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Chapter 17
Nanocrystalline Cellulose: Production
and Applications

Sai Swaroop Dalli, Bijaya Kumar Uprety, Mahdieh Samavi, Radhika Singh,
and Sudip Kumar Rakshit

17.1 Introduction

Cellulose is an abundant renewable resource which can be used for a number of
applications. It is mainly found in plant cell wall and plays a vital role in
maintaining its structure. Besides plants, cellulose is also found in fungi, bacteria,
and some tunicates (George and Sabapathi 2015). Cellulose is a fibrous and linear
natural polymer consisting of glucose units bound by p-1,4-linkages with a degree
of polymerization ranging from 10,000 to 15,000 units depending on the type of
biomass (Sjostrom 1993). For more than a century, several applications of
cellulose in food, pharmaceuticals, polymer, pulp, and composite industries have
been studied (Coffey et al. 1995; de Souza Lima et al. 2003). Agricultural waste
such as rice straw, sugarcane bagasse, sawdust, cotton stables, and woody forest
residues are the main source of cellulose for various applications in industries.
Production of Nano-Crystalline Cellulose (NCC) is one of the products being
evaluated for a number of applications in recent years. NCC produced from
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cellulose fibers are regarded as nanobiomaterial with variety of applications in
chemicals, food, pharmaceuticals, etc. (Habibi et al. 2010).

NCC is produced by breaking the natural polymer of cellulose and separating
the crystalline section. The general steps involved in the production of NCC
from various sources of biomass were illustrated in Fig. 17.1. Nanocrystalline
celluloses are typically 5-70 nm in width and 100 nm to several micrometers in
length. NCCs (referred to as whiskers) can be classified based on their dimen-
sions, functions, and preparation methods. NCC has many useful characteristics
compared to cellulose such as its physicochemical properties including high
surface area, specific strength, and optical properties (Peng et al. 2011). Various
studies in literature have reported the chemical structure, physical and mechani-
cal properties of NCC (de Souza Lima and Borsali 2004; Peng et al. 2011; Huq
et al. 2012). The biocompatible and biodegradable nature of NCC makes it ideal
for several applications and is thus the focus of considerable research.
Developing commercial scale methods to produce nanocrystalline cellulose
from the forest-based biomass can certainly contribute to the advancement of
biobased industries around the world. In this chapter, we have highlighted the
important production methods, modification, applications of NCCs, and the
economics of its production.

Lignocellulosic Biomass

Nanocrystalline Cellulose

Fig. 17.1 Schematic representation of nanocrystalline cellulose production
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17.2 Production of Nano-Crystalline Cellulose (NCC)

Traditionally, NCC can be isolated from any cellulose obtained from plants, animals,
bacteria, and algae. However, due to high abundance of cellulose in wood and agri-
cultural residues, these biomass sources have become major substrates for the
extraction of NCC. Wood-based NCC extraction has also gained importance as
these fibers are thinner than the bacterial cellulose (George and Sabapathi 2015).
Abraham et al. (2011) have reported that pineapple leaf fiber produce fine NCC than
banana and jute (Abraham et al. 2011). However, jute fiber is one of the cheapest
materials to make the nanocellulose production cost-effective. Fortunati et al. (2012)
have investigated the extraction of micro- and nanocellulose from okra fibers.
Nonetheless, the production process of NCC is similar for all cellulosic materials
(Fortunati et al. 2012). There are two stages involved in the isolation of NCC for any
type of biomass.

First, the raw material is pretreated to separate cellulose from other constituents
(lignin and hemicellulose of lignocellulose biomass). Second, the cellulose is
treated to break the amorphous regions of the long glycosidic chain polymer. This
is usually done by mechanical, chemical, and enzyme methods. Ranby (1951)
reported the synthesis of cellulosic nanofibers for the first time using sulfuric acid.
When cellulosic material is subjected to either mechanical or chemical treatments,
the amorphous regions disintegrate and leave the crystalline regions intact in the
form of short crystals. A number of industries are focusing on commercialization of
different forms of NCC by evaluating various methods for economically feasible
production (Antonio 2014).

17.3 Pretreatment of Biomass

There are different types of pretreatment techniques reported in literature that are
used to separate biomass into two major streams, a solid stream containing cellulose
and lignin and a liquid stream containing majorly hemicellulose (Dalli and Rakshit
2015). The pretreatment techniques can be categorized into thermal, chemical, or
physical. In most cases, the pretreatment has to be optimized and controlled to avoid
unwanted by-products. Some of the effective and most studied pretreatment tech-
niques are reported here.

17.3.1 Hydrothermal Pretreatment

This is a widely used method to separate water soluble and insoluble polymers from
the biomass (Ma et al. 2014). As the name indicates, water and heat are involved in
this process. Mineral acids such as sulfuric acid are used to enhance the efficiency



388 S. S. Dalli et al.

of the process. Though this process is effective using mineral acids like H,SO,,
HCI, and H;PO, (Hendriks and Zeeman 2009), waste disposal is a problem as the
acid waste stream can cause environmental pollution. In order to avoid acid treat-
ment, the process can be carried out under pressure (Saha et al. 2013). Hydrolysis
does not occur below 100 °C (Abatzoglou et al. 1992). Autohydrolysis, steam
explosion, steam extrusion are some of the examples of hydrothermal treatment
(Dalli and Rakshit 2015) which are considered to be useful depending on the type
of biomass used.

17.3.2 Alkaline Hydrolysis

In the alkaline pretreatment process, biomass is treated with aqueous ammonia,
sodium carbonate and hydroxides of sodium, calcium or potassium. Generally, lime
and sodium hydroxide are used to hydrolyze the biomass at moderate temperature
(Park and Kim 2012). Other types of alkaline treatments include the Ammonia Fiber
Explosion (AFEX) and the Ammonia Recycling Percolation (ARP). Alkaline per-
oxide is another type of alkaline pretreatment where oxygen or hydrogen peroxide
(1-3%) is added to biomass and catalyzed by the addition of lime or NaOH
(Carvalheiro et al. 2008). These processes give better results by removing the lignin
from the polysaccharides. In the AFEX process, liquid ammonia is added to bio-
mass at a moderate temperature ranging from 40 to 140 °C and under high pressure
(250-300 psi) and the reaction is carried out for a shorter time (Teymouri et al.
2004; Keshwani and Cheng 2009). In the ARP process, ammonia is circulated
through the biomass in a column reactor. This is more effective with hardwoods and
corn stovers than in softwoods and results in high delignification and moderate
hemicellulose solubilization of approximately 40-60% (Carvalheiro et al. 2008). In
cases where most of the lignin and hemicellulose are separated, cellulose becomes
the major component in the solid fraction.

17.3.3 Organosolvent Pretreatment

In this process, organic solvents (e.g. methanol, ethanol, ethylene glycol etc.) with
or without acid catalysts (HCI, H,SO,) are used to extract most of the lignin from
biomass. Organic solvents dissolve lignin in the presence of acid catalyst and some
of the hemicellulosic sugar (Lee et al. 2014). If this pretreatment process is per-
formed under high temperatures (185-210 °C), addition of acids is not necessary
because deacetylation from the sugars make the medium acidic. However, when
the acids are added externally, this process is more effective in solubilizing lignin
and hemicellulose leaving solid cellulose residue, (Zhao et al. 2009). According to
Lee et al. (2014), hydroxyl ions from the alcoholic solvents break the bonds of
phenolic and polysaccharide linkages in lignin and hemicellulose to dissolve them.
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This process is has its benefits as it requires low energy to recover the components
(Lee et al. 2014). However, it was also observed that organic solvents swell the cel-
lulose fibers and reduce their crystallinity (McDonough 1993). Another demerit of
this process is the formation of clumps of lignin while washing the pretreated bio-
mass with water. Therefore, recovery of cellulose often becomes cumbersome and
costly process.

17.3.4 Pretreatment Using Ionic Liquids

Pretreatment of lignocellulosics using ionic liquids is a relatively recent technique
developed for isolating the cellulosic components from the lignocellulose matrix.
Ionic liquids target the B-glycosidic bonds on cellulose polymer and make it soluble
by hydrolyzing the linkages (Xiong et al. 2014). However, it is possible to control
the concentration of ionic liquids to make cellulose and hemicellulose dissolve
without disturbing the chain’s structure (Lee et al. 2014). Ionic liquids are generally
composed of an inorganic anion and an organic cation, which can be modified
depending on the target compounds. Major benefit involved in this process is the
recyclability of ionic liquids (Lee et al. 2014). Some examples of ionic liquids
reported in literature are 1-alkyl-3-methylimidazolium [mim]*; 1-alkyl-2,3-
dimethylimidazolium [mmim]*; I-allyl-3-methylimidazolium [Amim]*; 1-allyl-
2,3-dimethylimidazolium [Ammim]*; 1-butyl-3-methylpyridinium [C,mP,]*; and
tetrabutylphosphonium [Bu4P]* with n = number of carbons in the alkyl chain
(Zavrel et al. 2009; Tadesse and Luque 2011; Lee et al. 2014). Ideally, ionic liquid
should possess high dissolution capacity, low melting point, low viscosity, low tox-
icity and high stability. However, the drawback of using ionic liquids is the cellu-
lose crystallinity would be reduced and become more amorphous. This is because
of the tendency of ionic liquids to hydrolyze the hydrogen bonds in the cellulose
polymer resulting in bond breaking and subsequent dissolution (Lee et al. 2014).
The high costs of the ionic liquids are also an important factor that needs to be taken
into account.

17.4 Isolation of Nanocrystalline Cellulose

Though the pretreatment techniques do not produce pure cellulose, most of the
lignin and hemicellulose content need to be removed. The solid fraction obtained
from the above pretreatment processes contains cellulose and some lignin. This
material is then further treated to produce NCC. The purity, physical and mechani-
cal properties of the product depend on the type of method used for the production.
Some of the reported methods in literature are mentioned in Table 17.1 and described
in detail as follows.
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Table 17.1 Isolation methods and processes involved in NCC production

Treatment

method Processes References

Mechanical | Milling, grinding, cutting, Ng et al. (2015), Marimuthu and
ultrosonication, microfluidization, Atmakuru (2015) and Frone et al.
cryocrushing (2011)

Physical Steam explosion Cherian et al. (2010)

Chemical Acid hydrolysis Sacui et al. (2014) and Borjesson and
TEMPO-oxidation Westman (2015)

Enzymatic Exoglucanases: A and B type cellulases | George et al. (2011), Paakko et al.
Endoglucanases: C and D type (2007), Lee et al. (2014) and Khalil
cellulases etal. (2014)

17.4.1 Mechanical Processes

The mechanical process used for nanocrystalline cellulose production from the
pretreated cellulose include milling, grinding, cutting, high pressure homogeniza-
tion (steam explosion), ultrosonication, microfluidization, cryocrushing, etc.(Ng
et al. 2015). The shear forces applied in mechanical treatment make the cellulose
disintegrate and help in extracting the crystalline cellulose micrfibrils in the form of
a uniform powder (de Souza Lima et al. 2003). Common treatments like milling,
cutting or grinding are done in Wiley mill or Fritish Pulverisette mills or grinding
machines (Ng et al. 2015). Ribbon-like cellulose nanocrystals are usually obtained
in this process. These fibers are then sieved in a vibratory sieve to separate fine par-
ticulate fibers. The pore size of the mesh used in the vibratory sieves is usually in
the range of 50-250 pm. The smaller the size of the fine fibers, higher the activity in
subsequent chemical treatments due to the higher availability of the active groups of
cellulose to react with the chemical reagents (Ng et al. 2015). The finely ground
fibers are washed with water to remove impurities and to make the fibers softer
(Frone et al. 2011; Marimuthu and Atmakuru 2015; Ng et al. 2015). Rosa et al.
(2012) suggested dewaxing the fibers in a solvent mixture of toluene/ethanol using
a soxhlet type extraction (Rosa et al. 2012).

The other components of the lignocellulosic material, hemicellulose and lignin,
often make the NCC fibers impure and reduce its crystallinity. Therefore, it is neces-
sary to separate these materials from cellulose fibers. Commonly used techniques
for purification include alkali bleaching treatment or mercerization using sodium
hydroxide or potassium hydroxide, sodium chlorite, and acetic acid (Ng et al. 2015).
Alkali solutions potentially dissolve the other components except cellulose fibers
which can be easily filtered out (Acharya et al. 2011; Faruk et al. 2012). For most
applications, the fiber concentration should be limited to the optimal range of 4—6%
(w/w) during the alkali treatment because the low fiber to alkali ratio lead to chemi-
cal degradation, whereas high fiber to alkali ratio might result in inefficient modifi-
cation by reducing the active sites of reaction (Ng et al. 2015).
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17.4.2 Ultrasonication

It has been reported that ultrasonication processes enhance the efficiency of biomass
acid hydrolysis (Brinchi et al. 2013). Production of NCC using ultrasonication in
water or an organic acid has been reported in the literature (Filson et al. 2009).
Although low yields were obtained, it has been proven that ultrasonication helps to
increase the NCC yields. Ultrasonication is an advanced technique to isolate micro-
and nanocellulose from lignocellulosic material. Ultrasonication associated grind-
ing and homogenization is an effective and efficient method to produce NCC in
large volumes (Hielscher Ultrasonics GMBH 2017). It was reported that oxidation
of cotton linter pulp using 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-NaBr-
NaClO assisted with ultrasonication led to the production of carboxylated NCC
(Qin et al. 2011). Leung et al. (2011) suggested a simple procedure to produce car-
boxylated NCC using ammonium persulfate instead of TEMPO, at 60 °C (Leung
etal. 2011). This method showed relatively high yields of NCC and has the potential
for scale up (Brinchi et al. 2013). However, this type of oxidation process is not
efficient for the production of pure NCC. Besides producing low yields, use of
TEMPO is relatively expensive and toxic to dispose. An advantage in this process is
that the raw material can be used directly without any pretreatment steps for the
isolation of cellulose.

17.4.3 Chemical Treatment

In the chemical treatment of lignocellulosics for NCC production, acid hydrolysis of
cellulose is considered as an efficient method as it consumes less energy and pro-
duce rod-like crystal structures of cellulose nanofibers (Sacui et al. 2014). The
strong acids easily disintegrate amorphous regions of the cellulose fibers, leaving
the crystalline regions unaffected. However, boiling with strong sulfuric acid has its
affect only up to a certain period, beyond which it slowly reduces the degree of
polymerization of the polymer (George and Sabapathi 2015). The threshold level-
off the degree of polymerization (LODP) varies with the type of biomass used to
produce NCC. According to George and Sabapathi (2015), crystalline nanocellulose
obtained from acid hydrolysis exhibit high polydispersity in molecular weight. This
was assumed to be due to the lack of regular distribution of amorphous regions.
Several other factors such as temperature, reaction time etc., also affect the quality
of NCC:s. In case of shorter reaction time is used, amorphous regions of the cellulose
are retained in the solution and reduce the quality of the NCC. On the other hand,
longer reaction time leads to depolymerization of cellulose crystals and reduces the
aspect ratio of nanocrystals. The treatment of biomass at high temperature results in
short chains of nanocellulose (Elazzouzi-Hafraoui et al. 2008). Bai et al. (2009)
reported the synthesis of NCC whiskers from microcrystalline cellulose (MCC)
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using sulfuric acid. They have reported that the relative centrifugal force (RCF) also
affects the length of NCCs (Bai et al. 2009).

Use of other acids like HCI (Borjesson and Westman 2015), HBr, H;PO, (Lee
et al. 2009) to isolate NCCs from the cellulosic material have been reported in lit-
erature. A mixture of acetic acid and nitric acid was used to enhance the production
of nanocellulose by Zhang et al. (2014). Aqueous solution of NCCs was synthesized
using HCI by grafting technique. It has been reported that grafting on nanocrystals
using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) in a procedure known as oxi-
dative carboxylation-amidation prevents the particle aggregation and induces the
stability of the colloidal NCC solution.

17.4.4 Enzymatic Treatment

Cellulose treated with enzymes along with mechanical shearing and high pressure
homogenization is a relatively new method being developed for NCCs production.
Commercial cellulase enzyme is used in these methods to obtain NCCs with better
physical properties. Enzymatic treatment is considered better than acid hydrolysis
as less waste is produced after the process and its ecofriendly nature (George et al.
2011). Padkko et al. (2007) have developed a facile method for the usage of enzymes
along with mechanical shearing. They reported that the incorporation of enzymatic
hydrolysis reduced the energy consumption and has a drastic effect on the mechani-
cal properties of the NCCs produced. Usually, the synergistic action of endogluca-
nases and exoglucanases or cellobiohydrolases on biomass leads to disintegration of
cellulose at the solid-liquid interface (Lee et al. 2014). This results in a shorter chain
length of nanocellulose fibers. Although, the enzymatic treatment provides high
yields with high selectivity, the limiting factor is the cost of the enzymes. Cellulose
degradation using these enzymes take longer time durations to produce the desired
high yields of NCC. The slow rate of enzyme hydrolysis also eventually increases
the cost of production.

17.5 Chemical Modifications of NCC

One of the important applications of NCC is its use in engineering products as com-
posite material for reinforcement. The chemical modification of nanocellulose is
very helpful in improving the physical properties of polymer matrix in biocompos-
ites (Borjesson and Westman 2015). Some of the chemical modification methods
along with the functional agents used are listed in the Table 17.2.

Strengthening of nanocellulose-reinforced composites can be done by modifying
the NCCs using peroxide. The hydroxyl groups on glucose molecules in a nanocel-
lulose chain are of great interest to synthetic chemists as they can be modified
modify to produce NCCs with different properties. Usually, chemical modification
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Table 17.2 Chemical modification methods of NCC using various functional agents

Methods Mechanism Functional agents References

Oxidation | Conversion of the Maleic acid, lignin, polyvinyl Borjesson and
hydroxyl groups of alcohol, polyvinyl acetate Westman (2015)
cellulose backbone

Coupling | Formation of covalent Organofunctional silanes, Majeed et al.
bonds between the polypropylene etc. (2013)

hydroxyl groups and
coupling agents

Acetylation | Addition of acetyl group | Acetic acid, propionic acid, Panaitescu et al.
on the nanocellulose alkenyl succinic anhydride (2013) and
surface (ASA), acetic anhydride and Majeed et al.

acetyl chloride (2013)

Grafting Transforming Polycaprolactone, polyurethane, | Rebouillat and Pla
nanocellulose into a long | thermos-responsive polymers (2013) and
aliphatic chains Dufresne (2010)

is done to improve the interface between two incompatible phases (Ng et al. 2015).
Various compatibilizing agents such as maleic acid (Majeed et al. 2013), lignin,
polyvinyl alcohol, polyvinyl acetate have been studied in literature (Ng et al. 2015)
to strengthen the polymer containing NCCs. Lignin treatment includes the coating
of nanocellulose with kraft lignin which exhibited the compatibility with both
hydrophobic and hydrophilic matrices in a composite (Alemdar and Sain 2008).
The use of these agents can enhance the interfacial adhesion between nanocrystal-
line cellulose and the polymer matrix.

Chemical modifications on the surface of NCC can be done by the formation of
covalent bonds with the hydroxyl groups on glucose molecules. Several coupling
agents have been studied to induce the covalent bonding in the nanocellulose and
composite matrix (Majeed et al. 2013). Esterification is beneficial as it requires no
solvent and is highly efficient in the conversion of hydroxyl groups and does not
affect the crystalline structure of nanocellulose (Ng et al. 2015). The functional
properties of the surface of nanocellulose can be altered by esterification. The polar
hydroxyl groups are replaced by non-polar carbonyl groups (Panaitescu et al. 2013)
which results in altered characteristics.

Acetylation of nanocellulose also one of the commonly employed method to
modify the properties of NCC. Acetic acid, propionic acid, alkenyl succinic
anhydride (ASA), acetic anhydride and acetyl chloride have been reported as major
carriers of acetyl groups which can be easily transferred on to the nanocellulose
surface (Majeed et al. 2013; Panaitescu et al. 2013). Dufresne (2010) has reported
the studies on a novel modification of nanocellulose by transforming it into a long
aliphatic chain. Two approaches such as “grafting-onto” and grafting-from” were
used to graft the polymer onto the surface of NCC. In both the approaches, the
nanocellulose was suspended in the solvent during grafting (Rebouillat and Pla
2013). In the “grafting-onto” approach, a previously synthesized polymer is directly
attached to the available hydroxyl groups on the NCC chain using a coupling agent
(e.g. isocyanate or peptide) (Ng et al. 2015). The polymers involved in this type of
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modification are poly-caprolactone, polyurethane, thermos-responsive polymers
etc. (Rebouillat and Pla 2013). The advantage of such methods is that the polymers
can be fully characterized before attaching to the NCC chain. However, the reaction
time was found to be too long for such modification due to the steric hindrance from
the polymer molecules (Rebouillat and Pla 2013).

On the other hand, “grafting-from” is useful as it helps in obtaining long chains
of polymers. Unlike grafting-onto, the polymers are built on the surface of the NCC
using immobilized initiators via the atom transfer radical polymerization (ATRP)
(Rebouillat and Pla 2013). The major bottleneck of this method is that the polymer
cannot be characterized before the grafting method. However, the useful factors in
this type of surface grafting are the high reaction rates, production of no by-products
and high chemical stability (Espino-Perez et al. 2013).

Extensive research is taking place to alter the functional properties of the nano-
cellulose by reacting it with various reagents having derivative functional groups.
Recent reports in literature indicate rapid advancement in improving binding ability
and hydrophilicity of NCC (Ng et al. 2015). However, some of the upstream pro-
cesses for the production of NCCs consume high amount of energy. Some of the
recent studies on the energy consumption are discussed below.

17.6 Energy Consumption in Preparing NCC

The energy consumption for NCC production depends mainly on the source of
cellulosic fibers and the isolation processes. Different mechanical methods are used
to isolate the nanofibrillated cellulose including high pressure homogenization,
microfluidization, grinding, cryocrushing and high intensity ultrasonication (Khalil
et al. 2014). However, one of the main challenges of all these approaches in nanocel-
lulose production and application results in high energy consumption. Increasing
applications of nanocellulose in various field including biomedical uses, food pack-
aging, coating and etc. (George and Sabapathi 2015) requires energy-efficient
approaches its production in an industrial scale. There are only a few studies available
an energy consumption for a specific pretreatment or property. Further investigation
on nanocellulose preparation, modification, production and developing economical
approaches are necessary before it can be applied successfully in a large scale.

Production of microfibrillated cellulose is one of the main steps in the NCC iso-
lation. It was reported that, over 25,000 kWh per ton is required for the production
of microfibrillated cellulose (MFC) as a result of the multiple passes through the
homogenizers (Klemm et al. 2011).

Pretreatments are reported to reduce the energy consumption from 20,000 to
30,000 kWh/ton to 1000 kWh/ton for cellulosic fibers, while improving the produc-
tion conditions and fiber swelling properties (Zhu et al. 2011). Mechanical and chem-
ical pretreatments are regarded as effective approaches which significantly reduce
energy consumption (Stelte and Sanadi 2009). As an example, TEMPO-mediated
oxidation of cellulose fibers achieved some level of success in efficiently producing
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NFC (Saito et al. 2007). Further, it is reported that enzymatic treatment (Henriksson
et al. 2007; Janardhnan and Sain 2007) of cellulose prior to the defibrillation facilitate
disintegration requires lower energy for producing MFC. Ankerfors (2012) studied
three alternative processes for producing microfibrillated cellulose in which pulp
fibers where first pretreated and then homogenized. In the first process sulfite pulp
were put through two refining steps and an enzymatic pretreatment. Then high pres-
sure (1600 bar) homogenization with 8 passes was used. 33 and 90 kWh/ton pulp was
measured for the first and second refining stage and the total energy required was
calculated to be 2344 kWh/ton. The paper claimed 91% reduction in energy use, as
the energy consumption reported earlier was 27,000 kWh/ton without pretreatments
(Klemm et al. 2011). In the second process, chemical pretreatment such carboxy-
methylation was applied prior to high pressure (1650 bar) homogenizing. Mechanical
energy consumption was calculated to be 2221 kWh/ton in this way. The third pro-
cess associated with combined enzymatic and mechanical pretreatment to facilitate
disintegration. Approximately the same amount of energy as in the second process
was calculated. It was reported that reduction of required energy to 500 and
1500 kWh/ton for the second and the third process respectively can be obtained by
optimization of the parameters of reaction and treatment such as concentration and
pressure. In terms of low energy consumption, it is reported that these three processes
have the potential for industrial scale production.

An overall assumption is that MFC can be produced with an energy consumption
of 500-2300 kWh/ton by these methods. Also, the characterizations of the produced
materials have been investigated in different ways and it has been demonstrated that
the produced MFC fibrils were approximately 5-30 nm wide and up to several
microns long. The number of homogenization steps does matter as well. Even
though an increased number of steps are found to improve the quality of the prod-
uct, each homogenization step costs 2200 kWh/ton. Therefore, the nanocellulose
isolation process conditions should be taking into this account (Ankerfors 2012).

Another study by Spence et al. (2011), studied the effect of processing on micro-
fibril and film properties, relative to energy consumption on bleached and unbleached
hardwood pulp samples by homogenization, microfluidization, and micro-grinding.
Film densities of samples in all three approaches were reported approximately to be
900 kg/m?®. However, higher toughness values were reported for microfluidization
and micro-grinding with less required energy compare to homogenization.

In fibers processing energy consumption per pass was 3940 kJ/kg by homoge-
nizer and the 620 kJ/kg by micro-grinder. The microfluidizer energy measurements
was 200 kJ/kg with operating pressure of 69 MPa, 390 kJ/kg under 138 MPa pres-
sure, and 630 kJ/kg with 207 MPa.

Energy is highly influenced by parameters such as number of passes and flow rate
in each processing methods. Homogenization, for instance, had a much slower pro-
cessing flow rate than the microfluidizer and the micro-grinder, which notably
increased the amount of required energy. The processing rates of the suspension were
2 kg/min for micro-grinding, 1 kg/min for microfluidization, and 0.2 kg/min for
homogenization. Higher pressures of the microfluidizer also raise the energy required.
Generally, the total energy of approximate 9180 kJ/kg for the microfluidizer with
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pretreatment, 9090 kJ/kg for the grinder with pretreatment, and 5580 kJ/kg for the
grinder without pretreatment and 31,520 kJ/kg for the homogenizer is required in
processing of MFC films with maximum accessible properties (Table 17.3).

Studies have showed marked increase in tensile index of the MFCs from bleached
hardwood fiber after microfluidization and micro-grinding, while homogenization
was not considered as an energy-efficient process. However, processing of the
unbleached hardwood fibers was more efficient. With overall lower energy consump-
tion, microfluidizer process leads to the highest tensile index (Spence et al. 2011).

From a review of literature, it seems that the following assumptions can be useful
for optimizing the processes. Firstly, in microfluidization, even though the increased
pressure leads to significant increase in the energy consumption, toughness and
tensile index decreases as a result of the microfibrils damage at such high tempera-
ture. Secondly, increasing the number of passes would increase the energy con-
sumption, with only a small improvement in properties. It is recommended that 5
steps should be the maximum number of passes in microfluidizing. In terms of
tensile strength and toughness, maximum 8 passes are suggested in homogenization
including pretreatment (Shahbaz and Lean 2012).

Furthermore, similarity of tensile properties of pretreated and non-pretreated sam-
ples shows that no pretreatment is required for micro-grinder processing which leads to
great reduction in energy consumption. In general, among the three methods including
homogenizer, microfluidization and micro-grinding, nano or micro crystalline cellu-
lose with superior mechanical, optical and physical properties and less energy con-
sumption are produced through microfluidization with a refining pretreatment and the
micro-grinding of wood fibers. Finally, unless energy consumption is reduced suffi-
ciently, NCC use at an industrial scale will be limited to some high value applications.

17.7 Applications of Nanocrystalline Cellulose

Celluloses are biocompatible, nontoxic and stable in nature. Even though nanocrystalline
cellulose (NCC) are nanometers in dimension, the innate properties of cellulose are
retained. Besides the cellulosic characteristics, they possess some unique optical and

Table 17.3 Comparison of energy consumption for homogenization, microfluidization, and
microgrinding during NCC production

Rate flow (kg/ | Required energy per pass (kJ/ | Total energy required (kJ/
Methods min) kg) kg)
Homogenization | 0.2 3940 31,520 (with pretreatment)
Microgrinding 2 620 9090 (with pretreatment)
5580 (without
pretreatment)
Microfluidization | 1 200/69 MPa 9180 (with pretreatment)
390/138 MPa
630/207 MPa
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mechanical properties. Furthermore, nanocrystalline cellulose possess high surface
area, better rheological properties, crystallinity, alignment and orientation, etc. Due to
these characteristics nanocrystalline cellulose has potential applications in different
sectors such as health care, food and beverages, cosmetics, electronics, etc. Its use as a
reinforcing agent for nanocomposite materials (Lin and Dufresne 2014) and in the
areas of nanomedicine (Dufresne 2013) has been extensively studied.

17.7.1 Use of Nanocomposite Films Production

One of the major applications of NCC is its use as a reinforcing material (or as a filler)
during the production of nanocomposite materials such as nanocomposite films.
Polymer nanocomposites are multiphasic material made up of polymer and nanoma-
terials (Jeon and Baek 2010; George and Sabapathi 2015). Because of their nanomet-
ric size and large surface area (due to smaller size of the reinforcing materials), they
exhibit unique properties. Nanocomposite films obtained using NCC possess charac-
teristics such as low permeability to moisture, gases, aroma, and oil. Due to this, they
are commonly used for packaging in food and biomedical field (George and Sabapathi
2015). The properties of nanocomposite films mainly depend on two factors (1) mor-
phology and dimensions of NCC and polymeric matrix and (2) processing method
applied. Geometric aspect ratio is one of the factors that dictates the mechanical prop-
erties of nanocomposites (Peng et al. 2011). It is defined as the length to diameter
(L/d) of the fillers used. Aspect ratio in turn depends on the types of cellulose fibers
used and the production conditions involved. Since NCCs have high aspect ratio, they
are considered to provide best reinforcing effects (Peng et al. 2011; Dufresne 2013;
George and Sabapathi 2015). Good dispersibility of nanocrystals in the polymer
matrices are required to enhance the mechanical properties of nanocomposite mate-
rial. Since, NCCs disperse well on hydrophilic system, they are best suited for water
dispersible polymers such as latexes (Hubbe et al. 2008). However, NCCs can also be
modified to improve their dispersibility in hydrophobic systems (George and
Sabapathi 2015). Thus, some of the commonly used processing methods to produce
nanocomposite films includes casting evaporation, electrospinning, extrusion, and
impregnation, monolayer films, and multilayer films (Peng et al. 2011).

17.7.2 Biomedical Applications

Due to the safe and natural form of nanocrystalline cellulose, it is gaining increasing
attention in biomedical applications. Different scientists have explored its use for the
production of biomedical materials suitable for practical clinical applications (Lin
and Dufresne 2014). Some of the possible uses of NCCs in biomedical applications
have been discussed below.



398 S. S. Dalli et al.

17.7.2.1 Carrier for Drug Delivery

Toxicity assessment of NCC on human cell lines, insect cells, and aquatic species
has been done by various authors (Roman et al. 2009; Kovacs et al. 2010; Male et al.
2012). Most of the results obtained in these studies showed that NCCs were non-
toxic to all the samples studied. This makes NCC a potential carrier in targeted drug
delivery systems. On the one hand, use of NCC as an excipient in pharmaceutical
industries holds considerable potential due to reduced size, hydrophilic nature, and
biocompatibility. On the other, with the use of NCC as a carrier for drug delivery,
optimal control of dosing can be obtained and large amounts of drugs can be bound
to its surface. This is due to its large surface area and possibility of acquiring nega-
tive charge during hydrolysis. Surface modification of NCC can also be done to bind
nonionized and hydrophobic drugs which normally do not bind to cellulose and its
derivatives (George and Sabapathi 2015; Taheri and Mohammadi 2015).

Common forms of nanocellulose-based drug carriers include microspheres (or
microparticles), hydrogels (or gels), and membranes (or films) (Lin and Dufresne
2014). Shi et al. (2003) examined the morphology of drug nanoparticles coated onto
the cellulosic beads. Similarly, incorporation of the NCC particles into hydrogels
has the potential of using such nanocomposite hydrogels as a controlled drug deliv-
ery vehicle (Zhang et al. 2010). Some studies carried out by (Clift et al. 2011) have
shown that cellulose nanocrystals may slightly induce some dose-dependent cyto-
toxic and inflammatory effects on human lung cells. Thus, further studies on risk
assessment of NCC however should be done before its application in drug delivery
system (Peng et al. 2011; Lin and Dufresne 2014).

17.7.2.2 Bioimaging and Biosensor

Nanocellulose can be a very useful material for use in biosensor technologies. It
possesses biocompatible transducer surfaces which makes it useful in sensor appli-
cations (Edwards et al. 2013). NCC can be derivatized at the hydroxyl regions to
make it covalently bound to bioactive molecules. They have chiral neumatic struc-
tures which are characteristic for sensitive optical properties (Shopsowitz et al.
2010). Different types of nanocellulose such as nanocomposites, surface grafted
molds, and microdialysis membranes were found to show excellent properties at
bio-interface of a probe (Edwards et al. 2013). It was reported that cellulose can be
used as stimuli responsive mediators by modifying it through radical polymerization
(Kang et al. 2013). Such modified celluloses can be used in drug delivery and for
bioimaging application (Dong and Roman 2007). These authors reported a method
to label NCC with fluorescein-5'-isothiocyanate (FITC). The interaction between
labeled NCC with cells where then evaluated using fluorescence techniques.

NCC can be used in biosensing by conjugated it with different biological moieties
(such as nucleic acids) or metallic nanoparticles (Lam et al. 2012). Moss et al. (1981)
reported a method for producing a DNA-cellulose hybrid suitable for purifying
complementary mRNA from total poly(A)-enriched RNA by affinity chromatography.
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NCC can also be used to produce robust, porous electrodes and sensors. It can be used
to replace the cellulose which has been combined with TiO, nanoparticles (Pang et al.
2016) and chitosan for their potential use as biosensors (Manan et al. 2016).

17.7.3 Enzyme Immobilization

NCC has large surface area and is non-porous in nature which makes it suitable for
immobilizing proteins or enzymes (Lam et al. 2012). Yang et al. (2008) reported a
model system to remove chlorinated phenolic compounds in aqueous solution by
immobilizing peroxidase onto NCC. The obtained immobilized peroxidase showed
improved activity compared to its soluble counterpart. The immobilized samples
had enzyme activity 594 U/g and stable for 3 months at 5 °C. Furthermore, NCC
functionalized with gold nanoparticles has been characterized as a support for
immobilization of enzymes (Mahmoud et al. 2009; Lam et al. 2012). For instance,
cyclodextrin glycosyl transferase (CGTase) and alcohol oxidase can be immobi-
lized on NCC with high enzyme loading capacity. Activity yield and CGTase load-
ing of 70% and 165 mg/g were, respectively, obtained when such NCC was used as
matrices for immobilization. This value is higher than those obtained with other
commonly used matrices (Ivanova 2010). Recently, detection of phenol using tyros-
inase immobilized in the NCC/Chitosan nanomaterial film has been reported
(Manan et al. 2016).

17.7.4 Antimicrobial Application

Use of NCC for antimicrobial applications has been demonstrated by Drogat et al.
(2011). The author reported the method used to produce silver colloidal suspension
using NCC. The obtained Ag-NCC solutions showed inhibiting activities against E.
coli and S. aureus. The inhibiting effect was attributed to the interaction of NCC with
the bacterial cell wall. Such Ag nanoparticle NCC suspensions have the potential to
be used in antiseptic solutions or wound healing gels. However, detail study involving
the long-term toxicity of Ag nanoparticles is yet to be done (Lam et al. 2012). This
will confirm the expectations of the possible use of NCC as antimicrobial agents.

17.7.5 Other Applications

In addition to aforementioned applications, use of NCCs as iridescent pigments and
biomolecular NMR contrast agent has also been explored (Fleming et al. 2001;
Peng et al. 2011). Its use as a reinforcing agent for the production of low thickness
polymer electrolytes used in lithium battery has also been reported by some authors
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Fig. 17.2 Application of nanocrystalline cellulose in various sectors

(Schroers et al. 2004; Samir et al. 2005). Due to improved crystallinity and interfacial
interaction, incorporation of NCCs in polymer nanocomposites can improve the
mechanical performance, thermal stability, and optical properties of the same. Thus,
biodegradable nanocomposite films with lower permeability to moisture, gases, aro-
mas, and oil can be produced by inclusion of nanocrystalline cellulose. Such
obtained films have numerous application in food and biomedical packaging areas
(George and Sabapathi 2015). NCCs are biocompatible and their mechanical prop-
erties are like natural tissues. Thus, studies involving the use of NCCs as a scaffold-
ing to grow tissue have also been carried out. The use of NCC is being studied in
many areas as detailed here. The possible applications of nanocrystalline cellulose
in different areas have also been depicted in Fig. 17.2.

17.8 Limitations of NCC Usage

Though NCC was found to be a potential material for several applications, it has
several limitations in its upstream processing. For instance, oxidizing the cellulose
make the amorphous fibers in NCCs disperse in the aqueous suspension of crystal-
line cellulose. Separation of these fine fibers is a major hurdle in producing pure
NCC. Its usage is limited by factors like its hydrophobic nature and water swelling
characteristics in the amorphous regions (Hubbe et al. 2008). Using high
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concentration sulfuric acid 63.5% (w/w) to produce NCC (Bondeson et al. 2006)
also has a major drawback in the perspective of environmental aspects. Despite the
use severe conditions, NCC yields have been found to be low (20—40%) (Bondeson
et al. 2006; Hamad and Hu 2010). An efficient and reliable process is necessary to
maintain the uniform size, aspect ratio, and surface chemistry. It should provide
more control in NCC suspensions (Brinchi et al. 2013). Therefore, standardization
of the process is necessary to obtain fine NCC fibers. Technological advancements
are necessary to develop a method to produce nanocellulose with controlled size,
length, and surface properties at low costs. Drying of NCC is necessary to produce
in its powder form. It was not listed as one of the limitations by many of the litera-
ture reports. However, the conventional drying methods like centrifugation and high
temperatures have significant effect on NCC and induce agglomeration (Brinchi
et al. 2013). According to Lu and Hsieh (2012), freeze drying and supercritical dry-
ing produced a matrix of agglomerates with various sizes of nanocellulose.
Therefore, it is important to develop an efficient drying method to produce NCC
without altering its structural or functional properties. A number of research studies
indicated that the costs and commercial scale production are also the major draw-
backs in the production of NCC (Brinchi et al. 2013). However, with the amount of
research ongoing on the production, modification, and application of NCC, one can
be optimistic about its use in a number of ways in the near future.
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