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Abstract

Nanostructured cellulose has received tremendous attention due to its inherent unique properties such as high
strength, high surface area, flexible surface chemistry, abundant and renewable. The early polymers industry was
nearly completely bio-based, and cellulose was one of the most important materials. It has only been the Second
World War that changed things and propelled petroleum, as the main source material. Due to global awareness on
the use of more green products, cellulose offers an alternative to petroleum-based products. This paper presents the
general overview of nanocellulose starting from its cellulose structure and properties to preparation of nanocellulose,

properties and its potential application.
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Introduction

One of the major revenue contributors of Malaysia economy comes
from the timber industry. In 2008, timber and timber products
contributed approximately RM22.5 billion of the total exports valued
at RM674 billion. In line with the third Industrial Master Plan (IMP3),
more emphasis should be given to higher value-added downstream
activities. Therefore, it is important to explore more efforts on the
development of high-value added products that could generate more
revenue to the industry and inherently the country. Nanocellulose is
therefore seen as one of the new potential candidates for creating high
value-added products from lignocellulosic biomass that could be
derived from the timber industry.

Cellulose, the most abundant and renewable organic raw material
estimated in excess of 75 billion tonnes production worldwide has been
used historically to serve mankind for various domestic and industrial
applications [1-3]. For the past 150 years, cellulose and its derivatives
have found various applications in the field of coatings, optical films,
pulp and paper, pharmaceuticals, food and cosmetic additives [4]. As a
matter of fact, cellulose continues to fascinate researchers for its
potential applications in a diversity of fields due to its availability,
sustainability, low cost as well as its unique inherent properties
including biodegradability, biocompatibility and high strength. In
addition, environmental concerns have also been a driving factor for
many research recent endeavours in order to expand the usage scope of
cellulose and also to exploit its interesting properties into a multitude
of basic and advanced products.

Cellulose

The term ‘cellulose’ was first used in the work by Payen in 1838. As a
matter of fact, through his work, the cellulose molecular formula of
CeH10O5 was determined. The isolation of cellulose was carried out by
reaction of plant fibres with acid and ammonia followed by extraction

with water, alcohol and ether [5,6]. However, it was only about 80 years
later that the polymeric structure of cellulose was elucidated and
proposed by Staudinger [7]. It was revealed that cellulose not only
existed as assemblies of D-glucose but interestingly, also that the
glucose units were covalently linked forming long molecular chains.
This unique polymer has since attracted a lot of attention from
researcher and a number of published reviews have been generated
[8-16]. The drive towards a more sustainable economy has also led to
renewed attention on cellulose for the development of materials and
products.

Structure and properties of cellulose

Cellulose is a linear polydisperse homopolysaccharide with a
ribbon-like conformation. Cellulose is built up from repeating p-D-
glucopyranose units (so-called anhydroglucose units (AGU)) that are
closed through acetal functions between the OH group on C-4 and the
C-1 carbon atom. Due to this linkage constraint and the Ppositioning
at the anomeric carbon, every unit is oriented at 1800 with respect to
its neighbours. The repeat unit of cellulose polymer, known as
cellobiose, consists of two anhydroglucose rings (C¢H1¢Os),,, linked by
a -1,4 glycosidic bond (Figure 1).
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Figure 1: Molecular structure of cellulose with cellobiose as a
repeating unit.

The chain length expressed as the number of glucose unit in a
polymer molecule (denoted as n) or also commonly regarded as degree
of polymerization (DP) strongly depends on the source of the cellulose
and treatment method to isolate the cellulose from plant sources. The
DP values reported in the literature are in the range of hundreds to
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several tens of thousands [17]. For instance, cotton cellulose has a DP
in the range of 800-10,000 which depends heavily on treatment, while
the DP of wood pulp is found between 300 and 700 [8].

Each of the anhydroglucose units has three hydroxyl groups at the
C-2, C-3 and C-6 positions; the alcohols at positions C-2 and C-3 are
secondary alcohols while the alcohol at the C-6 position is a primary
alcohol [18]. In general, these hydroxyl groups are accessible for
chemical reaction. Furthermore, each cellulose chain has two
chemically different ends: one end with a closed ring structure is
known as the non-reducing end, while the opposite end has a free
anomeric carbon atom of hemiacetal nature in equilibrium with an
aldehyde, the so-called terminal reducing end.

As mentioned above, the chemical reactivity of cellulose is due to
the presence of three hydroxyl groups in the AGU. The presence of
these hydroxyl groups also creates an extensive hydrogen bonding
network that makes cellulose insoluble in most aqueous and organic
solvents. Thus, in the case of cellulose homogeneous reactions, this
hydrogen bonding network must be disrupted to allow dissolution of
the cellulose.

In addition, the stability of the molecule is also governed by its
sensitivity to hydrolytic attack at the glycosidic linkage between the
repeat units, which would result in depolymerization.

Supramolecular structure

The intramolecular and intermolecular hydrogen bond network is
formed between hydroxyl groups on one glucose unit with
neighbouring glucose base units either within the same chain or from
another chain (Figure 2). Intramolecular hydrogen bonds are formed
as a result of interactions between O3-H and O-5’ of adjacent units as
well as between O2-H and O-6 of neighbouring glucose units. These
intramolecular hydrogen bonds prohibit free rotation of the glucose
rings around their linking glycosidic bonds and this contributes to
chain stiffening and the stability of the two-fold crystalline cellulose
conformation [1]. The intermolecular hydrogen bonds on the other
hand are believed to exist between O-6-H and O-3 of neighbouring
chains. These intermolecular hydrogen bonds contribute to interchain
cohesion and packing.
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Figure 2: Intra- and intermolecular hydrogen bonds.

Morphology

Cellulose exists naturally as assemblies of individual cellulose chains
forming fibres (Figure 3). During biosynthesis in plants, cellulose is
synthesized as individual molecules by specific enzymatic terminal
complexes which then associate into chains. The multiple chains of
cellulose then self-assemble into larger units of protofibrils, which
subsequently pack into microfibrils through van de Waals and inter-
and intramolecular hydrogen bonding and finally into cellulose fibres
[5,19].
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Figure 3: Plant cell wall organization.

Source of cellulose

Cellulose occurs mostly as part of lignocellulosic material or semi-
pure fibres. Lignocellulosic materials refer to plants that consist of
cellulose, hemicellulose and lignin. Cellulose obtained from these
sources needs to be isolated through pulping to remove unwanted
lignin, hemicellulose and other extractives such as pectins, waxes,
mineral matters, and proteins. Wood, which contains approximately
40% cellulose, has remained the major source of cellulose in the form
of wood pulp, accounting for 90% of global pulp production. This is
largely due to the availability of wood supply from forests or
plantations in major parts of the world. Non-wood materials like flax,
jute and kenaf, which possess a slightly lower cellulose content of about
30%, can only contribute 5-10% of pulp worldwide due to (among
other constraints) its seasonal supply and availability when compared
to wood plants.

Of all the plant fibres, cotton is however an exception as it is readily
available as near pure fibres (95-99% cellulose in its original form).
However, cotton also requires further processing and purification to
remove the remaining non-cellulosic materials such as proteins,
organic acids, and inorganic salts [20].

Interestingly, apart from the plant kingdom, cellulose can also be
derived from non-plant materials such as algae, sea creatures, bacteria
and fungi [5] Driven by the effort to obtain pure cellulose, several
studies have been conducted to produce cellulose from bacteria, in
particular from Acetobacter xylinum. Despite its appealing properties
(higher purity and crystallinity than plant cellulose), the associated
cost involved in the production needs to be taken into account if mass
production is needed. The widespread availability and continuous
supply of cellulose from plant fibres seems to offer the cheaper option.
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In plants, cellulose is produced in the cell walls. Cell walls in woody
plants comprise several layers namely middle lamella (ML), primary
wall (P), secondary wall (S1, S2 and S3) and warty layer (W) (Figure
4). Middle lamella (ML) being the outer layer of cell walls acts as a glue
that binds neighbouring cells. Having a thickness of 0.25 pm, this is
where pectins and proteinaceous materials exist. The primary wall (P)
has a thickness less than 0.5 pm and consists of 50% cellulose along
with pectin, protein and waxy material. The exact content varies
depending on species and age. The secondary wall is further divided
into S1, S2 and S3 layers having thickness between 0.1 to 5 pm and
mainly functions as a support. Most cellulose is found in the secondary
wall, particularly in the S2 layer, which is the thickest one. The three
layers are distinguishable due to their different microfibril helix angle
(varies between 5-90°) with respect to the fibre axis. Notably, the
specific properties displayed by the S2 layer influence the fibre stiffness
[20]. The microfibril angles found in this layer are usually 5-30°
relative to the fibre axis.

Figure 4: A schematic of the structural morphology of a softwood
tracheid, [72] P-primary wall, S1-outer secondary wall, S2-inner
secondary wall and S3-lumen wall, ML-middle lamella and W-
warty layer.

Nanocellulose

Nanoparticles are defined as particles with at least one dimension
between 1 and 100 nm. The properties of materials at this scale are
different from their corresponding bulk material due to the high
surface area to bulk ratio, so that new products can be created by
selective manipulation [21]. For thousands of years, forests have
provided a mass abundance of lignocellulosic material resources that
can be exploited for various applications.

Indeed, forest products have long been available in the form of
timbers, wood products and many other functional materials. Along
with the increasing demand for high performance material, traditional
forest products need to expand towards the creation of highly
engineered materials to find broader and more advanced applications.
The quest for such material can be realized by looking into the
hierarchical structure of plants namely the cellulose microfibrils, the

nanosized building blocks functioning as the reinforcement unit that
can be exploited to provide unique mechanical strength, functionality
and flexibility [19].

There are generally three types of nanocelluloses: cellulose
nanocrystals, cellulose nanofibrils and bacterial cellulose. The first two
types of nanocellulose can be prepared using top down approaches.
Cellulose nanocrystals (CNC) are commonly prepared via an acid
hydrolysis of pure cellulose mostly using inorganic acids. Cellulose
nanofibrils (CNF) are prepared via mechanical disintegration using
high shear forces and potentially in combination with either chemical
or enzymatic pre-treatment to reduce energy consumption. In the
literature, many fibrillation methods have been presented to produce
cellulose nanofibers such as the use of a high-pressure homogenizer, an
ultra-fine grinder, or a microfluidizer. Bacterial cellulose on the other
hand is prepared via bottom-up approach i.e., by the use of cellulose
producing bacteria such as Acetobacter xylinum. The process is an
extracellular in which glucan chain is first extruded from the cellulose-
synthesizing complex, leaves the pores at the bacterium surface and
then assembled to form microfibrils.

Looking into the literature, there are many terminologies that have
been used to describe the crystalline rod-like nanoparticles. Examples
include CNC, whiskers, nanoparticles, nanocrystalline cellulose,
linters, and even microcrystallites. Similarly, nanofibrillated cellulose
has also gone through many names as nanofibrillated cellulose,
cellulose nanofibrils and microfibrillated cellulose. Cellulose
nanocrystals and cellulose nanofibrils will however be used throughout
this paper. However, an attempt is in the pipeline to standardize the
terminologies through the establishment of Standard terms and their
Definition for Cellulose Nanomaterials, led by The Technological
Association of the Pulp and Paper Industry (TAPPI), the leading
association for the worldwide pulp and paper, packaging and
converting industries [19].

The first few reported work on CNC by Nickerson and Habrle and
also Ranby described the production of a colloidal cellulose suspension
from different types of celluloses by controlled acid hydrolysis [22,23].
Inspired by the outstanding mechanical performance of composites
incorporating CNC, CNC have come to the forefront at the end of the
1990s through various studies using them in nanocomposites as
reinforcing material [24,25]. Since then, investigation on the use of
CNC for nanocomposites and other applications has increased and has
become an interest to many researchers not only by virtue of their
biodegradability, availability, low cost, biocompatibility and easy
chemical modification but also due to their nanoscale dimension, high
surface area, high specific strength and modulus, and unique optical
properties [26-32].

A study pioneered by Marchessault [33] found that colloidal CNC
also displayed chiral nematic liquid crystalline properties which added
another dimension to the CNC field of study. This field is currently
receiving a large amount of attention to create photonic materials
through CNC structuring [34,35].

CNC has been used as a template or support material to control the
size, structure and organization of inorganic materials such as silica,
titania, gold, silver and carbon-based materials [36]. Metal
nanoparticles have received a growing interest because of their distinct
electronic properties, high surface area which leads to increased
catalytic performance. However, the unsupported metal nanoparticles
are easily aggregated in the reaction systems hence leading to a lower
catalytic performance. It is imperative to prevent this condition by
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depositing the metal nanoparticles on solid matrices such as metal
oxides, polymers or fibres which results in reduction of total surface
area. The catalytic performance of gold nanoparticles in various solid
support in different reactions have been reported [37-41].

Nanofibrillated cellulose preparation from wood pulp was
pioneered by Turbak et al. [42] using a high-pressure homogenizer.
Besides that, other defibrillation methods have been also used to
produce CNF such as the use of grinder, sonicator, electrospinning
machine and cryocrushing method using liquid nitrogen (will be
described in later section).

Preparation

Cellulose nanocrystals: The cellulose microfibril structure is made
up of crystalline and amorphous or disordered regions (Figure 5). Due
to the reduced structure of the cellulose chain arrangement in the
disordered region, it has a lower density and thus exhibits more free
volume than the crystalline region [1]. Therefore, the acid preferably
hydrolyses the disordered amorphous region leaving the crystalline
region largely intact due to their tight packing.43 With correct timing
of the hydrolysis, rod-like CNC are produced as individualized
particles.

Crystalline

Amorphous

Figure 5: Crystalline and amorphous regions in cellulose
microfibril.

CNC are isolated from native cellulose mostly via an acid
hydrolysis. Enzymatic hydrolysis using cellulases, [44,45] TEMPO
(2,2,6,6-tetramethylpiperidin-1-oxyl)-mediated oxidation, [46] and
ionic liquids have also been reported to prepare cellulosic
nanoparticles [47] Recently, a new method using a gas-phase
hydrochloric acid hydrolysis at room temperature for 30 min was
patented [48]. In this method however, after hydrolysis, the ensuing
cellulose still needs to be mechanically treated to finally obtain the
desired nanocrystals.

During acid hydrolysis, a rapid decrease in the degree of
polymerisation of cellulose occurs, until it levels off [49]. The point at
which the depolymerization stabilizes is known as the level-off degree
of polymerization (LODP). The reason for the initial reduction of DP is
proposed to be due to rapid hydrolysis of amorphous regions because
of a fringed micelle-like structure of microfibrils where amorphous
and crystalline regions are located [50].

CNC have been prepared from various sources of cellulose fibres
under different hydrolysis conditions ranging from wood pulp,
bacterial cellulose, tunicin, non-wood plants, wood and agricultural
residues [19,51] There are several factors that have an effect on the
resulting nanocrystal properties such as acid concentration, acid type,
reaction time and temperature [52-54]. Mild conditions are essential to
prevent the complete hydrolysis to glucose [51]. The variations in
concentration, time and temperature were demonstrated to have the
most influence on the morphology of CNC. Early work by Revol et al.

reported that the hydrolysis worked best when the concentration of
sulfuric acid is between 60-70% where 65% being the most common
[55]. The optimization of hydrolysis conditions was carried out by
Dong in which a hydrolysis at 64% concentration, 45°C for 1 hour gave
an ivory white suspension [56]. Increasing the hydrolysis time
shortened the nanocrystals whereas an increased temperature resulted
in cellulose conversion to glucose [56]. In the beginning of the
hydrolysis, the acid diffused preferentially into the non-crystalline
region and hydrolysed the accessible glycosidic bonds. Once these
more easily accessible glycosidic bonds in the fibres were hydrolysed,
further reaction occurred much slowly at the reducing end and at the
surface of the residual crystalline regions [56].

Work by Bondenson et al. observed shorter CNC and an increase in
surface charge as a result of longer hydrolysis time [57]. A prolonged
hydrolysis time and acid concentration also led to the reduction in
length of CNC [58]. The same observation was also reported when
increasing the hydrolysis temperature up to 72°C [59] Although many
strong acids have been attempted to hydrolyse cellulose, sulfuric and
hydrochloric acid [52,53,60] have been studied the most. The use of
sulfuric acid for the hydrolysis results in the introduction of sulfate
esters through esterification of sulfuric acid with hydroxyl groups on
the surface of cellulose. The negatively charged sulfate ester groups on
the surface lead to the stabilization of the suspension due the
electrostatic repulsion created between nanocrystals. Other examples
of acids used in CNC production are hydrobromic, phosphoric and
nitric acid [61,63-65]. CNC prepared using hydrochloric acid result in
aqueous dispersions with limited stability, most probably due to the
limited formation of negative charges on the CNC surface. This was
evident from the work by Araki [53] which showed that H,SO4-
hydrolysed CNC from bleached wood pulp had a higher surface charge
than those obtained from hydrochloric acid hydrolysis. Upon
completion of hydrolysis, the resulting suspension of hydrolysed
cellulose is subjected to dilution with water, successive centrifugation,
dialysis, sonication and filtration.

Cellulose nanofibrils: Preparation of CNF is rather straightforward
since it involves the use of refining machine to produce fibrils with
nanosized dimensions. The main important issue that needs to be
addressed when preparing CNF is how to minimise the use of energy.
In the early work of CNE the high energy consumption limited the
commercialization of CNF due to the linked cost. Therefore, there are
different pre-treatments that have since been developed to reduce the
required mechanical disintegration energy such as chemical pre-
treatment via carboxymethylation and TEMPO-mediated oxidation or
enzymatic pre-treatment using cellulase to reduce energy consumption
[51]. In the initial work describing CNF production, a laboratory
Gaulin type milk high pressure homogenizer operating at 55 MPa was
used [42]. The diluted pulp suspensions were passed through the
homogenizer slits for repeated cycles. In the process, the slurries were
subjected to high pressure and forced through a valve that opened and
closed successively leading to fibrillation of the cellulosic fibres. After a
specific number of passes (usually 10) through the homogenizer, the
cellulose suspension turned translucent and more viscous. Besides
using a homogenizer, a microfluidizer can also be used to produce
CNF (Microfluidics Inc., USA). The process involves subjecting the
cellulose suspension into z-shaped interaction chambers where high
shear forces are generated leading to the mechanical disintegration of
the fibers. This process is repeated a few times to improve the degree of
fibrillation. High intensity ultrasonication has also been reported for
CNF production. The hydrodynamic forces from the ultrasound
equipment lead to defibrillation of cellulosic fibres. Factors that
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affected fibrillation via sonication include power, temperature, time
and consistency of the suspension [67]. Electrospinning is another
method to prepare nanofibers that involves injecting a polymer
solution to a high voltage thereby producing nanoscale fibres at the
collector [68]. In order to produce electrospun fibres, the most
important element is to find a suitable solvent for the polymer. As
cellulose is not soluble in most common solvents, one alternative is to
prepare cellulose derivatives such as cellulose acetate, methylcellulose
and carboxymethyl cellulose sodium salt [69].

Morphology

The morphology of nanocellulose is distinctive for CNC and CNE
Table 1 shows the reported morphology of nanocellulose obtained
from various sources and by different preparation methods.

Source Method of preparation Width Length | Referenc
es
Wood pulp Acid hydrolysis 5.7-10.7 | 152-238 | [73]
Cotton Acid hydrolysis 7 177-390 | [56]
Rice straw Acid hydrolysis May-30 117-270 | [74]
Wood pulp High pressure | 10--100 - [75]
homogenization
Cotton Grinding 20-90 - [76]
Kenaf High pressure | Oct-90 - [77]

homogenization

Table 1: Morphology of nanocellulose from different source and
preparation method.

The highly ordered CNCs produced by acid hydrolysis have
different dimensions depending on the origin of cellulose and process
conditions as mentioned previously. The dimensions of CNC are
generally determined using scanning electron microscopy (SEM),
atomic force microscopy (AFM) and/or transmission electron
microscopy (TEM). SEM is usually used to get a general overview but
is incapable of more detailed morphology. AFM can scan materials up
to nanometers but usually overestimate the width due to tipbroadening
effect. The width of nanocrystals is typically a few nanometers whereas
the length is in the hundreds of nanometers.

For instance, CNC from cotton generally display 100-300 nm in
length and 5-10 nm in width, tunicates produced CNC with 1000-2000
nm in length and 10-20 nm in width whereas wood can produce
100-200 nm in length and 3-5 nm in width CNC [43]. Thus, the aspect
ratio of those materials calculated as the length divided by the width
(I/w) are reported to be in the range of 10-70. The variations are due to
the starting materials to a large extent and are also partially attributed
to the acid hydrolysis conditions to which the materials are subjected
to [5].

Properties of nanocellulose

Nanocellulose is a unique material due to its interesting inherent
properties; high mechanical strength, high surface area, interesting
optical and rheological properties and ease of surface modification.
Theoretically, crystalline regions of cellulose have tensile strength in
the range between 50-100 GPa [3]. This is stronger than E-glass as well
as Kevlar both having 3,400 MPa and 3000 MPa respectively [51]. The
strongly interacting surface hydroxyl group on nanocellulose
contributes to self association. This property makes nanocellulose a
good reinforcing material in composite matricesh for the formation of
load-bearing percolating architectures within a host polymer matrix.
Stress transfer is due to hydrogen-bonding among the nanowhiskers.
Besides being stronger than glass, cellulose nanocrystals posses
birefrigent behaviour that can exhibit liquid crystalline optical
property. This liquid crystalline nature can find applications in security
paper. Nanocellulose also shows shear thinning and anomalous
manner which are useful for rheology property.

Applications of nanocellulose

A recent publication has covered the potential applications of
nanocellulose based on interviews and literature survey [70]. Table 2
shows the identified applications of nanocellulose based on volumes of
existing applications as well as new ones. The largest volumes are
expected to cover the areas of cement, paper packaging, and
automobile parts. Applications such as aerospace materials, paints and
insulation are rather low volume applications. Niche applications such
as sensors and electronics may not be in demand yet as more research
is still needed to develop these further.

High volume applications

Low volume applications

Novel and emerging applications

Cement

Wallboard facing

Sensors — medical, environment, industrial

Automotive body

Insulation

Reinforcement fibre — construction

Automotive interior

Aerospace structure

Water filtration

Packaging coatings

Aerospace interiors

Air filtration

Paper coatings

Aerogels for the oil and gas industry

Viscosity modifiers

Paper filler Paint — architectural Purification
Packaging filler Paint — special purpose Cosmetics
Replacement — plastic packaging Paint — OEM applications Excipients
Plastic film replacement Organic LED
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Hygiene and absorbent products

Flexible electronics

Textiles for clothing

Photovoltaics

Recyclable electronics

3D printing

Photonic films

Table 2: Applications of nanocellulose.

Conclusion

Nanocellulose has many to offer due to its being renewable and
biodegradable as well as its many interesting and unique
characteristics. Nanocellulose has many potential applications in many
areas. This includes from basic products such as packaging, cements,
paper products, automotive as well as niche products such as flexible
electronic, sensor and many others. Turning wood into nanocellulose
could create new wealth and revenue for the country.
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