydroglucose
units (AGUs) linked by chemical p-1,4-glycosidic bonds. Two repeating AGUs
having a “chair” conformation are shown in Figure 1.2, which also includes the
numbering system of carbon atoms. Each such unit contains three hydroxyl
functional groups: one primary and two secondary groups. Owing to the equa-
torial position of the hydroxyls, the AGU can form internal hydrogen bonds, for
example, between the hydrogen atom of the C-3 hydroxyl group of one unit and
the atom of the ring oxygen of the adjacent units.

The internal hydrogen bonds hinder the free rotation of the glucopyranosic
rings around the chemical glycoside bonds, which contributes to increased
stiffness of cellulose chains [7]. A strong system of intra- and intermolecular
hydrogen bonds of crystallites makes them highly ordered, rigid, and strong
cellulose constituents, inaccessible to water and some chemical reagents. On the
other hand, very weak hydrogen bonds in noncrystalline amorphous domains
contribute to the increased hydrophilicity and accessibility of cellulose materials.

Chemical, physicochemical, and physical modifications of cellulose can lead
to changes in its crystalline structure. For instance, as a result of acid hydrolysis,

HO—Cs OH
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Figure 1.2 Single cellulose chain repeat unit, showing the directionality of the 1-4 linkage
and internal hydrogen bonding (dotted line). (Moon et al. 2011 [17]. Reproduced with
permission of Royal Society of Chemistry.)
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part of the noncrystalline domain is removed, yielding cellulose particles
with enhanced crystallinity; moreover, some of the released crystallites can
cocrystallize and form aggregates with higher lateral sizes [10, 18, 19]. On the
other hand, treatment with concentrated alkali, liquid ammonia, or solvents, as
well as intensive mechanical grinding, leads to a decrease in crystallite size and
crystallinity.

X-ray investigations indicate that cellulose crystallites can occur in four major
polymorphic forms: L, II, III, and IV. Mayer and Mish developed the first model
of a monoclinic unit cell for the crystalline structure of native cellulose (CI) [20].
This model, which features an antiparallel chain arrangement, was accepted for
30years, whereupon it was replaced by a more accurate CI model composed of
a parallel arrangement of cellulose chains within crystallites [21]. Later, it was
found that the CI allomorph can exist in two distinct crystalline forms: I, con-
taining a triclinic one chain unit cell and I; containing a monoclinic two chains
unit cell [7].

Three additional crystalline allomorphs, II, III, and IV, have been identified,
which are attributed to modified celluloses [22, 23]. CII can be obtained through
alkaline (AL) treatment of CI, CIII;, CIII,, CIV,, and CIV,, as well as by regener-
ation of cellulose from solutions. The crystalline allomorphs CIII; and CIII, can
be formed from CI or CIV, and CII or CIV,, respectively, through treatment with
liquid ammonia (NH;). CIV, and CIV, can be usually obtained through the heat-
ing of small crystallites of CI or CIII, and CII or CIII, in glycerol (GL) at 260 °C.
After treatment of CIII; and CIII, with boiling water, these allomorphs recrys-
tallize into CI and CII, respectively. The possible transitions between the various
cellulose polymorphs are presented schematically in Figure 1.3.

The shape of the natural cellulose nanocrystallites is a subject of discussion.
In several previous studies, the cross-sectional shapes of the crystallites were
depicted as squares or rectangles. However, recent studies have shown that the
most likely cross-sectional shape of the crystallites of natural cellulose in terrane-
ous plants is a hexagon [18, 24, 25]. Three groups of planes (100), (110), and (1 10)
are located on the surfaces of Clj-crystallites, allowing the co-crystallization of
adjacent crystallites in different lateral directions [18]. Co-crystallization under
isolation or hydrolysis of the cellulose causes an increase in the lateral sizes of the
crystallites.

The two-phase model, which contains crystalline and noncrystalline domains,
is currently used to describe the structural organization of cellulose [26].

Figure 1.3 Scheme of phase transition
between various crystalline allomorphs of
cellulose Cl (native cellulose), Cll (cellulose),
Clll, and Clll, (cellulose Ill; and lI,), and CIV,
and CIV, (cellulose IV, and IV,).
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Figure 1.4 Detailed model of elementary fibril: longitudinal section (a) and cross section (b).
(loelovich 2015 [33].)

However, further investigations have revealed the presence of a paracrystalline
fraction on the crystallite surfaces that must be taken into consideration in an
improved model of the cellulose structure [27]. Statistically alternated nanocrys-
tallites, along with nanoscale noncrystalline domains, are integral constituents of
long and thin elementary nanofibrils and their bundles, that is, microfibrils. The
lateral sizes of elementary nanofibrils depend on the cellulose source [10, 19, 28].
This can vary over a wide range, from 3 to 4nm for natural cellulose from
herbaceous plants and woods to 10—15nm for cellulose isolated from Valonia
algae with lengths of several microns.

Various models of elementary fibril have been proposed in order to visualize
the supermolecular structures of cellulose, such as “fringed fibrils” and “fringed
micelles” [29—31]. Recently, a more detailed model of the supermolecular struc-
ture of natural cellulose has been developed [8, 27, 32]. According to this model
(Figure 1.4), the elementary nanofibril of cellulose is constructed from orientated
nanocrystallites and noncrystalline nanodomains (NCDs) arranged along the fib-
ril; in addition, a thin paracrystalline layer (PCL) is located on the surface of
the crystalline core (CRC). The crystallites can contain local defects (DEF), for
example, vacancies, caused by the ends of the chains.

The proposed model facilitates explanation of the various physicomechanical,
chemical, and biochemical properties of natural cellulose [19]. For example, it
has been found that the noncrystalline domains are weak and constitute acces-
sible points on the elementary fibrils. Therefore, processes such as acidic and
enzymatic hydrolysis, alcoholysis, and acetolysis cause the cleavage of glycosidic
bonds in these domains. As a result, the longitudinal splitting of the fibrils and
release of crystalline particles occurs. The released nanocrystallites have the same
lateral sizes as the elementary nanofibrils, but their lengths can range from 50 to
200 nm. Further details on the chemistry and structure of cellulose fibers can be
found in Habibi et al. [34].

1.4 Main Cellulose Sources

Cellulose can be extracted from a broad range of plants, animals, and bacteria. As
mentioned in the previous section, the source is very important because it affects
the size and properties of the extracted cellulose. Therefore, the various sources
of cellulose fiber are introduced in this section.

7
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1.4.1 Plants

A wide variety of plant materials have been studied as regards the extraction of
cellulose and NC, including wood, rice husk, sisal, hemp, flax, kenaf, and coconut
husk [35]. Cotton fibers have also been used as a high-quality source material,
taking advantage of their relatively low noncellulosic component content in com-
parison to wood [36].

Wood is an attractive starting material for cellulose and NC isolation, because
of its great abundance. It is a natural composite material with a hierarchical archi-
tecture composed of cellulose, hemicelluloses, and lignin. Wood has a porous
anisotropic structure, which exhibits a unique combination of high strength, stiff-
ness, toughness, and low density [37]. The extraction of NC from wood requires
a multistage process involving vigorous chemical and/or mechanical operations,
which will be discussed in the following sections.

1.4.2 Tunicates

Tunicates are marine invertebrate animals, specifically, members of the sub-
phylum Tunicata. The majority of research in this area has focused on a class
of tunicates that are commonly known as sea squirts (Ascidiacea), which are
a species of marine invertebrate filter feeders. Note that there are over 2300
species of Ascidiacea and, therefore, CMF researchers often use different
species, for example, Halocynthia roretzi [38], Halocynthia papillosa [39],
and Metandroxarpa uedai [40]. The tunicates produce cellulose in the outer
tissue, termed tumnic, from which a purified cellulose fraction termed tunicin
can be extracted. Tunicate cellulose is composed of almost pure cellulose of
Cl; allomorph type with high crystallinity. The nano-(micro- fibrils of tunicate
cellulose have a very large aspect ratio (60—70) and high specific surface area
(150-170 m? g71) [41-43].

1.4.3 Algae

Algae of various species, green, red, gray, and brown, have also been consid-
ered as cellulose and NC sources. For instance, Valonia, Micrasterias denticulate,
Micrasterias rotate, Coldophora, Boerogesenia, and other types of algae have been
used [44-47]. CMFs with a large aspect ratio (>40) can be extracted from an
algae cell wall through acid hydrolysis and mechanical refining [17]. The struc-
tures of CMFs isolated from different types of algae differ. For instance, Valo-
nia microfibrils have square cross sections (20nm X 20nm) and are primarily
of I, crystalline type. Meanwhile, M. denticulate microfibrils have rectangular
cross sections (5nmx 20-30nm) and are primarily of the CIj crystalline type
[46, 48, 49].

1.4.4 Bacteria

Bacterial cellulose (BC) is a product of the primary metabolic processes of cer-
tain types of bacteria. The most widely used BC-producing bacterial species is
Gluconacetobacter xylinus. Under special culturing conditions, these bacteria
produce a thick gel that is composed of CMFs and 97-99% water. BC crystallites
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are primarily of the CI, crystalline type and the degree of polymerization (DP) of
BC is usually between 2000 and 6000. The advantage of BC is that it is possible
to adjust the culturing conditions to alter the microfibril formation and crystal-
lization. The other important feature of BC is its high chemical purity, which
distinguishes it from the types of plant cellulose, which are usually associated
with hemicelluloses and lignin. However, both celluloses synthesized by bacteria
and cellulose extracted from various plants have similar molecular structures
(7,17, 50].

1.5 Classification of Nanocellulose Structures

The various types of NC can be classified into different subcategories based
on their shape, dimension, function, and preparation method, which in turn
primarily depend on the cellulosic source and processing conditions. Different
terminologies have been used for the various types of NC. Recently, the Tech-
nical Association of the Pulp and Paper Industry (TAPPI) proposed standard
terms and their definitions for cellulose nanomaterial W1 3021, based on the
NC size [12]. The nomenclature, abbreviation, and dimensions applicable to
each subgroup are shown in Figure 1.5. In this chapter, NC is categorized into
six nomenclature groups using the following standard terms: microcrystal or
microcrystalline cellulose (MCC), CMF, CNF, CNC, ANC, and CNY.

1.5.1 Microcrystalline Cellulose

MCC is a commercially available particulate cellulose material, which is prepared
by hydrolysis of cellulose with dilute mineral acid. It consists of large multisized
aggregates of nanocrystals that are bonded to each other. Commercial MCC can
have spherical or rod-like particles with sizes of 10-200 pm (see, e.g., Figure 1.6a).

Cellulose
nanomaterial

Nano- Nano-

objects

structured

Cellulose Cellulose microcrystal Cellulose microfibril
nanofiber (CMC) ~ (CMF)
width: 1015 um - L/D < 2 width: 10-100 nm

length: 0.5-50 um

[
Cellulose nanocrystal Cellulose nanofibril
(CNC) (CNF)
width: 3-10 nm - L/D >5 width: 5-30 nm - L/D > 50

Figure 1.5 Standard terms for cellulose nanomaterials (TAPPI W13021). (Mariano et al. 2014
[12]. Reproduced with permission of John Wiley & Sons.)
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Figure 1.6 Transmission electron microscopy (TEM) micrographs of (a) MCC from fodder grass.
(Adapted with Kalita et al. 2013 [51]. Reproduced with permission of Elsevier.) (b) CMF from
sugar beet. (Dufresne et al. 1997 52]. Reproduced with permission of John Wiley & Sons.)

(c) CNF from banana peel. (Pelissari et al. 2014 [53]. Reproduced with permission of Springer.)
(d) CNC from ramie fiber. (Habibi et al. 2008 [54]. Reproduced with permission of Royal Society
of Chemistry.) (€) ACN from MCC. (Loelovich 2013 [11]. Reproduced with permission of
Loelovich.) (f) CNY from carboxymethyl cellulose sodium salt. (Frento et al. 2007 [55]
Reproduced with permission of John Wiley & Sons.)
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1.5.2 Cellulose Microfibrils

CMEF can be produced via intensive mechanical refinement of purified cellulose
pulp. CMF is considered to contain multiple aggregates of elementary nanofib-
rils. Microfibrils have a width of 20-100nm and a length of 500—-2000 nm
(Figure 1.6b). Various other terminologies for CMF have been used in the
literature, such as nanofibrillar cellulose [56], CNFs [57], or cellulose nano-
fibers [58].

1.5.3 Cellulose Nanofibrils

As indicated earlier, CNF and CMF terminology are sometimes used inter-
changeably in scientific literature, as synonyms [17]. CNFs consist of stretched
bundles (aggregates) of elementary nanofibrils that are constructed from alter-
nating crystalline and amorphous domains. CNF can be 20-50 nm in width and
500-2000 nm in length (Figure 1.6c¢).

CNFs are generally produced by mechanical delamination of softwood pulp in
high-pressure homogenizers (HPH) without any pretreatment, or after chemi-
cal or enzymatic pretreatment [59, 60]. The resulting suspensions exhibit a clear
increase in viscosity after several passes through the homogenizer. Indeed, CNFs
tend to form an aqueous gel at a low concentration (typically 2 wt%), owing to
the strong increase in the specific surface area in comparison to that of native
cellulose fibers. Various feedstocks can be used and different treatments can be
performed, which are detailed in the following sections.

A major obstacle that must be overcome for successful commercialization
of CNFs is the high energy consumption required for the mechanical dis-
integration of the initial cellulose macrofibers into nanofibers, which often
involves several passes through the disintegration device. However, preliminary
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation,
carboxymethylation, mild acidic or enzymatic hydrolysis of cellulose, and certain
other pretreatments significantly decrease energy consumption during the
subsequent mechanical disintegration [61, 62]. To date, it seems that the type
of cellulose feedstock used plays a significant role in the energy consumption;
however, it has only a minor influence on the final CNF properties [63].

It must be noted that CNFs have certain negative properties, which limit
their usage in several applications, for example, in papermaking because of slow
dewatering or as polymer composites owing to poor compatibility of hydrophilic
reinforcers with hydrophobic polymers [63]. The most feasible solution to this
problem is the chemical modification of CNFs in order to reduce the number of
hydrophilic hydroxyl groups, which is described in Chapter 3.

1.5.4 Cellulose Nanocrystals

CNC exhibits an elongated rod-like shape and has very limited flexibility com-
pared to CNE, because of its higher crystallinity [59]. CNCs are also known as
nanocrystalline cellulose, nanowhiskers, nanorods, and rod-like cellulose crystals
(Figure 1.6d).

11
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Disordered or amorphous region Cellulose chains

(a) Crystalline regions

Cellulose nanocrystals
. ) ¢

Figure 1.7 (a) Suggested arrangement of crystalline and amorphous domains in cellulose
nanofibrils and (b) isolated cellulose nanocrystals. (Moon et al. 2011 [17]. Reproduced with
permission from Royal Society of Chemistry.)

The nanocrystalline particles are generated by the splitting of amorphous
domains, as well as by the breaking of local crystalline contacts between
nanofibrils, through hydrolysis with highly concentrated acids (6—8 M). This
chemical process is followed by high-power mechanical or ultrasonic treatments
(Figure 1.7). An important characteristic of CNCs prepared using sulfuric acid
(SA) is the negative particle charge due to the formation of sulfate ester groups,
which enhances the phase stability of the nanocrystalline particles in an aqueous
medium.

The geometrical dimensions of CNCs can vary widely, with diameter in the
range of 5-50 nm and length in the range of 100-500 nm. The dimensions and
crystallinity of a given CNC depend on the cellulose source and extraction
conditions [34, 64]. It has been reported that nanocrystalline particles extracted
from tunicates and BC are usually larger compared to CNCs obtained from wood
or cotton. This is because tunicates and BC are highly crystalline and contain
longer nanocrystallites [41]. CNCs extracted from pure cellulose materials
exhibit increased crystallinity [17].

Nanocrystalline cellulose particles exhibit excellent mechanical properties. The
theoretical Young’s modulus of a CNC along the cellulose chain axis is estimated
to be 167.5 GPa, which is similar to the modulus of Kevlar and even higher than
the modulus of steel [65]. The experimental Young’s modulus of cotton CNCs is
105 GPa and the modulus of tunicate CNCs is 143 GPa [42, 66]. Similar to other
types of NC, CNCs can also be successfully functionalized in order to reduce
hydrophilicity and to facilitate the incorporation of the modified nanoparticles
into a hydrophobic polymer matrix [34].
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1.5.5 Amorphous Nanocellulose

ANC can be obtained through acid hydrolysis of regenerated cellulose with
subsequent ultrasound disintegration [11, 19, 61]. ANC particles usually have
an elliptical shape with average diameters of 50—200 nm (Figure 1.6e). Because
of its amorphous structure, ANC exhibits specific features, such as increased
functional group content, high accessibility, enhanced sorption, and enhanced
thickening ability. However, ANC particles have poor mechanical properties
and are unsuitable for use as reinforcing nanofillers. Therefore, the primary
applications of ANC are as carriers for bioactive substances, thickening agents
in various aqueous systems, and so on.

1.5.6 Cellulose Nanoyarn

CNY has not been widely studied to date. It is manufactured by electrospinning
a solution composed of cellulose or cellulose derivatives [67—69]. A transmission
electron microscope (TEM) image of nanoyarn produced from carboxymethyl
cellulose sodium salt is shown as an example in Figure 1.6f. The majority
of the obtained electrospun nanofibers have diameters ranging from 500 to
800 nm, and X-ray investigations have shown that regenerated nanoyarn has low
crystallinity and is a CII allomorph. In addition, the thermal stability of the
electrospun nanofibers is significantly lower than that of the initial cellulose
material. The DP of CNY is most likely close to the DP of conventional hydrate
cellulose fibers, that is, 300—600. The CNY preparation technique is detailed in
the following sections.

1.6 Preparation Techniques of Various Types
of Nanocellulose

1.6.1 Preparation of CNF/CMF

If plant cell wall is subjected to strong mechanical disintegration, the original
structure of cellulose fiber is degraded and the fibers turn to nanofibrils (CNF)
or their microfibril bundles (CMF) with diameters in the range of 10—-100 nm
depending on the disintegration power. The length of the obtained fibrils
can extend to some microns. Several mechanical techniques can be used
to extract CNF or CMF from various feedstocks, namely, homogenization,
microfludization, grinding, cryocrushing, and ultrasonication, as discussed
below.

1.6.1.1 High-Pressure Homogenization

HPH is a widely used method for large-scale production of CNF, as well as for
laboratory-scale preparation of nanofibrils. This technique involves forcing the
suspension through a very narrow channel or orifice using a piston, under a high
pressure of 50—-2000 MPa (Figure 1.8). The width of the homogenization gap
depends on the viscosity of the suspension and the applied pressure, and ranges
from 5 to 20 pm.

13



14

1 Methods for Extraction of Nanocellulose from Various Sources

Impact ring Valve seat Figure 1.8 Schematic of
homogenizer.

CNF Fiber pulp

The resultant high suspension streaming velocity causes an increase in the
dynamic pressure and a reduction in the static pressure below the vapor pressure
of the aqueous phase. This leads to the formation of gas bubbles that collapse
immediately when the liquid leaves the homogenization gap, being again under
a normal air pressure of 100kPa. The gas bubble formation and implosion
phenomenon induces the formation of shockwaves and cavitations, which cause
disruption of the fibrillar structure of the cellulose [70].

Cellulose fiber size reduction can be achieved through a large pressure drop,
high shear forces, turbulent flow, and interparticle collisions. The extent of the
cellulose fibrillation depends on the number of homogenization cycles and on
the applied pressure. The higher the pressure, the higher the efficiency of the dis-
ruption per pass through the machine [71].

Various cellulosic materials have been subjected to homogenization, such as
wood pulp [72], cotton [73, 74], Helicteres isora plant fiber [75], mangosteen rind
[76], and sugar beet [77]. For example, to extract CNF from bleached cellulose
residues, Habibi et al. [78] performed 15 homogenization passes at 50 MPa at
temperatures below 95 °C.

However, some problems appear during the manufacturing of nanofibrillated
cellulose from pulp, which are caused by the following:

1) Insufficient disintegration of the pulp fibers and clogging of the homogenizer
when the pulp is pumped through a very small orifice. To overcome this prob-
lem, various mechanical pretreatments are used before homogenization, such
as grinding, milling, refining, cryocrushing, or ultrasonication [79-83].

2) High energy consumption. To overcome this problem, the pulp can be sub-
jected to prior chemical purification or pretreatment using acid hydrolysis,
oxidation, enzymatic hydrolysis, and certain other pretreatment techniques.

3) Excessive mechanical damage of the crystalline structure of the CNF [84].

1.6.1.2 Microfluidization
A microfluidizer is another tool that can be used for CNF or CMF preparation.
Unlike the homogenizer, which operates at constant pressure, the microfluidizer
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Intensifier Outlet
pump reservoir

Inlet
reservoir

Figure 1.9 Microfluidizer schematic. (Missoum et al. 2013 [63].)

operates at a constant shear rate. The fluid slurry is pumped through a z-shaped
chamber, where it reaches a high shear force (Figure 1.9).

The pressure can reach levels as high as 40000 psi, that is, approximately
276 MPa. Specially designed fixed-geometry microchannels are positioned
within the chamber, through which the pulp slurry accelerates to high velocities.
The desired shear and impact forces are created when the slurry stream impinges
on wear-resistant surfaces. A series of check valves allow recirculation of the
slurry. Upon exiting the interaction chamber, the product may be directed
through a heat exchanger, recirculated through the system for further process-
ing, or directed externally to the next step in the process. It is necessary to
repeat the process several times and to use differently sized chambers in order
to improve the degree of fibrillation [7, 63, 64, 71, 85].

Lee et al. [86] examined the effect of the number of passes of MCC slurry
through a microfluidizer on the morphology of the obtained CNFs. They found
that the aspect ratio of the nanofibrillar bundles increased after 10—15 passing
cycles, whereas an additional 20 passes led to agglomeration of the CNFs due to
increased surface area and higher surface hydroxyl group content.

Three different types of empty palm fruit bunch fiber (EPFBF) cellulose pulp
were subjected to refining and microfluidization processes to obtain CNF [87].
Morphological characterization of the results demonstrated that microfluidiza-
tion could generate nanofibers with a more homogeneous size distribution. It was
found that microfluidization did not change the kappa number of the CNF sig-
nificantly, compared to the original pulp. Furthermore, the CNF from EPFBF had
superior properties to that obtained from bleached fibers.

1.6.1.3 Grinding

Another technique for separating cellulose fibers into nanosized fibrils is
grinding. During grinding, a fiber fibrillation process is conducted by passing
the cellulose slurry between static and rotating grindstones revolving at approx-
imately 1500 rpm, which applies a shearing stress to the fibers (see Figure 1.10).
The fibrillation mechanism in the grinder utilizes shear forces to degrade the cell
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Figure 1.10 Grinder system. (Missoum 2013 [63].)

wall structure and individualize the nanoscale fibrils [62]. The extent of fibrilla-
tion is dependent on the distance between the disks, the morphology of the disk
channels, and the number of passes through the grinder. As for a homogenizer,
many passes are required to generate the fibrillated cellulose. The need for disk
stone maintenance and replacement can be a disadvantage of this technique, as
wood pulp fibers can erode the grooves and grit. However, a primary advantage
of grinder processing is that additional mechanical pretreatments are not
required [71].

Wang et al. [88] investigated the effect of energy consumption and fibrillation
time on crystallinity and the DP of a 2% pulp suspension. They found that the
energy input increased from 5 to 30 Whkg™ after 11 h of grinding, leading to
a noticeable decrease in the DP and crystallinity index of the cellulose. Further-
more, the heat produced by friction during the fibrillation process led to water
evaporation, increasing the pulp consistency from 2% to 3.2%. As a result of the
grinding, two main structures were disclosed: first, untwisted fibrils, and second,
twisted and entangled nanofibers.

Hassan et al. [89] produced nanofibers by passing bleached pulp made from
rice straw and bagasse through a high-shear grinder and an HPH, using 30 and
10 passes, respectively. They found that treatment with the homogenizer led
to nanofibers of smaller and more uniform size. On the other hand, it was not
possible to complete the fibrillation process using a high shear grinder only.
One of the important parameters that affects the characteristics of the obtained
CNFs is the number of passes through the grinder or HPH. Iwamoto et al.
[90] reported that 14 passes were required for sufficiently fibrillated pulp to be
produced in their study, while extra cycles of up to 30 passes for the pulp fiber did
not promote further fibrillation. After 10 grinding repetitions, nanofibers with
uniform widths of 50—100 nm were obtained. In addition, Iwamoto et al. [91]
studied the fibrillation of dissolved pulp after 1-30 passes at 1500 rpm. Bundles
of nanofibrillated pulp that have a width of 20-50 nm were produced after five
passes through the grinder, and further passes did not change the dimensions
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of the NFC. They also reported that the DP and crystallinity decreased with an
increased number of passes.

1.6.1.4 Cryocrushing

Cryocrushing is a mechanical fibrillation method for cellulose in a frozen state
[92, 93]. This method produces fibrils with relatively large diameters, ranging
between 0.1 and 1 pum [93]. In this process, water-swollen cellulose fibers are
frozen in liquid nitrogen and subsequently crushed [94]. The application of high
impact forces to the frozen cellulosic fibers leads to rupturing of the cell walls
due to the pressure exerted by the ice crystals. This liberates the nanofibers [62].
The cryocrushed fibers may then be dispersed uniformly in water using a routine
disintegrator. This procedure is applicable to various cellulose materials and can
be used as a fiber pretreatment process before homogenization. Wang and Sain
[95, 96] produced nanofibers from soybean stock through cryocrushing and
subsequent high-pressure fibrillation. TEM showed that the nanofiber diameters
were in the 50-100nm range. The nanofibers prepared exhibited superior
dispersion ability in acrylic emulsion compared to water. However, the cry-
ocrushing method has low productivity and is expensive, because of its high
energy consumption.

1.6.1.5 High-Intensity Ultrasonication

High-intensity ultrasonication (HIUS) is a common laboratory mechanical treat-
ment used for cell disruption in an aqueous medium. This treatment generates
efficient cavitations that include the formation, expansion, and implosion of
microscopic gas bubbles, when the water molecules absorb ultrasonic energy.
The action of the hydrodynamic forces of the ultrasound on the pulp leads to the
defibrillation of the cellulose fibers [97].

Many researchers have studied the application of HIUS to the isolation of
nanofibers from various cellulosic sources, such as pure cellulose, MCC, pulp,
culinary banana peel, rice waste, and microfibrillated cellulose [98-103]. The
results show that a mixture of microscale and nanoscale fibrils can be obtained
following ultrasonication of the cellulose samples; the diameters of the obtained
fibrils are widely distributed from 20nm to several microns, indicating that
some nanofibrils are peeled from the fibers, whereas some remain on the fiber
surface [104, 105]. Thus, this method gives aggregated fibrils with a broad
width distribution. It has been also found that the crystalline structure of some
cellulose fibers is altered through ultrasonic treatment. These changes differ
for different cellulose sources, for example, the crystallinity after treatment
increased for pure cellulose, decreased for MCC, while it remained constant for
pulp fiber.

Wang and Cheng [105] evaluated the effects of temperature, concentration,
power, size, time, and distance from the probe tip on the degree of fibrillation
of some cellulose fibers using HIUS treatment. They reported that superior fib-
rillation was caused by higher power and temperature, while longer fibers were
less defibrillated. Higher pulp concentration and larger distance from the probe
to beaker were not advantageous for the fibrillation. These researchers found
that a combination of HIUS and HPH improves the fibrillation and uniformity of
the nanofibers, compared to HIUS alone. The NFC yield can be also increased,
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when TEMPO-oxidized pulp is used for HIUS treatment [106]. The combina-
tion of blending and HIUS treatments was found to be more efficient for the
production of NC in contrast to HIUS alone. Chen et al. [107] showed that
the temperature can reach a specific degradation point when a prolonged HIUS
treatment with 1 kW power at 20.25 kHz is used. All ultrasound methods involve

high energy consumption and can cause a dramatic decrease in the NFC yield
and fibril length.

1.6.2 CNC Preparation

The isolation of CNCs from plant sources is generally conducted in three
steps. The first step is purification of the raw material to remove noncellulose
components from the plant material and to isolate purified cellulose. The purifi-
cation can be performed, for example, with sodium or potassium hydroxide,
followed by bleaching with sodium chlorite, as reported in Section 1.7. This
procedure can be repeated several times for more effective purification of the
cellulose. The second step is a controlled chemical treatment, generally acid
hydrolysis, which is used to split the amorphous domains, remove local interfibril
crystalline contacts, and release CNCs after the third step — the subsequent
mechanical or ultrasound treatment (refer to Figure 1.7).

1.6.2.1 Acid Hydrolysis

To release CNCs, acid hydrolysis of purified cellulosic material is conducted using
strong mineral acids (6—8 M) under controlled temperature, time, agitation, and
acid/cellulose ratio conditions. Different mineral acids can be used for this pur-
pose, such as sulfuric [34], hydrochloric [108, 109], phosphoric [110-112], maleic
[113], hydrobromic [110-112], nitric [114], and formic acids [115]. A mixture
composed of hydrochloric and organic acids (acetic or butyric) has also been
reported [116].

SA is the most extensively used acid for CNC preparation. During hydroly-
sis, disordered amorphous domains and local interfibrillar contacts of cellulose
are preferentially hydrolyzed, whereas stable crystallites remain intact and can
be isolated as rod-like nanocrystalline particles [117]. The CNC dispersion in a
strong acid is diluted with water and washed using successive centrifugations.
Neutralization or dialysis with distilled water is performed to remove free acid
from the dispersion. Additional steps such as filtration [38], centrifugation [118],
or ultracentrifugation [119], as well as mechanical or ultrasound disintegration,
have also been reported.

If CNCs are prepared using cellulose hydrolysis with hydrochloric acid (HA),
the uncharged nanocrystalline particles tend to flocculate in aqueous dispersions
[108]. On the other hand, when SA is used as a hydrolyzing agent, it reacts
with the surface hydroxyl groups of nanocrystallites leading to the formation
of negatively charged sulfonic groups (Figure 1.11). The acid hydrolysis of
cellulose chains in amorphous domains involves rapid protonation of glucosidic
oxygen (path 1) or cyclic oxygen (path 2), followed by a slow splitting of the
glucosidic bonds induced by the addition of water (Figure 1.11a). This hydrolysis
process yields two shorter chain fragments, while preserving the basic backbone
structure.
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Figure 1.11 (a) Mechanism of cellulose chain acid hydrolysis and (b) esterification of cellulose
nanocrystals. (Adapted with Lu and Hsieh 2010 [120]. Reproduced with permission of Elsevier.)

Besides chain scission, the hydrolysis of cellulose with SA also involves par-
tial esterification of the hydroxyl groups (Figure 1.11b). The presence of sulfate
groups results in the negatively charged surface of nanocrystals. This anionic sta-
bilization via the repulsion forces of electrical double layers is very efficient in
preventing the aggregation of CNCs [120]. However, the introduction of acidic
sulfate groups compromises the thermostability of the NC [121]. To increase the
thermal stability of the nanocrystals, neutralization of sulfate groups to pH>7
using sodium hydroxide has been proposed [122].

The effect of hydrolysis conditions on the morphology, yield, and properties of
CNC has been studied in [122—-125]. Typically, higher acid concentrations, longer
reaction times, and higher temperatures lead to higher surface charge and narrow
sizes, but to lower yield and decreased crystallinity and thermal stability of CNC.
For example, after cellulose hydrolysis with 63.5wt% SA, the yield of CNC was
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approximately 30%, whereas after hydrolysis with 65wt% SA the yield of CNC
was decreased to <20%. When the SA concentration was reduced to 60 wt%, the
CNC yield increased to its maximum value, 65-70% [61, 126].

As an example, consider the CNC preparation method using the hydrolysis
of cotton cellulose with aqueous solutions of SA given by loelovich [61]. Here,
the acid concentration was 50-70 wt% with an acid/cellulose ratio of 8-10.
The reaction was conducted at 45 °C for 40—60 min, and the final dispersion of
washed CNCs in water was obtained via sonication using an ultrasound disperser
at 20 kHz for 10—15 min. According to the results of X-ray investigations, in the
acid concentration range of 50-60 wt% the crystallinity of the obtained CNCs
increased slightly. On the other hand, when the acid concentration was higher
than 60 wt%, partial decrystallization of the nanoparticles occurred, because of
increased solubility in the sufficiently concentrated SA medium.

Characterization of the output showed that cellulose hydrolysis with 60 wt%
acid gave a CNC yield of 65-70 wt%. When the acid concentration was above
65 wt%, the cellulose sample was completely dissolved. The yield of particles com-
posed of cellulose and regenerated from 65 wt% acid was low (about 20 wt%).
Furthermore, these particles exhibited a decreased degree of crystallinity (about
30%) and DP (about 60). Increasing the acid concentration to over 65 wt% led to
further diminution in the yield, crystallinity, and DP of the regenerated particles.
After hydrolysis of the initial sample with 67 wt% acid, the particle yield was zero,
because hydrolyzed and dissolved cellulose cannot be regenerated from an acidic
solution by dilution with water. In this case, this was because of the fast acidic
depolymerization of the cellulose with the 67 wt% acid, along with the formation
of water-soluble oligomers.

Electron microscopic observation showed that after cellulose hydrolysis
with 50-55wt% SA CNC aggregates with 300-500 nm length and 40-60nm
lateral size were formed. An increase in the acid concentration to approxi-
mately 60 wt% contributed to the formation of smaller CNCs with sizes of
100-200 nm x 10-20 nm. Thus, the reduced acid concentration of 50-55wt%
led to the formation of overly coarse aggregates, while higher concentrations
(>60wt%) led to a low nanoparticle yield with decrystallized structures. To
obtain small and highly crystalline nanoparticles at maximum yield, the con-
centration of SA used for hydrolysis of the starting cellulose material should be
approximately 60 wt% [61]. Compared to the hydrolysis procedure using SA,
cellulose hydrolysis with HA requires a higher temperature (60-80 °C) in order
to produce CNCs of similar dimensions [127, 128].

Recently, Guo et al. [129] reported that ultrasonication treatment while
hydrolysis reaction promotes an increase in CNC yields when short hydrolysis
times (45min) are involved. In addition, ultrasonic treatment led to CNCs
having shorter lengths and narrower size distributions. However, a further acid
hydrolysis during ultrasonic treatment caused the widths and thickness of CNCs
to decrease, owing to delamination and disorder in the cellulose crystalline
structure generated by a partial dissociation of cellulose hydrogen bond net-
works in the CNCs while undergoing ultrasonic treatment with long hydrolysis
periods. The characteristics of CNCs prepared from different cellulose sources
are given in Table 1.1.
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Under similar hydrolysis conditions, the crystallinity and dimensions of the
nanocrystalline particles depend on the origin of the cellulose feedstock [19, 34,
128]. For example, after acid hydrolysis, tunicate samples yield highly crystalline
and long nanoparticles with a high aspect ratio, while wood cellulose yields
less crystalline and shorter nanoparticles with a lower aspect ratio. Generally,
nanocrystalline particles isolated from the cellulose of various terrestrial plants
have lateral sizes ranging from 4 to 20 nm and lengths of 100-300 nm, whereas
the nanoparticles isolated from non-terrestrial sources, such as tunicate, algae,
and BC, are longer and thicker [19, 34, 36, 41, 128].

1.6.2.2 Hydrolysis with Solid Acids

Although acid hydrolysis is widely used for the production of CNCs, certain
problems must be overcome, such as high consumption of energy and chemicals,
acidic corrosion of equipment, and health and environmental hazards. Recently,
a number of studies have focused on hydrolysis parameter optimization, corro-
sion prevention, and waste reduction [149]. An interesting proposal has been
made, in which it was suggested that the strong liquid acid used in this process
should be replaced by a solid acid. For example, a hydrolysis procedure using an
acidic cation exchange resin as a solid catalyst in combination with high-power
disintegration has been reported to produce cellulose particles with a yield of
approximately 50%, and the solid acid can be regenerated using a post-treatment
procedure [150]. Recently, Liu et al. [149] reported preparation of cellulose
nanoparticles with diameters of 15—40 nm and lengths of hundreds of nanome-
ters using the hydrolysis of bleached pulp with solid phosphor-tungsten acid
(H;PW,,0,). They found that the resultant CNCs exhibited a significantly
higher thermal stability than the CNCs prepared using hydrolysis with SA. In
addition, the solid acid could be easily recovered and recycled through extraction
with diethyl ether.

The major advantages of hydrolysis with a solid acid are easy recovery of the
solid acid, low equipment corrosion, and a relatively safe working environment.
Moreover, the recovered acid can be reused several times for further cellulose
hydrolysis without loss of acid activity or reduction of the final product yield. The
primary shortcomings of this hydrolysis method are the very high cost of solid
acid, as well as prolonged hydrolysis time, low productivity, the heterogeneity
of the hydrolysis process, and wide particle size distribution, which are caused
by limited contact between the solid acid granules and the cellulose feedstock.
However, Hamid et al. [151] reported that sonication in combination with solid
phosphor-tungsten acid reduces dramatically the time of operation from 30h to
10 min by using an optimum sonication power of 225 W. The size of the obtained
CNCs was in the range from 15 to 35 nm in diameter and 150 to 300 nm in length
with crystallinity of about 88% and yield of 85%.

1.6.2.3 Hydrolysis with Gaseous Acids

In this technique, wet cellulose with a moisture content of up to 80% is
hydrolyzed in the presence of an acidic gas. The gaseous acid is absorbed by
the cellulose fibers and reacts with the moisture of the material; as a result, a
high local acid concentration is obtained. This leads to a high rate of hydrolysis
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of the amorphous domains and of the local interfibril contacts. Then, CNCs
are isolated using mechanical grinding and/or ultrasound treatment of the
hydrolyzed cellulose. Various types of gaseous acids can be used in this proce-
dure, such as HA, nitric acid, and trifluoroacetic acid. This technique can allow
several environmentally harmful and time-consuming steps that are required
for classical acid hydrolysis to be omitted. Indeed, large amounts of water are
not necessary, the acid recycling is easier, and the dialysis step can be omitted.
The CNC yield is also higher, because of lower cellulose feedstock loss during
the gaseous hydrolysis process [152].

1.6.2.4 Hydrolysis with Metal Salt Catalyst

Metal inorganic salts in the trivalent (FeCl;, Fe,(SO,);, Al(NO,),), divalent
(CaCl,, FeCl,, FeSO,), and monovalent (NaCl, KCI) categories have been
demonstrated by many researchers for enhancing the hydrolysis efficiency of
cellulose [153-156] and preparation of micro- or nanocrystalline cellulose
[157-159]. A transition metal-based catalyst provides a feasible, selective, and
controllable hydrolysis process with mild acidity. In fact, the valence state of
the metal ion is the key factor to influence the hydrolysis efficiency, where an
acidic solution (H") generates during polarization between metal ions and water
molecules. A higher valence state generates more H* ions, which act effectively
in the co-catalyzed acid hydrolysis reaction in the presence of metal ions [154,
160].

Lu et al. [158] have reported the use of FeCl, for the hydrolysis of cellulose
into NC. It was indicated that the reagent diffuses into the amorphous regions
of cellulose and promotes the cleavage of glycosidic linkages of cellulose chains
into smaller dimensions. Furthermore, the presence of an acidic medium (HCI) or
ultrasonic-assisted treatment can act synergistically to improve the accessibility
of metal ions for the hydrolysis process [157, 158, 161].

Recently, Hamid ez al. [160] proposed the nickel-based inorganic salt (nickel(II)
nitrate hexahydrate) for the selective transformation of MCC into NC. It was
revealed that the NC produced via 40% H,SO, hydrolysis has lower aspect ratio
compared with nickel-catalyzed NC. Acid hydrolysis NC rendered shorter length
of nanocrystals while nickel-catalyzed NC showed fine width with controllable
length of products. This indicated that Ni-based inorganic salt is capable of selec-
tively controlling the hydrolysis as compared to SA reaction.

1.6.2.5 Other Preparation Techniques

Other CNC preparation techniques include treatment with ionic liquid (IL),
enzymatic hydrolysis, and TEMPO-mediated oxidation. However, these tech-
niques are usually applied in combination with other chemical and mechanical
or ultrasound treatments.

ILs have recently been used as both solubilizing agents and catalysts for
cellulose hydrolysis. For example, the treatment of MCC with 1-butyl-3-
methylimidazolium hydrogen sulfate (BmimHSO,), with the possible reuse of
the IL, has been described [162]. However, the obtained CNCs exhibited a low
thermal stability in this case. Advanced reaction media such as “deep eutectic
solvents” have recently been generated and appear to be potentially useful ionic
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solvents. They can be prepared simply through the mixing of hydrogen bond
donors with halide salts [163, 164]. The usefulness of advanced IL for CNC extrac-
tion is related to a simple and effective hydrolysis process in the homogeneous IL
medium [165].

The literature on the use of enzymatic hydrolysis for the extraction of NC
focuses primarily on CNF or CMF preparation. One exception is a quite detailed
paper by Siqueira et al. [166], in which various combinations of enzymatic
hydrolysis and mechanical shearing to produce nanoparticles from sisal pulp
are investigated. These researchers report that, depending on the treatment
conditions and their sequence, CNCs can coexist with microfibrils in the
obtained suspensions. Filson et al. [167] prepared CNCs from recycled pulp
using hydrolysis with endoglucanase enzyme in a microwave; they observed that
microwave heating permits faster nanoparticle production with higher yield
compared to conventional heating. This is because microwave heating is more
selective.

The TEMPO-meditated oxidation method has also been applied to cellulose
fibers to produce CNCs. It has been reported that isolated CNCs reveal supe-
rior dispersity in water after TEMPO oxidation, because of the incorporation of
a higher number of carboxylate groups in the cellulose. In addition, the oxidized
nanoparticles exhibit smaller sizes, improved transmittance, higher shear stress,
and higher viscosity compared to CNCs obtained using the conventional hydrol-
ysis method [168]. Further details of TEMPO-meditated oxidation are given in
Section 1.7.

Recently, solvothermal pretreatment of cellulose with ethanol and peroxide fol-
lowed by ultrasonic treatment has been used to produce CNCs [169]. Organosolv
treatment is an important pretreatment method for biomass refinery. It results in
an efficient fractionation of lignocellulose into its main components, thus allow-
ing the valuable conversion into useful products. In this method, various organic
solvents such as alcohols, esters, ketones, phenols, and amines act as dissolving
agents by solubilizing lignin and some of hemicellulose under heating conditions
and leaving relatively pure cellulose. Solvents with low boiling point (e.g., ethanol)
are the major solvents that are usually used because of their low cost, solubility in
water, and ease of recovery. Li et al. [169] reported that solvothermal treatment
with ethanol can fractionate 97% of total lignin and 70% of the hemicellulose,
and the subsequent treatment with peroxide can remove the rest of the lignin
and one-third of the remnant hemicelluloses and produce 95% of pure cellulose.
The resultant CNCs isolated after ultrasonic processing were 1-9 nm wide and
500 nm long, with aspect ratios ranging from 10 to 150. Higher crystallinity and
thermal stability of produced CNCs has also been reported compared with CNCs
prepared by traditional methods.

1.6.3 Preparation of Nanoparticles of Amorphous Cellulose

The main method used for ANC production is the acid hydrolysis of
low-crystalline cellulose feedstock. For this purpose, an initial cellulose
material should be preliminarily dissolved in 66—67% SA, in 85% phosphoric
acid (PA), in a mixture of concentrated SA and PA, or of concentrated SA



1.6 Preparation Techniques of Various Types of Nanocellulose

and HA at room or lower temperature (preferably at 10-15°C). When the
acidic condition is maintained for 40—60 min, depolymerization of the cellulose
macromolecules occurs. After regeneration of the hydrolyzed cellulose from
the solutions, amorphous flocks of low-molecular-weight cellulose are formed.
Disintegration with an ultrasound disperser contributes to conversion of the
flocks into amorphous nanoparticles [11, 19, 170]. The obtained particles
have spherical to elliptical shapes with diameters ranging from 80 to 120 nm,
depending on the cellulose origin, extraction method, and isolation conditions.
It has been discovered that the diameter of the particles can be reduced to
50—-80 nm after prolonged sonication [171].

An example of fabrication of ANC nanoparticles using the hydrolysis of cotton
cellulose with 66 wt% SA has been described in papers by loelovich [11, 19]. The
produced nanoparticles have a DP of 60—70 and a maximum yield of 65-70%.
Increasing the acid concentration to over 66 wt% leads to a decrease in the yield
of ANC. After hydrolysis with 70-72 wt% SA, the dissolved cellulose cannot be
regenerated from the acidic solution through dilution with water, because of the
rapid acidic depolymerization of the cellulose and the formation of water-soluble
oligomers. Because of their amorphous structure, the nanoparticles acquire spe-
cific features such as increased negatively charged functional group content, high
accessibility, and high sorption ability. Freeze-dried ANC absorbs up to 35-40%
water vapor and decomposes completely under the action of cellulolytic enzymes.
However, the thermal stability and mechanical properties of ANC nanoparticles
are poor; therefore, these nanoparticles are not suitable for use as reinforcing
nanofillers.

Preparation method of spherical ANC nanoparticles using hydrolysis with
the mixture of SA and HA in combination with prolonged sonication has
been reported by Wang et al. [172, 173]. These researchers have recognized
that nanoparticles cannot be obtained in the absence of ultrasonic treatment.
Spherical amorphous nanoparticles can also be prepared following special
pretreatment of the initial cellulose (e.g., ball-milling or mercerization), followed
by acid hydrolysis or TEMPO oxidation [174].

1.6.4 Preparation of Cellulose Nanoyarn

Electrospinning is one of the simplest and most effective methods for producing
micro- and nanofibers. In electrospinning, a high electrostatic voltage is imposed
on a drop of polymer solution, held by its surface tension at the end of a cap-
illary. The surface of the liquid is distorted into a conical shape known as the
Taylor cone. Once the voltage exceeds a critical value, the electrostatic force over-
comes the solution surface tension and a stable liquid jet is ejected from the cone
tip. The solvent evaporates when the jet travels through the air, leaving ultrafine
polymeric fibers that are collected on an electrically grounded target [175]. As a
result, mats of tangled long filaments with diameters of 100—1000 nm are formed.
Figure 1.12 is a schematic of the electrospinning process. The direct dissolu-
tion of cellulose is a difficult process. Therefore, cellulose nanofiber production
using electrospinning requires a suitable solvent or chemical derivatization of the
cellulose [7].
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Figure 1.12 Schematic of electrospinning process.

Various systems for direct dissolution of cellulose without chemical derivati-
zation have been studied, such as N,N-dimethylacetamide (DMAc)/LiCl [176],
dimethyl sulfoxide (DMSO)/triethylamine/SO, [68], N-methylmorpholine-
N-oxide (NMMO) [177], and NaOH/urea aqueous solution [178]. For example,
to prepare CNY, cellulose has been dissolved in a LiCl/DMAc or NMMO/water
system. After electrospinning, the CNY was coagulated in water and dried [67].
Investigation of the product indicated that coagulation with water immediately
after collection of the CNY is necessary in order to obtain submicron-scale
nano-filaments for both solvent systems. The DP of CNY is most likely close
to that of conventional cellulose fibers. X-ray diffraction studies have revealed
that CNY obtained from LiCl/DMAc are mostly amorphous, whereas the CNY
from NMMO/water can be semicrystalline. Further, since the stretching stage
of the amorphized fibers is absent in this process, the nanoyarn samples formed
have relatively low mechanical characteristics. The resultant CNY mats are
highly porous and can be used as blotting and filtering materials. Pure CNY
has also been prepared by dissolving cellulose fibers in a mixture of ethylene
diamine with a salt selected from the group composed of potassium thiocyanate,
potassium iodide, and mixtures thereof [179].

Nanoyarn can also be produced from cellulose derivatives such as methylcel-
lulose, ethylcellulose, nitrate cellulose, acetate cellulose, and acetate-butyrate
cellulose. For instance, the electrospun nanoyarn from acetate cellulose can be
produced using solutions of the initial polymer in acetic acid, acetone, or ethy-
lacetate. The nanoyarn obtained from cellulose derivatives and produced from
isotropic solvents such as acetone, dimethylformamide, ethanol, or methanol,
and following electrospinning, exhibits reticulation due to the liquid crystalline
structures of the solutions [180, 181]. Various parameters, such as the electric
field strength, tip-to-collector distance, solution feed rate are generally used to
control the morphological features of the electrospun nanofibers. The effects of
these conditions on the production of nanoyarn with desirable characteristics
and properties can be further examined, with a view to optimizing the process
parameters [84].
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1.7 Pretreatment

As known, two major problems often occur during the fibrillation process, and
especially during the mechanical fibrillation of cellulose: (i) fibril aggregation,
when slurry is pumped through the disintegration device and (ii) high energy
consumption associated with fiber delamination, which often involves multiple
passes through the disintegration device until efficient delamination of the cell
wall is obtained. The high energy input is necessary in order to release the
nanofibers and to overcome the interfibrillar hydrogen bonding [71]. According
to Sir6 and Plackett [62], an efficient pretreatment helps to reduce energy
consumption by 20-30-fold.

The choice of pretreatment method is dependent on the cellulose source and,
to a lesser degree, on the desired morphology of the initial cellulose for further
treatments. It is worth noting that appropriate pretreatment of cellulose fibers
promotes accessibility, increases the inner surface, alters crystallinity, breaks
hydrogen bonds, and boosts the reactivity of the cellulose; thus, it decreases
the energy demand and facilitates the process of NC production [42, 64].
For instance, the pretreatment of plant materials promotes the complete or
partial removal of noncellulose components (hemicellulose, lignin, etc.) and the
isolation of individual fibers [36]. Pretreatment of tunicate involves the removal
of the protein matrix, isolation of the mantel, and the isolation of individual
cellulose fibrils [182]. Pretreatment of algae typically involves the removal of the
matrix material of algae cell walls [48, 183], whereas pretreatment of bacterial
NC is focused on the removal of bacteria and other impurities from the slurry
[50]. Pretreatment is a very important step, because it can alter the structural
organization, crystallinity, and polymorphism of the cellulose, as well as various
properties of the pretreated feedstock [12]. Therefore, we wish to discuss the
most efficient pretreatment methods to facilitate the cell wall delamination and
release nano-sized fibrils.

1.7.1 Pulping Processes

Pulping is used to isolate fibers from wood or other plants and can be performed
in two ways: mechanically or chemically. Mechanical pulping methods are energy
consuming; however, they use almost the entire wood material. The production
of wood fibers involves the grinding of round wood logs by a rotating sandstone
cylinder; as a result, the wood fibers are scraped off. Another type of mechanical
pulping leads to the production of refined wood pulp, which is obtained by feed-
ing wood chips into the center of rotating refining disks in the presence of a water
spray [184]. These mechanical treatments cause damage to the morphology and
size of the wood fibers, and also reduce the cellulose DP and crystallinity [71].
In chemical kraft pulping, the plant materials are treated with a hot solution
containing a mixture of sodium hydroxide and sulfide in a digester. In fact,
approximately half of the wood is converted into pulp, while the other half is
dissolved. Modern chemical pulping mills can efficiently recover the respective
chemicals and burn the remaining residues. The combustion heat accounts
for the entire energy consumption of the pulp mill. Other known types of the
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chemical pulping are soda cooking, which uses sodium hydroxide only as a
cooking chemical, and sulfite pulping by sulfite acid and its salts [36, 59, 184].

The chemical pulping process can be conducted also using sodium chlorite for
selective oxidation of lignin, which gives a higher yield of delignified fibers com-
pared to the conventional kraft pulping process. This improvement is explained
by the difference in the chemical composition of the delignified fibers, and specif-
ically of hemicelluloses. The correlation between the content of hemicelluloses
and the efficiency of nanofibrillation has been shown in the work of Chaker et al.
[185] and Iwamoto et al. [90]. These researchers have reported that the higher the
hemicelluloses content in the fibers, the higher the yield of nanofibrillated mate-
rial. The correlation between the extent of fibrillation and the hemicellulose con-
tent has been explained by consideration of the structural organization of CMFs
and hemicelluloses within the cell wall. As mentioned previously, amorphous and
hydrophilic hemicelluloses are tightly bonded to the CMFs via hydrogen bonds,
and can act as physical barriers that keep the CMFs apart. Consequently, they
prevent the aggregation and facilitate the fibrillation process [71].

1.7.2 Bleaching

In this process, the pulp can be bleached to remove the residual lignin and other
impurities, without change in cellulose crystallinity or polymorphism. After the
bleaching process, white cellulose with an improved aging resistance is obtained.
Various bleaching agents can be used, such as hydrogen peroxide, oxygen, ozone,
peracetic acid, sodium chlorite, chlorine, and chlorine dioxide [186—188]. Among
the bleaching agents, oxygen and chlorine dioxide are the most popular. Further
details about bleaching processes are given by Hubbe et al. [36].

1.7.3 Alkaline-Acid-Alkaline Pretreatment

This pretreatment includes three steps [64, 189, 190]: (i) soaking of plant fibers
in 12-17.5wt% sodium hydroxide for 2 h, in order to increase the fiber surface
area and to make the fibers more susceptible to hydrolysis; (ii) treatment of the
fibers with 1 M HA at 60—80°C in order to hydrolyze the hemicelluloses; and
(iii) treating the fibers with 2 wt% NaOH solution for 2 h at 60—80 °C to disrupt
the lignin structure. According to Alemdar and Sain [92], after such pretreatment,
the cellulose content in wheat straw increased from 43% to 84%.

1.7.4 Enzymatic Pretreatment

Enzymatic pretreatment is an environmentally friendly alternative to chemical
pretreatment, which can be used to manufacture CNFs with significantly reduced
energy consumption. Special enzymes, that is, ligninases, xylanases, and others,
are capable of degrading lignin and hemicelluloses while maintaining cellulose.
On the other hand, cellulolytic enzymes, that is, cellulases, help hydrolyze cellu-
losic fibers [191].

Based on their activity, cellulases can be divided into three groups [192]: (i)
endoglucanases or p-1,4-endoglucanases (also called A- and B-type cellulases),
which randomly hydrolyze accessible f3-1,4-glucosidic bonds in noncrystalline
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domains of cellulose, generating damaged fibers with new chain ends; (ii) exoglu-
canases (cellobiohydrolases), which are also called C- and D-type cellulases,
which act on the chain termini to release soluble cellobiose as a major product;
and (iii) pB-glucosidases, which hydrolyze cellobiose to glucose. The commonly
accepted cellulose hydrolysis mechanism suggests that these three types of
cellulases work synergistically.

A combination of mild enzymatic hydrolysis with endoglucanase and
high-pressure disintegration has been used to prepare CNFs from the bleached
wood pulp [193, 194]. It was found that pretreatment with endoglucanase
increases swelling of the pulp fibers in water and facilitates their disintegra-
tion, thus preventing the microfluidizer from blocking or clogging. The fibers
pretreated with the lowest enzyme concentration (0.02%) were successfully
disintegrated, while the molecular weight and fiber length were well preserved.
As aresult, mild enzymatic hydrolysis facilitates disintegration of pulp fibers into
nanofibers. Compared with acidic pretreatment, the enzymatic pretreatment
yielded homogeneous CNFs with greater aspect ratios.

The pretreatment of bleached sisal fibers with two types of commercial cel-
lulases, endoglucanase or exoglucanase, has also been studied [166]. This pre-
treatment was performed using two different procedures, either before or after
mechanical shearing in a microfluidizer. It was shown that, depending on the
cellulase dose, the morphology of the prepared NC and its reinforcing effect can
differ significantly. The use of endoglucanase leads to the formation of a mix-
ture of CNFs and stiff rod-like nanoparticles, whereas exoglucanase preserves the
web-like morphology of the CNFs regardless of the pretreatment sequence. Sid-
diqui et al. [72] reported that enzymatic pretreatment had a small effect on the
resultant size of the CNFs, but at increased solid content the pretreated slurry
could be passed through the HPH without blockage. The optimum size reduc-
tion of nanofibrils and smooth passing of the flow through the homogenizer was
found for an enzyme concentration of 1%, while the obtained CNFs had diameters
of 38—42 nm after three passes.

1.7.5 lonic Liquids

ILs are a new group of organic salts that remain in the fluid state at tem-
peratures below 100°C. They have interesting and valuable properties such
as non-flammability, and very low vapor pressure and thermal and chemical
stability [195, 196]. The dissolution of cellulose in ILs allows the comprehensive
utilization of this biopolymer through the combination of two major principles
of green chemistry: (i) the use of environmentally preferable solvents and (ii) the
use of a biorenewable source. It has been reported that cellulose can be dissolved
in certain hydrophilic ILs, for example, in 1-butyl-3-methylimidazolium chloride
(BmimCl) and 1-allyl-3-methylimidazolium chloride (AmimCl). The accepted
dissolution mechanism is that IL cations attack the oxygen atoms, whereas IL
anions associate with the protons of the hydroxyl groups of cellulose. These two
interactions can eradicate the extensive network of hydrogen bonds, resulting in
dissolution of cellulose. It has been found that microwave heating significantly
accelerates the cellulose dissolution process in ILs. Cellulose can be easily

29



30

1 Methods for Extraction of Nanocellulose from Various Sources

regenerated from its solution in ILs through addition of water, ethanol, or
acetone, and transformed into NC [196].

To isolate CNFs from sugarcane bagasse, Li et al. [197] combined BmimCl pre-
treatment with HPH. The cellulose solution in the IL easily passed through the
homogenizer without clogging. Afterwards, NC was precipitated from the solu-
tion by the addition of water and freeze dried. Good solubilization of the cellulose
in the IL was observed for a dissolution temperature of 130 °C, microwave power
of 400 W, and cellulose concentration in the IL of 1 wt%. Man et al. [162] prepared
CNCs by treating MCC with BmimHSO,. It was found that the IL can react with
MCC in a similar manner to acid in acid hydrolysis, causing a hydrolytic cleav-
age of the glycosidic bonds between the AGU. As a result, needle-like CNCs with
lengths of 50-300 nm and diameters of 14—22 nm were isolated. A high recovery
yield (>90%) of BmimHSO, was reported after preparation of high crystalline
CNCs by Tan et al. [198].

Gindl and Keckes [199] cast a solution of MCC in IL into a film, which was
identified as a nanocomposite. In addition, Kilpeldinen et al. [200] suggested
that cellulose could be precipitated from its solution in IL under various condi-
tions, in order to obtain a wide range of morphologies. Sui ez al. [201] formed
cellulose nanofibers and nanoparticles by spraying cellulose solution in ILs,
while Kadokawa et al. [202] used an IL to partially disrupt cellulosic material
structure; this was followed by a polymerization reaction in the continuous
phase.

Note that the IL is not consumed during treatment and can be recovered
through various methods, such as evaporation, ion exchange, and reverse
osmosis; moreover, the recovered IL can be reused [94].

1.7.6 Oxidation

TEMPO is a well-known reagent that is widely used for pretreatment of cellu-
lose materials in the laboratory to reduce the energy consumption required for
mechanical disintegration. It has been reported that, after TEMPO pretreatment
of cellulose, the consumption of energy in HPH is dramatically decreased by a
factor of over 100 [203]. TEMPO is a red-orange, sublimable solid with a melting
point of 36-38 °C. It is a highly stable nitroxyl radical, which is used extensively
in the selective oxidation of primary alcohols to corresponding aldehydes and
carboxylic acids (Figure 1.13).

In an aqueous medium, TEMPO catalyzes the conversion of primary hydroxyl
groups of carbohydrates into carboxyl groups in the presence of a primary oxidiz-
ing agent (e.g., sodium hypochlorite) and halogen salts (e.g., sodium bromide or
sodium chloride) [204]. However, a side reaction (e.g., strong depolymerization

o Figure 1.13 (2,2,6,6-Tetramethylpiperidin-1-oxyl) or
HsC, | CHa (2,2,6,6-tetramethyl piperidin-1-oxidany) or TEMPO.

HsC N CHjz
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of the cellulose) occurs after cellulose TEMPO oxidation under alkaline condi-
tions [205, 206]. Another side reaction of cellulose with a TEMPO system at
pH > 7 is the formation of aldehyde groups, which reduce the thermal stability
and cause discoloration of the oxidized cellulose after drying. Moreover, these
groups disturb the individualization of the CMFs through the partial formation
of hemi-acetal linkage between the fibrils.

To prevent the side reactions, the TEMPO pretreatment should be conducted
under slightly acidic conditions (pH 6.0-6.5) and at temperatures of 50—60 °C.
It has been found that, in these conditions, aldehyde groups are not formed and
the depolymerization of the cellulose chains does not occur [203]. Schemes of
TEMPO oxidation at alkaline and acidic pHs are shown in Figure 1.14. It is also
believed that the reaction occurs on the surface and in the amorphous domains of
the cellulose fibers. As the carboxyl content is increased to a certain amount, the
cellulose begins to disperse in the aqueous solution, but the crystalline domains
remain intact and can, therefore, be released [7].

The level of cellulose oxidation is critical in reducing the energy input and
improving the degree of nanofibrillation as well as the transparency of the CNF
suspension. Content of carboxyl group of approximately 300 pmol g~! in the cel-
lulose is required to provide an optimal CNF yield without clogging the homoge-
nizer. However, the increase in the content of carboxyl groups above 500 pmol g
does not change the degree of nanofibrillation [207, 208]. Preparation of CNF can
be controlled and optimized by monitoring the oxidation time and degree of oxi-
dation, as well as the number of cycles through the homogenizer. A significant
length reduction and improvement in the uniformity of CNF has been observed
after TEMPO oxidation [209, 210].

CNCs with high carboxylic group content (1.66 mmolg™) have also been
prepared from cotton linter pulp through direct ultrasonic-assisted TEMPO
oxidation [211]. Microscopic observations have revealed CNCs with widths of
5-10nm and lengths of 200-400 nm. It has been reported that oxidized CNCs
form stable aqueous suspensions.

Recently, Carlsson et al. [212] prepared highly crystalline NC from Cladophora
sp. algae via co-oxidant free TEMPO oxidation. These researchers demonstrated
that the same degree of oxidation can be achieved within approximately the same
time by replacing the co-oxidants with TEMPO™ electrogeneration in a bulk elec-
trolysis setup. It was shown that the oxidation does not affect the morphology,
specific surface area, and pore characteristics of the obtained nanoparticles; how-
ever, a slight reduction in the DP value was observed.

Another route is the periodate oxidation of cellulose, which is followed by
oxidation with sodium chlorite to convert aldehyde groups into carboxylic
groups [213]. Compared to TEMPO oxidation, this oxidation route allows the
introduction of a larger number of carboxylic groups, up to 3.5 mmolg™. It
has been shown that the isolation of CNFs from highly oxidized cellulose can
be achieved without applying any additional mechanical energy, other than
that required to stir the fiber suspensions during the chemical treatments. The
mechanism responsible for this “spontaneous” disintegration is most likely
the repulsion of highly charged fibrils after a charge threshold is achieved at
approximately 3 mmol g~*.
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Figure 1.14 TEMPO-mediated oxidation of cellulose (a) at pH 10-11 and (b) pH 4.8-6.8.
(Isogai et al. 2011 [203]. Reproduced with permission from Royal Society of Chemistry.)

1.7.7 Steam Explosion

Steam explosion is a promising pretreatment method for the extraction of cel-
lulose fibers from plant biomass, which can be used either alone or in combina-
tion with high-pressure disintegration. This pretreatment is based on short-term
“cooking” in a vapor phase at a temperature of 180-210 °C under steam pressure
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Figure 1.15 Process diagram of typical aqueous/steam explosion system. (Rebouillat and Pla
[84], http://www.scirp.org/journal/Paperinformation.aspx?PaperlD=29869. Used under CC-BY
4.0. https://creativecommons.org/licenses/by/4.0/.)

between 1 and 3.5 MPa. The pretreatment with the compressed steam is finished
with an explosive decompression, during which the flash evaporation of water
exerts a high force and causes the material to rupture. This effect results in a
substantial breakdown of the plant material structure, namely, the hydrolysis of
hemicelluloses, degradation of lignin, and fibrillation of fibers. The addition of
certain chemicals, for example, SA or sodium hydroxide, promotes the enhance-
ment of the pretreatment efficiency [214, 215]. Figure 1.15 is a process diagram
of a typical steam explosion system.

Various plant materials have been steam exploded, including flax [216], cot-
ton [217], wheat straw [218], bamboo [219], sunflower stalks [117], banana fibers
[215], and pineapple leaf fibers [220]. The CNF yields obtained through this tech-
nique and the respective aspect ratios are higher than those of other conventional
methods [215]. The advantages of steam explosion include low energy and chemi-
cal consumption, low environmental impact, and lower capital investment. How-
ever, this process should be repeated several times in order to efficiently release
the fibrillated material [220, 221].

1.7.8 Other Pretreatments

Other, less used pretreatment methods include carboxymethylation and acety-
lation [85]. Aulin ez al. [222] found that preliminary carboxymethylation pro-
duces highly charged cellulose that promotes the liberation of CNFs. Further,
Taipale et al. [223] have reported that the energy required for the disintegration
of cellulose fibers in a microfluidizer can be reduced by 2.5-fold after carboxy-
methylation.
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The partial esterification of CNFs with acetyl groups decreases the hydrophilic-
ity and enhances the chemical affinity between modified fibrils and nonpolar
solvents. Tingaut et al. [224] found that the acetylation of nanofibrils to acetyl
content above 4.5% prevents hornification of CNFs upon drying. Introducing
of acetyl groups reduces the level of hydrogen bonds between nanofibrils, thus
aiding their dispersion in a nonpolar polymeric matrix of nanocomposite mate-
rials. The capacity to store acetylated CNFs in dry form introduces possibilities
for industrial-scale production.

Current research is focusing on the development of environmentally friendly,
high-efficiency, and low-cost methods of NC isolation. One-step treatment
or combinations of two or more methods have produced positive results in
this regard. The combination of chemical treatment, mechanical refining,
homogenization, and cryocrushing has been used to produce CNFs [189]. Using
a combination of chemical and mechanical treatments, Jonoobi et al. [80] have
obtained nanofibers exhibiting higher crystallinity and thermal stability than the
initial cellulose material. Wang and Cheng [105] have found that the combination
of highly intensive ultrasonication and high-pressure homogenization is effective
for the fibrillation and production of uniform nanofibers. Ultrasonication has
been proposed as an aid for the acid hydrolysis of cellulose used to obtain
nanoparticles [172].

A method based on a combination of ball milling, acid hydrolysis, and son-
ication has been developed by Qua et al. [225], in order to obtain CNFs from
MCC and flax fibers. Pretreatment of cellulose with enzymes or acids in com-
bination with mechanical shearing has been performed by Henriksson et al. to
extract NCFs with low energy consumption [193]. Spence et al. [226] have com-
pared the properties of CNFs produced using microgrinding, homogenization,
and microfluidization methods, and also considered energy utilization during
fabrication. They concluded that CNFs produced by microgrinders and microflu-
idizers exhibit higher optical, physical, and mechanical properties compared to
fibers produced using homogenization. It has also been reported that the combi-
nation of chemical pretreatment and HIUS improves the CNF yields of the initial
cellulose materials [99, 106, 107].

1.8 Concluding Remarks

Cellulose is the most abundant natural polymer on Earth, and is an almost
inexhaustible source for obtaining environmentally friendly and biocompatible
products. Therefore, cellulose-based materials have become one of the most
important bioresources in the twenty-first century. The unique hierarchical
structure of cellulose provides the possibility for isolation of micro-(CMFs) and
nanofibrils (CNFs), crystalline (CNCs), and amorphous (ANC) nanoparticles.
This characteristic also facilitates production of the nanoyarn.

The properties of the various types of extracted NC depend on the source and
preparation technique. CMFs and CNFs are commonly produced via mechanical
treatment using devices such as HPH, microfluidizers, microgrinders, and
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high-intensity ultrasound dispersers. However, these mechanical procedures
involve multiple passes through the disintegration device and require a high
consumption of energy in order to overcome the interfibrillar hydrogen bonds,
perform efficient delamination of cellulose fibers and release the free nanofibers.
Special pretreatments of the pulp are necessary in order to reduce the energy
consumption and prevent fibril aggregation, when the slurry is pumped through
the disintegration device. These pretreatments include biological, physico-
chemical, chemical, physical, and mechanical procedures, or combinations
thereof.

On the other hand, the main preparation technique commonly used to
produce the CNCs is acid hydrolysis. The shapes, sizes, and properties of
isolated CNCs depend on the hydrolysis conditions, such as time, temperature,
concentration, and acid type, as well as the acid/cellulose ratio. The pretreatment
and preparation techniques used to produce NC must be conducted under
controlled conditions. Then, NC can be obtained not only at high yield, but also
with the desired size and properties. The preparation methods of some other
NC types, for example, amorphous nanoparticles and nanoyarn, have also been
shortly described in this chapter.

The characterization of various types of NC, along with their application in the
production of nanocomposites, nano-hydrogels, nano-dispersions, nano-foams,
and other nanomaterials that can be used in papermaking, plastics, textile indus-
try, packaging, coating, cosmetics, medicine, and pharmaceuticals, are discussed
in the following chapters.
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