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Cellulose is the most abundant renewable source on Earth. Due to several of their characteristics, such as their
renewability, sustainability, and eco-friendliness, nanocellulose-based materials are arousing growing interest from
researchers in various fields of study and applications.

nanocellulose CNC CNF BNC

| 1. Introduction

Cellulose is the most abundant renewable source on Earth; it can be found in plants, algae, microorganisms, such
as some bacteria, and other natural sources. In fact, its annual production is approximately 1.5 x 1012 tons 2,
Chemically, it is composed of a linear polysaccharide produced from ringed glucose monomers linked together
through B-(1,4) glycosidic bonding, and its microscopic morphology corresponds to alternating regions of crystalline

and amorphous zones, which, together, form the characteristic macroscopic fibrous structure of cellulose (Figure
1) 1141,
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Figure 1. Amorphous and crystalline regions of cellulose micro fibrils.

The ordered crystalline domains are more resistant to chemical, mechanical, and enzymatic treatments and thus
have a higher resistance to degradation compared to the amorphous ones; these crystalline regions are held

together by hydrogen bonds that make cellulose stable, but decrease its solubility in water and other solvents I,

The hierarchical structure of cellulose is described in Figure 2.
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Figure 2. The hierarchical structure of cellulose. Reproduced under terms of the CC-BY license &, Copyright ©
2020, The Authors, published by Front. Chem.

This polymer, seen as an inexhaustible source of raw materials and, consequently, all of the nanocellulose
materials obtained from it, has gained increasing interest thanks to its attractive characteristics, such as its ease of

availability, high surface area, good mechanical properties, renewability, and biocompatibility EZI,

To define cellulose nanomaterials, the nomenclature established by the Technical Association of the Pulp and
Paper Industry (TAPPI) of the Nanotechnology Division must be considered, and, from the standardization TAPPI
WI 3021, it is possible to define nanocellulose as the crystallite or cellulose fiber possessing at least one dimension

in the nanoscale range (1-100 nm) &,

The class of nanocellulose materials includes all those derived from cellulose with several shapes, dimensions,
chemical surface, and properties. Therefore, from the separation of cellulose fibers, different types of nanoscale
cellulose can be obtained; in particular, through the function of their sources, the degree of crystallinity, and the
extraction and production method, if a bottom-up or top-down technique is used, it is possible to distinguish three
categories of nanocellulose: cellulose nanocrystals (CNCs), nano-fibrillated cellulose (CNF), and bacterial
nanocellulose (BNC). CNCs consist of cylindrical, elongated, inflexible, and rod-like nanoparticles with dimensions
of 4-70 nm in width and 100-6000 nm in length and a crystallinity index of around 54-88 %; they are usually
obtained by hydrolysis. Nano-fibrillated cellulose (CNF), commonly obtained by mechanical treatment, with a
braided network structure, is composed of longer and flexible fibers with dimensions of 20—100 nm in width and
>10,000 nm in length and a low crystallinity index (<50 %). Finally, bacterial nanocellulose (BNC), also known as
microbial nanocellulose, is the most promising and cost-effective biomaterial, especially for the biomedical industry,
with its highest crystallinity index > 88 % . The BNC consists of ultrafine nanofibers that are 20-100 nm in
diameter and micrometers lengths that form an identifying 3D network B Al of these categories of
nanocellulose are related to each other because they can all be obtained from the same natural sources, and each
can form stable structures in a liquid medium or matrix via hydrogen bonds. In fact, nanocellulose contains a great

number of hydroxyl groups (-OH) that can form hydrogen bonds either between different chains (intermolecular
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bonds) or in the same chain (intramolecular bonds), making this material highly hydrophilic and allowing us to
modify it via different chemical and physical strategies [&. Its hydrophilicity can sometimes be a drawback,
especially in the case of applications where humidity can be a problem 19, Consequently, chemical modifications

on hydroxyl groups are often carried out in order to decrease the hygroscopicity of nanocellulose 111,

However, these nanomaterials can also cause compatibility problems with the matrix that incorporates them, such
as hydrophobic polymers in the case of nanocomposite materials 12: therefore, their dispersibility must be
guaranteed. For CNCs, this problem does not exist, because it has special self-assembling behavior that makes it

highly interesting for the study and the development of advanced materials 4.

| 2. Cellulose Nanocrystals (CNCs)

The term cellulose nanocrystals, or even crystalline nanocellulose (CNC), describes the rod-like shaped
nanoparticles obtained from different sources, such as cotton, wood pulp, plant residue, etc., and this is the most

common type of nanocellulose 131,

These nanostructures are produced with an extraction process consisting of two successive steps: the initial pre-
treatment of the raw material and the following hydrolysis into CNCs. In the first step, raw materials are treated to
remove the impurities and all other chemical constituents present in cellulose sources, such as hemicellulose and
lignin; to achieve this, alkaline and bleaching treatments are carried out 241, Then, hydrolysis is carried out to obtain
the nanocellulose crystals; this step is based on a strong acid process that uses especially sulfuric acid (H,SO,),
hydrochloric acid (HCI), or phosphoric acid (H3PO,), 4. The acid hydrolysis is useful for removing, under controlled
conditions, the disordered and amorphous regions of the cellulose fibers, leaving the crystalline domains, which
then take on the characteristic crystalline shape, with a crystalline index of 54-88% I3, Sulfuric acid hydrolysis is
the most efficient and widely used extraction method and, during the isolation treatment, it allows for a better
dispersion of cellulose crystals in polar solvents due to the introduction of sulfate half ester groups on the cellulose

chain, which, with a negatively charged surface coating, enhance intermolecular repulsive interactions 19.

Cellulose nanocrystals have many interesting properties, such as a good stability, wide surface area, higher tensile

strength (10 GPa), high elastic modulus (140-150 GPa), and several optical qualities.

Their dimensions depend on the nature of the starting material, but they are certainly in the nanometer range. In
particular, the length and width differ depending on temperature, time, and purity of the cellulose source BI16l, For
example, CNCs obtained from plants have a diameter of 3-5 nm and length of up to 100-300 nm, whereas the
CNCs collected from tunicates have a diameter of 10-20 nm and length of up to 500-2000 nm [l The
morphological characteristics of CNCs are studied by scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) or dynamic light scattering (DLS) 13,

| 3. Cellulose Nanofibrils (CNFs)
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Cellulose nanofibrils, also called nano-fibrillated cellulose (CNF), are primarily obtained from wood with a

mechanical treatment of wood pulp, but they can also be extracted from sugar beets, potato tubers, hemp, and flax
un

Their characteristic structure is formed by an entangled network of long and flexible fibers, with dimensions of 20—
100 nm in width and >10,000 nm in length (8],

This type of nanocellulose presents the same amount of amorphous and crystalline regions; the mechanical
treatments are the most common methods used to produce it, such as mechanical defibrillation or disintegration
caused by mechanical forces. The main disadvantage of these methods is the significant energy consumption. For
this reason, and mainly to prevent the aggregation of the micro and nanofibrils in the final product, the mechanical
treatments are usually combined with enzymatic and/or chemical treatment, such as the catalytic 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation method, which allows us to obtain nanofibrils by
mechanical disintegration, generating CNFs with a uniform size. This approach, moreover, does not change the
crystallographic forms of the cellulosic fibers while increasing the surface charge due to the carboxyl groups
introduced by TEMPO, which is an interesting advantage for the production of nanocellulose composite materials
(18][19120]  Nevertheless, the mechanical production methods of this type of nanocellulose remain the most
advantageous; in fact, they do not require additives, do not modify the surface charge compared to the starting

material, and give excellent yields 211,

CNFs have many interesting properties, such as their mechanical strength and rigidity, that make them an
alternative to artificial fillers used for the reinforcement of plastic composite materials; moreover, the low thermal
expansion and limited oxygen transmission rate permit their application in electronic devices, food packaging, and
printing. Furthermore, the easy functionalization of CNFs also allows for their use in hydrophobic matrices with

which they would have little affinity 19,

| 4. Bacterial Nanocellulose (BNC)

Nanocellulose produced by bacteria is called microbial cellulose or bacterial nanocellulose (BNC), and its purity is
higher than other kinds of nanocellulose 22238l This type of nanostructured cellulose is produced by a bottom-up
method consisting of assembling low-molecular-weight sugars by means of microorganisms; the single fibers that
are achieved have a thickness of a few nanometers. Usually, two culture methods are used to produce BNC: static
and stirred techniques; through the function of the chosen technique, it is possible to modify different
characteristics, such as the surface morphology and physical and mechanical properties of the BNC and, therefore,
to use it for several applications [&. The main properties of BNC are its high crystallinity (80-90%), high purity, high
flexibility, high water content (approximately 99% in the hydrogel structures inside the network of nanocellulose),

and high mechanical and thermal resistance.

Moreover, due to its biocompatibility, bio-functionality, and nontoxicity, bacterial nanocellulose is a very promising

material in the fields of medical implants and biotechnology, as well as for the applications of engineering tissues
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reconstruction or regenerative medicine. However, the principal challenge to be faced is the scale-up of industrial

BNC production, which, today, is difficult to achieve due to the low productivity, highly expensive culture media, and

high fermentation costs 131,

One way to overcome these problems can be the use of industrial wastes as extraction sources, which have a low

cost and are readily available, and can also be processed with clean technology approaches, thus promoting not

only a reduction in disposal costs of waste for the industries that supply the raw materials, but also the protection of

the environment [24],

In conclusion, Table 1 shows the comparison between the different types of nanocellulose.

Images

Synonyms

Common
source

Formation
process

Table 1. Comparison between the different types of nanocellulose [&!.

Cellulose Nanocrystals
(CNCs)

Transmission electron
microscope (100 nm)

Crystallites, whiskers,
nanowhiskers, cellulose
nanocrystals, rod-like cellulose
microcrystals

Wood, cotton, hemp, flax, rice
straw, wheat straw, ramie,
avicel, mcc, tunicin, algae,
bacterial cellulose, pea hull
fibers, branch-bark of mulberry,
black spruce and eucalyptus,
tunicate, valonia, kraft wood,
pine and spruce, palm oil,
pineapple leaf fibers, grass,
swede root, chardonnay grape
skins, coconut fibers, softwood
wood flout, kenaf fibers, rice
husk, sabdariffa fibers, wood
fibers, corncob.

Chemical or enzymatic
treatment prior to delamination

Bacterial

Cellulose Nanofibrils (CNFs) Nanocellulose (BNC)

microscope (100 nm)

Microfibrillated cellulose,
nanofibrils, microfibrils,
cellulose, nanofibers

Pea hull, kenaf, hardwood and
softwood pulp, cotton linter,
cotton, cassava bagasse,
sugarcane bagasse, cotton,
algae (valonia), tunicate
cellulose, bacterial cellulose,
sugar beet pulp, wheat straw,
date palm tree (rachis/leaflets),
coconut husk fibers, recycled
pulp, acacia pulp, banana,
capimdourado, mulberry, flax,
hemp, luffacylindrica,
mengkuang leaves, curauna.

Acid hydrolysis, integration of
mechanical shearing process
via high pressure

Scanning microscope (8
pm)

Biocellulose, bacterial
cellulose, microbial
cellulose

Low molecular weight
sugar, alcohols, several
bacteria species such
as gluconacetobacter,
agrobacterium,
pseudomonas,
rhizobium, and sarcin.

Bacterial synthesis and
cultivation in aqueous
culture media present
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Cellulose Nanocrystals —_ Bacterial
(CNCs) Cellulose Nanofibrils (CNFs) Nanocellulose (BNC)
or wood pulp by mechanical homogenization and enzymatic by glucose, oxygen and
pressure, acid hydrolysis hydrolysis, TEMPO-mediated phosphate.
oxidation

Diameter: 5-70 nm

Length: 100250 nm (from Diameter: 20-100 nm

Average Diameter: 5-80 nm ) Length: 1.0-5.0 um
. ) plant); 100 nm to several .

size Length: 100—250 nm . Different types of

micrometer (from cellulose of .
. . nanofibers networks

tunicates, algae, bacteria)

Tensile 2-6 GPa 2-4 GPa 200-300 MPa

Strength

Young's 50-143 GPa 15-150 GPa 15-35 Pa

modulus

ini ced
Crystallinity 5, _ggy, <50% >88%
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