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1 Introduction
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Paper has been defined as a material having two dimensions, which is produced
from an aqueous suspension of fibers, which in turn are ‘artificially interlaced and
subsequently dewatered through mechanical and thermal processes’ [79]. It may be
noted that the art of producing paper began more than two millennia ago due to the
dire need felt at that time to communicate and record the discoveries in materials
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that can be transported [53]. Of course, today the paper is being used for a lot of
diverse uses, which include printing, hygiene, writing, and packaging.

In a simplified way, modern paper production can be divided into three stages:
pulping, bleaching of the pulp and the production of the paper itself. It is possible to
disregard the bleaching of the pulp while producing brown pulp, which will be used
for papers of packaging applications. One of the earliest milestones for the
industrial production of cellulosic pulp was the development of the Kraft process in
1879 [63], starting from this, the paper industry has consistently sought to improve
the quality of the paper.

It is interesting to note that like in many fields, the paper industry is charac-
terized by investing a lot in research and development. This includes research in
search of new raw materials of the high industrial profile, modification and addi-
tives for the Kraft process, reduction or non-use of chlorine compounds in
bleaching and, more recently, biorefinery. Van Heiningen [167] defines the term
‘biorefinery’ as an industry that transforms raw materials from renewable sources,
such as sugarcane bagasse, wood, forest residues and black liquor into higher
value-added products such as biofuels and biomaterials. In this sense obtaining
nanocellulose from biomaterials for the most diverse commercial applications fits
very well in this concept.

In fact, the credit goes to Wegner et al. [180], who put the use of nanotech-
nologies in the forest-based industry as one of the main novelties to be developed in
the 21st century. Besides, they also suggested two paths for the application of
nanotechnology to forest producers, viz., the first path is for nanotechnologies and
nanomaterials developed in other industrial sectors to be adopted and deployed in
materials, processes, and products used or produced by the forest-based industry.
The second path is the development of completely new materials or product plat-
forms using nanoscale structures and properties derived from wood. Although it
was still unknown about the exact economic impacts and opportunities for wood as
nanomaterials, but it was expected that all nanomaterials and nano-enabled products
would grow to exceed one trillion dollars per annum as technology would be
developed in the 21st century [64].

While in the last few decades, traditional uses of paper have been found to
decline, other new avenues have opened up during the last decades or so. These
include incorporation of nanotechnology since the 1990s into papermaking leading
to lower energy costs, development of low-cost products with improved paper
quality, biocompatible and flexible with sophisticated functionalities [17, 133]. It
may not be exaggerating to state that the use of nanotechnology makes it possible to
improve the sustainability of paper making processes for the following reasons:

e More efficient use of resources whereby more resistant papers can be formed
with the smaller amount of fibers (by weight);

e Use of secondary materials such as recycled fibers or fibers with inferior
properties, which can be converted into nanofibers and used as additives in
papermaking, or produce high-quality papers using secondary fibers with the
addition of nanofibers;
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e Development of new materials such as papers with unique properties, such as
films with plastic characteristics, good barrier properties for smart packaging,
etc.

Considering the above and published reports on the preparation, characterization
and various applications of nanomaterials in general and nanocellulose in particular
and the latters’ use in paper making, this Chapter will present characteristics of the
most used wood in the world for pulp and paper production, main methods of
obtaining cellulose in nature, process of bleaching of pulp, paper making, processes
to obtain different types of nanocellulose (microfibrillar, nanofiber and cellulose
nanocrystals), applications of nanocellulose in the paper making, applications of
nanocellulose in paper making through coating and films as well as by
nanocellulose-reinforced pulp and the resulting effects of the use of nanocellulose in
paper production. The Chapter will also present marketing aspects and possible
future opportunities and finally concluding remarks.

2 Wood for Pulp and Paper Production

Although a variety of woods are available, only certain types are used in the paper
industry. The basic wood density is considered the most important parameter in its
quality evaluation since it has a strong relationship with the other wood properties
[61]. Besides, it has a strong effect on the variables of the pulping process and the
characteristics of paper pulp [138]. This property is defined by the ratio of the
absolute dry weight of the wood to its fully saturated volume. The ideal types of
cellulosic pulps for papers for printing and writing and for absorbent papers have
been distinguished [134]. According to these authors, the most required criteria for
printing and writing papers are lower energy consumption in the mechanical
refining, greater specific volume and greater opacity. On the other hand, high
capacity for water absorption and increased softness are important in the case of
manufacturing of absorbent papers. The authors further state that pulps originating
from wood with lower basic densities are ideal for the production of the first type of
paper since they have fibers with a smaller thickness and smaller mass per length.
For the second type of paper, pulps from denser woods are suitable, because these
woods possess fibers with higher thickness than the low-density woods and
therefore these would present the greater potential of liquid absorption, and greater
mass per length of fibers.

In hardwoods, penetration of liquids occurs rapidly through the vessels, but
penetration in the transverse direction practically does not exist. This is because of
the fact that the pit membranes of the punctures (Depressions in the secondary cell
wall is called ‘pit’) prevent the passage of the cooking liquor (This is a mixture of
chemical reagents-NaOH + Na,S). It may be noted that in the case of softwood the
penetration of the cooking liquor already occurs through the tracheids cells that,
unlike the cellular elements of the hardwoods and therefore have good permeability,
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even in the transverse direction [166]. Considering the dimensions of the chips, it is
emphasized that the thickness should be in the range of 4-6 mm, in different sizes
so that both impregnation and diffusion are compromised and, consequently, the
delignification rate is decreased [103]. The wood is chemically constituted by
polymers that perform the structural functions. These are cellulose, hemicelluloses,
and lignins [49]. In addition to these structural components present in wood, there
are other constituents, which include starches, proteins, pectins beside other sub-
stances soluble in water or other organic solvents called extractives or accidental
compounds of wood. From the chemical point of view, the amount and type of
lignin directly interfere with the conditions of the pulping process. In general, lignin
is classified according to the relative amount of the monomers guaiacila (G), syr-
ingyl (S) and p-hydroxyphenyl (H), derived from coniferyl, synapyl and
p-coumarilic alcohols respectively. Structures of these are shown in Fig. 1.

In the Eucalyptus wood, lignin is generally formed by the siringila and guaiacila
units (SG lignin), while in conifers it is formed by units guaiacila and
p-hydroxyphenyl (lignin GH) [15, 49]. The syringyl/guaiac ratio (S/G) significantly
affects the degradation and solubilization of lignin from hardwoods, to the point that
increasing this ratio allows the use of a lower alkali load, resulting in higher yields
[60].

With fibrous structure and length between 2 and 5 mm, the cellulose originated
from the conifers, such as species of the genus Pinus, is called ‘long fiber pulp’ and
has application in the papers that demand greater resistance, as is the case of paper
used in the manufacture of packaging. On the other hand, the short-fiber pulp can
range from 0.5 to 2 mm and is produced from hardwoods, such as Eucalyptus,
Acacia, Propulos and Betula, and is used for the production of printing and writing
papers and tissue paper for sanitary purposes. Table 1 presents the technological
characteristics of the main forest species planted in the world for pulp and paper
production.

OH OH OH

OCH; HaCO OCHs
OH

OH OH
p-cumaryl alcohol  Coniferyl alcohol Sinapyl alcohol
(H) ©G) (S)

Fig. 1 Precursor alcohols of the phenylprazoid units’ p-hydroxyphenyl (H), guaiacyl (G) and
syringyl (S). Reproduced from Barbosa et al. [15] with the kind permission of the publishers
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Table 1 Characteristics of the most used wood in the world for pulp and paper production

Type of wood Species Location |A |BD |TE |TL HL

Hardwoods [137] | E. grandis x E. urophylla | Brazil 6 1047 |3.1 |28.1 [689
Eucalyptus globules Chile 12 10.63 |56 |259 |68.5
Eucalyptus nitens Chile 12 10.52 |45 |27.1 |684
Acacia mangiun Indonesia 6 (052 [52 |28.0 [66.8
Acacia crassicarpa Indonesia 6 1057 |41 (294 |66.5
Populus tremulloides Canada 55 1037 |69 |22.1 |71.0
Betula pendula Finland 67 1050 (4.8 |174 |77.8

Softwood [171] Pinus taeda Brazil 21 1043 |28 |26.7 |70.5
Pinus silvestris Finland 45 1043 |64 |256 |68.0

A age in years; BD basic density in g-cm >, TE total extractives in %; TL total lignin in %; HL
holocelullose content in %

3 Paper Making
3.1 Pulping

The production of cellulosic pulp can occur from processes that use different types
of energies, viz., mechanical, thermal and chemical or the combination of these.
Despite the great diversity of these pulping processes, the alkaline ones have
become the main ones used extensively. With a well known and most used
worldwide the ‘Kraft’ process, developed by the German chemist Carl F. Dahl in
1879 [63] and patented in 1884 [150], it is reported that today 90% of the whole
cellulose pulp produced in the world comes from this process [111]. The Kraft
process was the result of the evolution of the soda process and aimed at dissolving
the middle lamella by means of the removal of lignin with consequent individu-
alization of the wood fibers. For this purpose, the wood chips are placed in a
digester that is pressurized with the alkaline cooking liquor (NaOH and Na,S). The
hegemony of its use stems from its advantages over other processes and this process
is adaptable to different types of lignocellulosic materials, producing high-quality
pulp and of high bleachability with high efficiency of recovery of chemical reagents
and energy.

It is interesting to note that the increase in the rate of delignification and yield are
opposite to each other. This is because the reagents used in the pulping processes
are not specific for lignin removal; they also remove carbohydrates, which con-
tribute to a reduction in yield [150]. Advantages, the Kraft process demands precise
control of its parameters. There are several parameters that affect the delignification
rate, the most important are: type of wood, chip quality, alkaline load, cooking time
and temperature.

The impregnation of the cooking liquor in the chips aims to distribute the
cooking liquor evenly into the wood [184]. The impregnation consists of two
different phases: pore penetration and diffusion [84]. These phases are very
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important for the efficiency of delignification and are directly related to the quality
of wood and chip size.

In pulp obtained by chemical processes, the degree of delignification of the pulp
is measured by the kappa number, which expresses the residual lignin present in the
pulp after cooking [161] and is dependent on the alkaline load, cooking time and
temperature. The alkaline charge is applied proportionally to the amount of wood in
the digester by seeking a predetermined target kappa number. According to
Almeida [7], the increase of alkaline charge leads to greater delignification with
consequent reduction of the kappa number. However, greater delignification pro-
motes the greater generation of fines, possibly resulting from the fragmentation of
fibers. Time and temperature have been combined into a single control parameter
called ‘H factor’, which represents the extent of the reaction [172]. Even though
different temperatures can be used, delignification can be estimated accurately by
‘H factor’, provided that the other parameters of the pulping process remain con-
stant. According to Sixta [148] the ‘H factor’ is defined as follows:

t
H:/kL'dt

to

where k; is the relative reaction velocity of the pulp. Assuming that the activation
energy of the reaction is 134 kJ - mol', the H-factor can be expressed as:

t kym t ( 16113)
H=/—~>.dt=/[Exp-{43.19 ——— | - dt
41(10000 / Exp T
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where t is time and T is temperature, the above equation is valid for temperatures
above 100 °C.

According to Sixta [148], the H factor is the area under the relative reaction
velocity curve versus time. This parameter is designed to predict the temperature or
cooking time required to reach a given kappa number. The result is valid only when
the other cooking conditions, such as the effective alkali concentration and the ratio
of liquor to wood, remain constant [148]. Figure 2 shows a graph of a conventional
Kraft cooking having a maximum temperature of 170 °C, the heating time of 80 min
and time of 60 min at a constant temperature, culminating at an H factor of 1100.

H-factor is a useful process control tool for Kraft pulp industries. Even the most
modern plants use this parameter to control the degree of delignification of the pulp
[136].

3.2 Bleaching

This process follows the previous one. It should be noted that the pulp obtained as
explained in the previous Section is so intense without the modification, which
compromises the mechanical strength of the fiber. Accordingly, bleaching process,
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Fig. 2 H-factor plot of a conventional Kraft cooking. Eraldo Antonio Bonfatti Jr. unpublished

which is a chemical process that aims to improve the brightness and cleanliness of
cellulosic pulp by removing and/or modifying chromophore and leukoprophic
groups are used [55, 72]. After the reactions with the cooking liquor, the lignin in
the wood, which is almost colourless, is coloured due to the release of chro-
mophoric groups [55, 72]. Bleaching generally occurs in stages and its progress is
always followed by brightness, which is a measure of reflectance of visible blue
light at the wavelength of 457 nm, of pulp sheets or paper under standard condi-
tions [31]. The most used method to measure this process is the standard described
by ISO 2470: 1999—Paper, board, and pulps. It may be noted that measurement of
diffuse blue reflectance factor is expressed in % ISO, while the non-reflective
material, absolute black, has a brightness of 0% and a perfect reflectance of light is
considered 100%.

Over the years the bleaching chemistry has been changing rapidly, starting with
the discovery of bleaching power of chlorine on vegetable fibers, being used in its
elemental form (chlorination, C), as calcium hypochlorite (hypochlorination, H)
and as chlorine dioxide (dioxidation, D). Table 2 shows the evolution of bleaching
sequences over the years. However in the 1990s, due to environmental reasons, the
industries had to develop chlorine-free bleaching sequences or sodium hypochlorite
[31], as these compounds are the main contributors to the formation of chlorinated
organic compounds (Absorbable Organic Halides, AOX) [22]. After this environ-
mental concern, elemental chlorine free (ECF = elemental chlorine free) sequences
were created, which is the main technology used today, and totally chlorine free
(TCF) sequences, which do not use elemental chlorine or any other chemical
reagent that contain chlorine in the molecule. At this stage, oxygen (oxygenation,
0), caustic soda (alkaline extraction, E), hydrogen peroxide (perioxidation, P) and
ozone (ozonolysis, Z) associated with chelation (Q) and acid hydrolysis (A) are the
most commonly used in industries.
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Table 2 Historical evolution of bleaching sequences (Prepared by authors using the information
from [9, 149])
Time | With element ECF TCF
chlorine
1880 |H
1910 | HEH
1930 | CEH, CEHEH
1950 | CEHDED, CEDED
1960 | (CD)EHDED
1970 | CD(EP)HD(EP)D,
OC/DEDED
1980 | O(CD)(EP)D(EP)D, | O/OD(EPO)D(D)
OC/DEODD, OC/D
(EO)DD
1985 | O(DC)(EO)D(EP)D | O/OD(EPO)DND, O/OA/
D(EPO)D\D, Of
ODyor(EPO)-DND
1990 | O(DC)EPO)D(EP) | O/OA/D(EOP)DP

D

1995 0/0Z/QPZ/QP, O/OQPQP, 0/0Q
(PAA)QP, O/0QZQZP, O/
0QZQP, O/OAZPZP

2000 O/OD(EPO)D(EP)D, O/
AO/D(EPO)D

2005 0O/0ZQD(EPO)D, O/AO/
D(EPO)D, O/OD(EPO)D
@)

2010 O/OA(EOP)DP

ECF elemental chlorine free, TCF totally chlorine free

The choice of the bleaching sequence will depend on the kappa number after
cooking, the type of raw material used in the pulping process, the end use of the
bleached pulp and the desired final brightness. As the bleached pulps present on the
market have an average brightness of 90% ISO.

3.3 Drying

After bleaching, the cellulosic pulp will be in aqueous suspension, with a consis-
tency of 10-12%. This needs to be transformed, into cellulose bales with final
humidity of 10% for the purposes of commercialization and transportation. It may
be noted that this step of drying the bleached pulp is the final stage of the manu-
facturing process of the bleached cellulosic pulp. The process consists of the wet
process step followed by the forming step, where the cellulose sheets are formed
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and finally, the dewatering step. The gradual removal of mater happens through the
use of force of gravity, heating, and vacuum. It should be noted that in these steps
the pulp is arranged on a permeable forming screen which is also responsible for
conducting the pulp along the dryer [48]. The final step of drying the pulp is the
removal of the water by the compressor rolls in the pressing step, with water not
being withdrawn in the forming step would be removed. Then, a stronger pulp sheet
is cut, packed and finally transported.

3.4 Paper Production

3.4.1 Preparation of the Cellulosic Pulp

It may be noted that when there is the production of integrated pulp and paper, the
cellulosic pulp will be transported by piping. In pulp industries, which are separate
from that of paper, it is necessary to dry the cellulosic pulp to make the transport for
the paper mill. Therefore, if the paper mill is integrated with the pulp mill (nor-
mally, both paper and pulp are produced using the same mill), the drying step
described above does not happen. In that case, the wet cellulosic pulp is pumped
through pipes until the production of paper. If there is no integration between the
pulp mill and paper mill, the pulp bales will remain dry and packaged for paper
production. The first stage of paper production is the mass preparation. At this
stage, for non-integrated paper mills, the cellulose bales are placed in the hydra-
pulper to be disaggregated and reduce the consistency of the mass. In the case of the
integrated industries the cellulose used is already moist and are ready for the next
stage, i.e., refining. This is a mechanical treatment in which cellulose pulp fibers are
broken into fibrils, thus increasing the surface area and, consequently, the binding
capacity between the fibers allowing the formation of a strong network [157]. In
this way, the refining allows changing the structure of the fibers of the pulp,
resulting in modified properties and increasing the mechanical properties of the
finished paper. Figure 3 shows the scanning electron micrograph of the refined
bleached cellulosic fibers obtained from Eucalyptus wood by one of the authors.
In addition, the energy used in refining causes changes in the fibers, leaving
them more prone to collapse during the paper forming process, thereby decreasing
the thickness and specific volume of formed sheet. However, refining should not be
excessive as it can damage the fibers to the point of reducing the same mechanical
properties that have been expected to improve the refining process. It has been
recommended that when searching for high brightness pulps, it is necessary to
avoid excess during the mechanical refining, as this causes a decrease in the
brightness and opacity of the paper [101]. The degree of refining is measured
through the Schopper-Riegler grade of drainage, which indicates the ease of the
pulp in water shoring and is an important parameter for the evaluation of fiber
interweaving—the greater the drainage of the pulp, the lower its capacity to drain
water. The most widely used method for determining drainage is described by ISO
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(b)

88 18mm

(d)

Fig. 3 Surface of a sheet formed by fibers: a, b—without refining at two magnifications; ¢, d—
with refined fibers at two magnifications as of (a, b). Eraldo Antonio Bonfatti J—unpublished

5267-1: 1999—Pulps—Determination of drainability—Part 1: Schopper-Riegler
method. In order to reach the desired degree of refining, the mass passes through the
purification process. This step is aimed at reducing cellulose pulp contamination,
and impurities such as plastics, metals, and sand are removed [66] followed by
cleaning of pulp to prepare the dough.

In the preparation of the mass, the other components of the paper-making pro-
cess are added (chemical additives) to improve the mechanical, physical and optical
properties of paper as is followed normally in the paper industry [52]. Among the
products that may be employed are starches, mineral compounds, vegetable gums,
carboxymethylcellulose (CMC) and synthetic polymers [52, 141]. Recently
nanocelluloses have also been used as additives in paper production [175].

3.4.2 The Paper Machine

A paper machine consists of different mechanical sections, each of them driven by
one motor or an arrangement of one master motor and one or more helping drives,
which conventionally speed or torque regulated. Typical sections are represented by
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Head box Fourdrinier table Pressed Drvers Size press  Dryers Calenders Rell

Fig. 4 A schematic drawing of a fourdrinier paper machine. Adapted from Lai [87] with the kind
permission from publishers

fourdrinier, press, dryer, calender, and reel [48, 168]. A schematic drawing of a
fourdrinier paper machine is shown in Fig. 4.

With the recipe of ready-made paper, the mass is transferred to the head box of
the paper machine, where a uniform jet of mass is cast on a constantly moving
conveyor belt forming screen flame [48]. At this stage, the first control of the paper
thickness takes place; more the dough, the thicker would be the paper. The mass
thrown on the mat forms a 5% layer of cellulose and additives and 95% water with
water being drawn on the flat table. This stage of the process, known as ‘leaf
formation’, promotes fiber entanglement and gradual water drainage, giving suffi-
cient strength to the paper, so that it can leave the flat table and run through the
various cylinders that make up the rest of the process [150].

In this part of the process, the paper passes through hydraulic presses wherein
the excess water is removed, increasing the resistance and reducing the thickness of
the paper [48, 150]. With the above process steps, the more resistant the paper
reaches the drying step, which is promoted by a series of steam-heated cylinders;
water would get evaporated from the pressed sheet, leaving it with the required
moisture content for its final application [48]. Upon reaching required moisture
content, the paper will receive one more layer of the surface additive according to
its final use, and after another drying step, it will proceed to the calendar, which will
have uniform thickness together with a better surface finish [48]. After this step, the
paper is wound in smaller reels and can be commercialized, both in reels and in the
form of sheets of sizes standardized for the final consumer.

4 Cellulose

Cellulose is the most abundant organic polymer on the planet and the largest
component of plant biomass [89], with an estimated production of 7.5 x 10'° tons
per annum [54]. It can be found in pure form, as in cotton, but is commonly found
associated with hemicellulose and lignin in the cell wall [35, 89], as in wood,
corresponding to approximately 40 to 45% of mass [149]. In addition to plants, it
can also be synthesized by bacteria, algae, and fungi, but in lesser amounts [1].
Figure 5 depicts the main routes of obtaining cellulose in nature. Cellulose can also
be obtained by synthesis in vitro and should be highlighted with important
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Fig. 5 Main ways of obtaining cellulose

development today [82]. The first report of cellulase-catalyzed cellulose formation
was based on cellobiosyl fluoride [83] and the first chemosynthesis was performed
through polymerization of substituted D-glucose and with open rings followed by
deprotection [108].

Figure 6 shows schematically the ultrastructure. It can be seen from the figure
that primary and secondary walls differ in the arrangement of cellulose chains. The
secondary wall consists of 3 layers, S1, S2, and S3, and the S3 layer has the lowest
cellulose content, being composed mainly of xylan. In the primary wall, the fibers
are less ordered and essentially composed of chains in all directions within the
plane of the wall. At layer S1 showing the very thin lamellae, the arrangement of
the fibrils may be visible as is helical (spiral) in nature with a cross-arrangement in
certain species. In layer S2 the cellulose chains are grouped in parallel microfibrils,
giving a denser arrangement and aligned with the axis of the fiber. About 40-45%
of the dry matter of the secondary wall is composed of cellulose [160].

Cellulose is composed of B-D-anhydroglucopyranose units which bond to each
other through the carbons 1-4, forming a basic unit called ‘cellobiose’, which
consists of the binding of two molecules of anhydroglucose [54, 145, 149]. The
cellulose chain is linear and high molecular weight, which tends to form hydrogen
bonds between the molecules [1].

The degree of polymerization (DP) is up to 20.000; however, it varies widely,
and the value is around 10.000 in wood [74]. The hydroxyl groups of the cellulose
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Secundary cell wall

Primary cell wall

Middle lamella

Fig. 6 Ultrastructure of wood. Reproduced from Taiz and Zeiger [160] with the kind permission
of the publishers

molecules form hydrogen bonds that may be intramolecular or intermolecular.
Their ability to form hydrogen bonds play a major role in leading the crystalline
packing which also governs the physical properties of cellulose [74] and are these
bonds that make cellulose a stable polymer and appreciated as reinforcement in
composites [37, 54].

About 36 individual cellulose molecules are brought together by biomass into
larger units known as elementary fibrils or microfibrils, which are packed into larger
units called microfibrillated cellulose [54, 89]. The latter are in turn assembled into
cellulose fibers. All these are shown in Fig. 7. The diameter of elementary fibrils is
about 5 nm whereas the microfibrillated cellulose (also called nanofibrillated
cellulose-NFC) has diameters ranging from 20 to 60 nm [6, 89]. The microfibrils
are formed during the biosynthesis of cellulose and are several micrometres in
length. This microfibrillar aggregates which allow the creation of highly ordered
regions (i.e., crystalline) form the core alternate with disordered domains (i.e.,
amorphous) present at the surface [132]. It is these crystalline regions that are
extracted, resulting in nanocrystalline cellulose (NCC). The inter- and
intra-molecular interactions networks and the molecular orientations of crystalline
regions can vary, giving rise to cellulose polymorphs or allomorphs [23, 89].

As mentioned earlier, the most common way to obtain pulp from wood is
through the Kraft chemical pulping process [111], followed by bleaching steps to
remove residual lignin on the cellulose surface. This pulp obtained in the paper
industry is commonly used to obtain nanocellulose, since pulping and bleaching are
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Fig. 7 Hierarchical structure of cellulose extracted from plants. Reproduced from Rojas et al.
[125] with the kind permission of the publishers

characterized as pre-treatments necessary to obtain Nanocellulose, whether
microfibrillated, nanofibrillated or nanocrystalline [50, 69, 91, 92, 95, 98, 109, 117,
169, 170, 185, 186].

5 Nanocellulose

The term “nanocellulose” refers to cellulosic materials having at least one of their
dimensions in nanometer scale. Nanocelluloses can be produced by different
methods and from various lignocellulosic sources [1].

According to Fujisawa et al. [46], so far nanocelluloses can be divided into three
groups: cellulose nanocrystals (CNC), micro-fibrillated cellulose (CMF) and
nano-fibrillated cellulose (CNF). While the first one (CNC) is produced by a
chemical process of acid hydrolysis followed by mechanical agitation of the sus-
pension in water, the second (CMF) is obtained by mechanical disintegration of the
cellulosic pulp in water and finally third one CNF is prepared using the combination
of chemical oxidation followed by mechanical disintegration in water, or only by
the mechanical disintegration method. These mechanisms are shown in Fig. 8.

Reported definition of CMF is fibers with a diameter between 25 and 100 nm,
while CNF are nanocelluloses with a diameter between 5 and 30 nm and a variable
length between 2 and 10 pm [125, 139]. Both CMF and CNF have amorphous and
crystalline zones composing their structure.

According to Samyn et al. [133], the microfibrillated nanocelulose is commonly
produced by homogenization, where the fiber shear is performed by a strong
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Fig. 8 The mechanism of chemical and mechanical methods for producing CNC and CNF from
cellulose. Reproduced from Sofla et al. [151] with the kind permission of the publishers

pressure drop and impact forces inside the processing chamber. A similar effect is
observed by the use of grinding process [91], where processed suspensions gen-
erally contain a heterogeneous mixture of CMF and CNF which are characterized
by different diameters and aspect ratios (length/diameter) [133]. The CMFs are
usually characterized by a smaller aspect ratio than the CNF [86, 85, 107, 177].
Depending on the number of processing steps, or passes through the mill, the
geometry of the fibers in a suspension is reduced, generating more CNF, which
leaves the suspension more homogeneous [91, 133]. Larger nanocellulose sus-
pensions (CMF) present a large tendency to aggregate and flocculate microfibrils, a
fact also justified by the surface charge of nanofibrils [91]. Non-uniformities in the
suspending media are constructed by the high tendency of aggregation of single cell
microfibrils and/or flocculation with larger fibers. According to Kumar et al. [86,
85] the CMF is generally produced by a single mechanical treatment of the cel-
lulosic pulp, while the CNF is produced by mechanical treatment after the chemical
pretreatment of the original pulp fibers [86, 85].

On the other hand, CNC refers to cellulose nanoparticles that underwent
hydrolysis under controlled conditions and that lead to the formation of structures in
the form of small crystalline cylinders [139]. Depending on the source of extraction,
these crystallites will have a diameter of 3—-50 nm. The CNFs, as well as the CMFs,
exhibit zones with high fibrillation intensity due to the shear forces that the fibers
undergo in the production process, whereas the nanocrystals are exclusively from
the crystalline regions of the cellulose molecule. Nano-fibrillated cellulose has
amorphous and crystalline regions that make up its more elongated chain in the
longitudinal direction. In this way, the long length of nano-fibrillated cellulose
chains associated to its surface containing a wide range of hydroxyl groups, which
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Table 3 Nanocellulose derivatives and their dimensions (Reproduced from [75] with the kind
permission of the Publishers)

Nanocellulose derivate Diameter (nm) Length (nm) The aspect ratio (L/d)
Microcrystalline cellulose— >1000 >1000 1

MCC

Micro fibrillated cellulose—CMF 10-40 >1000 100-150

Microfibril 2-10 1000 >1000

Cellulose nano crystalline—CNC 2-20 100-600 10-100
TEMPO-oxidized nanocellulose 34 >1000 200-100

exposes the formation of numerous hydrogen bonds [114]. The type of processing
and the raw material used results in nanocellulose with different morphologies and
dimensions, as presented in Table 3.

Figure 9 shows scanning electron micrographs of cellulose microfibrils (CMFs),
cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs) and others microfib-
rilatted cellulose that can be applied in papermaking, such as MCC and microfibril.

5.1 Method of CNF and CMF Production

As a semi-crystalline polymer, cellulose allows the extraction of nanostructures
with different morphological properties (length, diameter, and aspect ratio),
depending on mechanical and physical, depending on the extraction method applied
[125]. The methods for producing nanocelluloses can be divided into chemical,
physical and biological [44]. Some forms of procurement, various types of
equipment and also combinations of chemical, enzymatic and/or mechanical
treatments have already been tried for the production of nanocelluloses [57, 71,
114, 130]. The nanocellulose can be produced by mechanical methods such as
grinding, cryoencation with high-pressure homogenization with liquid nitrogen,
steam explosion, high-intensity ultrasound etc. Some pre-treatments may be used
prior to mechanical processes to promote the accessibility of the hydroxyl groups,
increase the internal surface, alter the crystallinity, break the hydrogen bonds of the
cellulose and thus increase the reactivity of the fibers. The pre-treatments are dif-
ferent chemical hydrolysis (alkali or acid) or enzymatic [125].

5.1.1 Mechanical Methods

According to Rojas et al. [125], the mechanical treatments can isolate nanofibers
from the primary and secondary cell wall without severely degrading cellulose. It is
reported that depending on the types of mechanical treatment and levels of
mechanical force used, inter fibrillar hydrogen bonding is broken [70, 123, 131,
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(a) (b)

Fig. 9 TEM images of nanocelluloses extracted by: a—CNC prepared by sulfuric acid
hydrolysis, b—cellulose nanocrystals isolated by formic acid hydrolysis, c—CNF prepared by
2,2,6,6- tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation, and d—cellulose nanofibrils
fabricated by pulp refining. Reproduced from Liu et al. [97] with the kind permission of the
Publishers

179]. For example, microfluidization and high-intensity ultrasonic treatments pro-
duce a high shear degree, causing transverse cleavage along the longitudinal axis of
the cellulose fibers. This process tends to damage the microfibrillar structure,
reducing the molar mass and the degree of crystallinity of cellulose.

The mechanical methods would involve high production costs, besides they
being less efficient and requiring higher energy inputs compared to that of chemical
methods [96]. In view of these, it is reported that a chemical pretreatment would be
necessary, which reduces energy consumption besides obtaining more hydrophobic
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surface [125]. Further, the degree of polymerization (DP) is reported to get usually
reduced from 1200 DP to 1400 DP between 850 and 500 by the mechanical
treatment. It may be noted that a high cellulose DP is desirable because of corre-
lation of cellulose with the tensile strength of the nanofiber, which is reported to be
at least 2 GPa [26, 118].

The following are some of the mechanical methods used to produce
nanocellulose:

(i)

(ii)

(iif)

(iv)

High-Pressure Homogenization (HPH): In this process, first known quantity
of the cellulose (2-7% w/v) is passed through slurry at high pressure into a
vessel through very small spring-loaded valve assembly using low velocity.
This is then exposed to a pressure drop to atmospheric condition with the
valve opening and closing in a cyclic motion [45]. This method is reported to
be an efficient method for refining of cellulosic fbers in view of its high
efficiency, simplicity and without requiring any organic solvents [78].
Nanofibers having 20—100 nm of diameter and several tens of pm long are
normally produced by this method. However, clogging of the homogenizer,
high energy consumption, and mechanical damage of the crystalline micro
fibril structure are some of the limitations of this method [96, 174, 178].
Microluidizer: This method uses the equipment, which consists of an
intensifier pump and an interaction chamber. While the first is for increasing
the pressure, the second is for defibrillating the fibers using two types of
forces, viz., shear and impact against colliding streams and the channel walls
[42]. Dimensions of CNFs produced by this process are of several pm long
and less than 100 nm [125].

Grinding: In this method mechanism involved is fibrillation of cellulose
using a suitable equipment say, grinder to break the hydrogen bond and the
cell wall structure of the cellulose by shearing force besides individualization
of pulp to nanoscale fibers [146]. Accordingly, this method uses grinding
equipment consisting of a static and rotating grindstone (1400-3000 rpm).
The process involves passing of the pulp slurry between these two stones
[92, 125]. Accordingly, the cell wall structure would break down by the
shear and compression forces, which generate a gel due to the suspension of
nanocelluloses. Therefore, a number of cycles to be passed by the pulp/fibers
through a grinder or the amount of energy for processing the fibers is
important parameters which affect the quality of resultant NFC produced by
this method. The diameters of NFCs produced by this process range from
about 5-157 nm [56, 155, 182].

Cryocrushing: This method involves immersion of water swollen cellulosic
fibers into liquid nitrogen followed by its crushing by mortar and pestle [45].
Accordingly, in this method, high impact forces would be applied in order to
the freeze the cellulosic fibers leading to rupture of cell wall due to the
pressure exerted by ice crystals and thus, liberating nanofibers [146].
Nanofibers of soya beanstalks have been produced by this method by
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cryocrushing and high-pressure defibrillation procedures [175, 176].
Normally, this method produces CNFs with diameters from 30 to 80 nm [3].

(v) Steam explosion: This method is a thermomechanical process. In this
method, cellulose is kept at 200-270 °C is exposed to a high pressure of
steam maintained between 14 and 16 bars. Then, the steam penetrates the
biomass by diffusion for short periods of time between 20 s to 20 min. This
is followed by applying sudden decompression (explosion), which would
generate shear forces hydrolyzing the glycosidic and hydrogen bonds,
between the glucose chains [77, 125]. The diameter of CNFs produced by
this methods lies in the range of 10 um-50 nm [30, 36].

(vi) High-intensity Ultrasonication: This method is a mechanical process wherein
oscillating power is used to isolate cellulose fibrils by hydrodynamic forces
of ultrasound [28]. According to Rojas et al. [125], the cavitation during the
process leads to a powerful mechanical oscillating power. The gas bubbles
formed would expand and explode breaking down the cellulose fibers [27].
The diameter of the nanocellulose produced by this method lies in the range
of 5-35 nm [57].

It is reported that the mechanical treatment causes changes in fiber structure [32].
The author suggests following four phenomena can be observed due to the defib-
rillation process. First one is the internal fibrillation (IF), which is difficult to
observe by microscopy techniques. Here, loosening of the fiber bundle takes place,
which causes swelling and increased fiber flexibility. The swelling of the cellulose
increases its accessibility to reagents, and consequently their reactivity. The second
effect is the external fibrillation (EF) at the surface of the fiber. This is basically the
defibrillation process of the fibrils, but without their complete removal. It may be
noted that when these fibrils extend completely from the fiber there is the generation
of the nanofibers (CMF), as the third phenomenon showing the structural alteration.
And finally, the fourth one involves the dimensional reduction of the fiber itself by
mechanical wear through fiber cutting (FC). The entire phenomenon mentioned
above can be observed by microscopy techniques as is evident from Fig. 10, which
is a transmission electron micrograph of nanocellulose obtained from Lengowski
[91].

5.1.2 Electrospinning

This is a method to form the fibers using an electrical rather than a mechanical
driving force and is termed as an ‘electromechanical’ method. Here, the cellulose
dispersion is extruded and electrospun under the effect of a high electric field [43],
following a 3D spiral trajectory. Once the solvent evaporates, it leaves behind
randomly oriented nanofibers in the collector. The CNFs morphology produced by
this technical depends on the strength of electric field, solution feed rate and the
tip-to-collector distance [125].
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Fig. 10 Effects of refining on the production of nanofibers by the mechanical process.
Reproduced from Lengowski [91]

5.2 Methods of CNC and MCC Production

5.2.1 Acid Hydrolysis

The mechanism for obtaining CNC by acid hydrolysis involves the removal of the
amorphous regions from the cellulose elementary fibrils by hydrolysis, leaving only
the crystalline regions [114]. This cellulose is obtained by cutting the elementary
fibrils into small fragments followed by bleaching. Subsequently, CNC is extracted
from bleached samples by strong acid hydrolysis under strictly controlled condi-
tions of concentration, temperature, agitation, and time [125]. A typical production
process involves acid hydrolysis, washing, centrifugation, dialysis, and sonication
to form a suspension followed by drying by freeze-drying or heat-drying [54, 92].
CNC is also known as whiskers or cellulose nanocrystals.

The difference between the production of CNC and MCC by acid hydrolysis lies
in the reaction time or in the concentration of the reagent, where less time and lower
concentrations are used for MCC compared to those to produce CNC [38, 173, 185,
186]. MCC can be characterized as a white powder of fibrous particles with sizes of
about 40 um with a DP 100-200 and about 80% crystallinity, while the CNC has
dimensions of 5-10 nm wide, 100-300 nm long with 90% crystallinity when made



Nanocellulose in the Paper Making 1047

from cotton and wood cellulose. On the other hand, other sources like bacteria,
algae, and tunicin produce nanocrystals with larger size distributions and dimen-
sions comparable to those of CMF (width: 5-60 nm, length: 100 nm to several pm)
[10].

It may also be noted that CNC and MCC are similar to small cylinders or
crystalline characters, isolated from acid hydrolysis of the fibers. This is illustrated
in Fig. 11, which shows scanning electron micrographs of CNC obtained from
Beauvalet [21] (Fig. 11a) and MCC obtained from Thoorens et al. [162] (Fig. 11b).

It may be noted that the hydrolysis processes rely on the fact that the crystalline
regions are insoluble in acids under the conditions in which they are employed. This
is due to their inaccessibility because of the high organization of the cellulose
molecules in their nanostructure. On the other hand, the natural disorganization of
the molecules in the amorphous regions favours the accessibility of the acids and
consequently the hydrolysis of the cellulose chains present in these regions [132].
Sulfuric and hydrochloric acids are the most commonly used for acid hydrolysis,
but phosphoric and hydrobromic acids have also been used [90].

The most commonly used method for the preparation of CNC is acid hydrolysis
of cellulosic materials using sulfuric acid (64% w/w). Cellulose nanofibers have
also been produced from hardwood by treatment with the 2,2,6,6-
tetramethylpiperidinel-oxyl radical in combination with sodium bromide and
NaClO [130].

The CNC has a high aspect ratio, a high modulus and good compatibility with
matrix materials [127]. Your morphology is the elongated crystalline rodlike shape
and has a limited flexibility because it has no amorphous regions. These CNCs have
a degree of crystallinity (55-90%). However, it should be noted that the degree of
crystallinity, aspect ratio, and morphology depends on the source of cellulosic
material and preparation conditions [144]. The colloidal behaviour and superficial
charge of CNCs depend on the acid used for their production [90].

Fig. 11 a—Nanocrystalline cellulose morphology b—microcrystalline cellulose. Reproduced
from Beauvalet [21] (Fig. 11a) and [162] (Fig. 11b) with the kind permission of the publishers
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5.2.2 Enzymatic Hydrolysis

It is well known that enzyme is generally used to modify and/or degrade the lignin
and hemicelluloses contents in biomass without altering the cellulose portion. It is
known that enzyme helps in the restrictive hydrolysis of several elements or
selective hydrolysis of specified components in the cellulosic fibers [71]. These
enzymes are produced by cellobiohydrolases. There are two types. The first cate-
gory is A- and B-type cellulases, which are capable of attacking the crystalline
portion of cellulose. On the other hand, the second category is C and D type
endoglucanases, which are capable of attacking the disordered structure (amor-
phous) of cellulose [8]. It is reported that enzymatic methods are highly expensive
as these methods take long treatment time for a successful hydrolysis and also due
to the isolation process of the enzymes [77]. Actually, this process can be used as a
pre-treatment for production of nanocellulose by the mechanical method to reduce
the energy consumption to produce CNF.

6 Applications of Nanocellulose in Paper Making

6.1 Nanocellulose-Reinforced Pulp

The development of strength in paper is influenced by several factors, viz., length
and strength of fiber used, degree of adhesiveness, fiber-fiber contact area and
bonding agents in the formation of dry or moist [11, 12, 81, 159]. Due to the unique
properties of nanocellulose, there is a growing tendency to use it as a paper rein-
forcement additive [112]. Many researchers have been using nanocellulose as an
additive and films in paper making, either to improve (i) strength properties, barrier
properties in food packaging, paper brightness, printability [80] or (ii) to reduce
paper weight without loss in mechanical properties, while improving thermal
properties and to provide antimicrobial capacity in packages. The functionality of
the nano paper emerges from the intrinsic properties of the nano fibrous network,
the additional loading of specific nano materials or the additional deposition and
modelling of thin films of nanomaterials on the paper surface [17]. According to
Zimmermann et al. [187], reactive sites exposed on the surface of the cellulose
micro fiber (CMF) perform the formation of a network of nanofibers due to the
hydrogen bonds formed. Because of the nanometer scale, the amount of these bonds
is enhanced by the larger contact surface between nano and microfibers. This
increases the apparent density of the paper, making it more resistant to the passage
of air and humidity besides the gain in the mechanical properties [86, 85, 106, 115].

As an additive, the nanocellulose has a similar effect to that produced by the
refining of the pulp, reducing paper porosity [50, 91, 117]. This is evident from
Fig. 12, which shows scanning electron micrographs of cellulose sheet with and
without any additive highlighting the effect of the addition of CMF to the paper
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[91]. It may be noted that Fig. 12a is micrograph of cellulose sheet without any
additive, while Fig. 12b, ¢ are micrographs of cellulose sheet with CMF additive
and CMF coating. Besides, such addition of CMF to cellulose gives significant
gains in the mechanical properties of the paper, whether produced by virgin fibers
[117] or by secondary fibers [116]. It is also reported that wet strength is the main
functionality for tissue paper, paper towels, cardboard and other papers [129].
These authors have also reported that the cationic polyelectrolyte (Poly
Amideamine Epichlorohydrin—PAE) developed in the 1950s has been used as a
wet strength additive in the paper making process. In order to increase the
mechanical properties of the paper, the use of nanocellulose and additives such as
PAE [4, 5] and amphoteric starch [93] have already been reported.

Investigations have also been carried out on the possibility of using CMF and
CNF as a reinforcing and filler in a pilot experiment using different degrees of
fibrillation and filler mixtures (CMF, CNF, precipitated calcium carbonate, cationic
polyacrylamide and two types of starch) [164]. The author has observed that the
CNF improved the resistance properties (Scott Index and tensile index) more than
the CMF, and also that the CNF associated to the starch presented better resistance
to traction being wet. Finally, the author has concluded that in conjunction with
CMF or CNF, the filling content could be increased from 30 to 40%, which would
imply a potential savings of 3—6.5% compared to conventional sheets. A dose of
6% of applied CNF has been found to promote about 40% energy savings, while the

Fig. 12 Effects of nanocellulose on papermaking a cellulose sheet without nay additive;
b cellulose sheet with CMF such additive; ¢ cellulose sheet with CMF such coating. Reproduced
from Lengowski [91]
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12% dose reduced energy expenditure by 85% compared to the control to produce
pulps at 35 °SR [34].

Compared with micro-sized cellulose, nanocellulose is more effective as an
additive for the paper industry. This is attributed to the interactions between the
nanosized elements, which are connected by hydrogen bonds forming a percolated
network when the nanocellulose is dispersed in the pulp [3, 73, 75, 76, 80, 183].

Another study has concluded that the drying and wetting process of paper with
nanocellulose depends on the amount of added nanocellulose because
thenanocellulose clogs the pores and give a greater amount of inter fibrillar con-
nections and preventing fiber-water bonds in the rewetting [120]. It has also been
pointed out that 6-12% of CMF could be used in the paper making mix [121], but
indices above 5% have been reported to cause a decrease in traction and tear
properties [117]. On the other hand, the use of CMF as additives to increase the
resistance of thermo-mechanical pulps to produce new types of packaging has also
been reported [59]. In addition to improving the mechanical properties, these
authors have also observed that the addition of 6 g/m” of nanocellulose reduced the
permeability and drainage of the cellulosic mass. The enzymatic pretreatment
combined with mechanical shear forces at high pressure has been found to sig-
nificantly improve the mechanical strength of the paper without affecting drainage
[50, 51]. In another study Gonzalez et al. [50] have concluded that the porosity and
mechanical properties were improved when 9% of nanocellulose was added;
however the Shopper Riegler degree (This is the ‘degree of refining of a pulp
suspension in water and expressing it in terms of the Schooper-Riegler
(SR) number, and to determine the de-watering time’) was altered, which
becomes a disadvantage in the drainage stage and can cause operational problems in
the drying. A similar result was observed by Damasio [34] when 6 and 12% of CNF
were added. A decrease in ‘freeness’ (It is ‘a measure of how quickly water is able
to drain from a fiber furnish sample. In many cases there is a correlation
between freeness values and either (a) a target level of refining of pulp, or (b) the
ease of drainage of white water from the wet web, especially in the early sections of
a Fourdrinier former’) has been observed while using nanofibers from different
sources with increased fibrillation due to water imbibed in the cell cavity and also to
internal fibrillation itself, which is consistent with SR behavior [86, 85]. Gonzalez
et al. [50] have also confirmed the tendency to increase the resistance to drainage
with the increase of the addition of CNF to the pulp, mainly because of the high
surface area of this material.

There are also studies which have reported about the influence of drainage by the
size of fibers used, ionic strengths, type of polyelectrolyte and pH of the suspension
[156, 159]. Both of the above studies have found that the higher the degree of
fibrillation, or higher the concentration of CMF in the mixture, the lower the
drainage. However, when the mixture of cationic polyelectrolytes and CMF are
used, alteration in drainage can be observed, not to the point of damaging the drying
process [159].

The addition of nanocellulose makes the sheet drainage slightly impaired. To
overcome this limitation, cationic polymers, such as polyacrylamide, have been
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used as a fixative for the retention of nanocellulose, as well as for better suspension
drain ability [99, 181].

In all the above studies where CMF was added to the sheets, an increase in
density of the paper was observed. An increase of 4-30% in density for
thermo-mechanical pulp sheets containing 4% CMF and a 10% increase in density
to 7% CMF in coniferous Kraft pulp leaves have been observed [39, 102].

While these authors observed a 20% increase in density with the addition of 20%
CMF, Sehaqui et al. [140] have observed 30-50% increase in density with the
addition of 10% homogenized CMF to softwood Kraft pulp sheets.

Optical properties have also been found to be influenced by the addition of
nanocellulose [34]. The increase of nanofibers in the paper composition is reported
to cause a significant reduction in the light scattering coefficient of the pulp. The
opacity also has also been found to decrease in its values due to the decrease of the
light scattering coefficient, with the increase of transparency.

6.2 Coating and Films

Effects of the development of nanocellulosic films and surface deposition of
nanocellulose films on paper have been studied by many researchers [50, 58, 91,
122, 124, 135, 149, 153, 154, 158]. An increase in surface density, a decrease in
water absorption, reduction in permeability and surface porosity has been observed
by Sjostrom [149] and Lengowski [91]. Increase in surface porosity has already
been shown in Fig. 12. On the other hand, the increase in the surface of the fibers
with the micro-fibrillation process has been found to favor a greater number of inter
fiber bonds due to the greater availability of OH-groups [50], water retention
capacity and increase in Schopper-Riegler grade, implying increased drying cost.
Spence et al. [153] have studied the ability of water retention in nano-cellulose
films produced from bleached and unbleached pulp from hardwood and longwood.
They have observed that water retention was lower for long-fiber films compared to
those of short-fibers and non-bleached pulps compared to bleached pulps. They
have also evaluated CMF films with different lignin contents and observed that the
samples with higher lignin content had higher rates of water vapour transmission.
Besides, significantly higher water retention values and larger surface area were
observed by these authors in CMF prepared from unbleached hardwood in com-
parison to other samples. Another study has reported that the water retention for
surface depositions of unbleached nanocellulose when the source of moisture was
on the opposite side to that of the surface film [91]. The presence of lignin in the
production of its CMF films has been found to provide longer, narrower and more
connected pores, thus increasing the rate of water transmission [154]. On the other
hand, larger and lignified pores have been found to increase the rate of water vapour
transmission because of their lower adsorption capacity [62]. It has also been
observed that the specific surface area is strongly correlated with the difficulty of
removing water content for the pulps, suggesting that water diffusion is more
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Fig. 13 Increase in the mechanical properties after superficial film deposition on the sheet in
relation to a sheet without any additive. BUI = burst index; TRI = tear index; TEI = tension
index. 1 mm and 2 mm = deposited moisture film thickness. Reproduced from Lengowski [91]

dependent on pore structure and surface area geometry [154]. On the other hand,
Lengowski [91] found that increasing the thickness of the nanocellulosic film on
paper caused an increase in mechanical strength (tension, tear and burst index). This
is illustrated in Fig. 13, which shows the plots of two different thickness of moisture
versus values of tension index, tear index and burst index. On the other hand, this
thickness did not influence water absorption properties. While using a bleached and
unbleached nano cellulose film, the author observed an increase in the tensile and
burst index for bleached CMF deposition, and for the tear, the presence of lignin in
CMF caused a gain in this property [91]. These are illustrated in Fig. 14, which
shows the plots of mechanical properties with and without any additive on the
deposition of surface film (coating) on the sheet. However, the author did not
observe any influence of lignin on the thermal stability of the papers. Further, the
author has also observed an increase in the mechanical properties of sheets with the
addition of CMF (additive) in the production of the sheet compared to that of the
sheets without additives. These results are illustrated in Fig. 15, which shows the
plots of mechanical properties after surface film deposition on the sheet with and
without the addition of CMF [91]. It can be seen from the figure that the gain in the
tensile and tear properties are similar to the surface deposition of a nanocellulose
film, while the burst index shows a reduction in resistance compared to the use of
CMF as an additive. The author observed that the results of the mechanical prop-
erties of the papers are enhanced when CMF was used as a reinforcement additive
as well as a coating on the paper. It can also be seen that while the values of tensile
index, burst index and tear index showed a 134, 50 and 44% increase respectively
compared to those values without any addition to the paper [91].
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A dense surface of the films is an important feature, as it is related to the
porosity, which determines the barrier properties of the films [122]. The author has
used a paper coating of nanocellulose to improve brightness properties, surface
roughness, absorption, and permeability. He noticed an improvement in absorption
and porosity and a very small impact on the other properties.

For CMF based films the porosity can be modified by drying from different
solvents, creating an adjustable feature that provides an advantage over the
melt-formed plastics. Henriksson et al. [58] were able to modify the porosity of
water-dried CMF-based films from 28% to porosities of up to 40% with dry films
from solvents such as methanol and acetone. In addition, when used as a coat of
CMF on paper, the air permeability was found to reduce by 10% as a consequence
of surface porosity [158].

Sauders et al. [135] evaluated substitution of CMF in different amounts of
acetylation. It was observed that there was no improvement in the contact angle
(hydrophobicity) from 15% of substitution and increased crystallinity, while there
was a decrease in the rupture stress and in the stress carrying capacity of the
material. These have been attributed to acetylation delaying the ability of the fibrils
to form bonds during the sheet forming process. Another study has not observed
any significant reduction of tensile strength and improvement in the hydrophobicity
of the papers after CMF acetylation [124].

Similarly, several studies have also been carried out using CMF as a barrier to
gases and liquids [13, 16, 47, 65, 91, 100, 110, 113, 147, 158]. The increase in film
thickness, the amount of nanocellulose in the mass [110] reduces the permeability
to oxygen, water, oils and carbon dioxide [13, 110, 158, 113] indicating that the use
of larger thicknesses or greater percentages in mass, simply acts to increase the
tortuous path of oxygen and an improvement of the barrier properties. It is believed
that the air permeability of the films decreased due to the disconnection of the
surface pores of the films [13]. However, performance is limited by its hygroscopic
capacity, and its barrier properties loose efficiency at relatively high humidity [13,
113]. When nanocellulosic samples are in contact with moisture, a reduction of the
inter fibrillar forces occurs, thus increasing permeability. However, many methods
have been applied for nanocellulose surface modification [142], including acety-
lation [104], silylation, grafting, use of coupling agent for improving the
hydrophobic properties [76, 88, 99], or in the presence of lignin [91]. Recognizing
that porosity is an important property for printing, another study has reported that
papers with greater porosity may have greater penetration of the ink and may cause
printing defects [163].

Considering the applications in food packaging, studies have been reported on
the CNC/CNF added to paper [119, 128]. In the study by Rampazzo et al. [119]
CNC was used to form a gas barrier film for food packaging. They observed very
promising results, providing oxygen and carbon dioxide permeability values hun-
dreds of times smaller than those of equal thickness compared to common barrier
synthetic polymers over a wide range of temperatures.

On the other hand, Saini et al. [128] in their study added nisin to CNF and
evaluated its potential as an antimicrobial agent in food packaging. Addition of
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CNF to paper sheets was done in two ways, either directly as an additive or as
surface deposition such as coating. The authors found that the latter method (surface
deposition) was more efficient than the former (direct addition).

Another property studied is the surface roughness of the composites of
CNC-CNF. Damasio [34] produced CNF-CNC nanocomposites by the casting
technique, using CNF as the dispersion polymer matrix for different CNC dosages
as mechanical reinforcement. The addition of cellulose nanocrystals allowed the
reduction of the surface roughness of the nanocomposites produced, increasing the
mechanical properties significantly. The incorporation of CNC allowed reduction of
the opacity by up to 53%, with consequent gains of transparency of the
nanocomposites.

Fang et al. [41] have been reported about its modification by CNF. In this study,
CNFs made from TEMPO-oxidized CNFs, where the 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)/NaBr/NaClO was used to modify the sur-
face properties of the pristine wood fibers by selectively oxidizing the C6 hydroxyl
groups of glucose produced transparent nanopapers. This nanopaper exhibited
ultrahigh optical transparency (~96%) and ultrahigh haze (~60%), thus delivering
an optimal substrate design for solar cell devices, and that may influence a new
generation of environmentally.

Another field that is being explored is the use of nanocellulose together with
starch in the development of biomaterials, looking for the substitution of polymers
derived from petroleum. As starch presents a brittle characteristic, it is necessary to
use plasticizers that improve its flexibility [14] although the mechanical and barrier
properties have been compromised. Several studies have been reported on the
possible applications of biofilms with starch in various sectors such as food, agri-
cultural and pharmaceutical and also in other sectors, where biodegradability is
required [18, 19, 105]. Some examples of products under study are garbage bags,
films to protect food, diapers, and flexible rods; in agriculture as a film in the
ground cover and containers for plants and in the production of slow release fer-
tilizers. Also, biofilms made using starch and nanocellulse can also be used in the
preparation of capsules, in the release of medicines, in the substitution of styrofoam,
in the protection of equipment during transport and in several other applications
[40, 126, 152, 165].

Incorporation of different types of nanocellulose (CNF, CMF, and CNC) as a
reinforcing agent in starch films has been studied [29]. All the films presented
excellent transparency and increased thermal stability in relation to the mechanical
properties; however, the best results were for films reinforced with CMF due to the
greater aspect ratio exhibited by this type of fiber. One of the main difficulties of the
use of nanocelluloses is its tendency to flocculation and agglomeration in the matrix
[94]. While using dispersing agents in the composition Campano et al. [24] have
observed a greater homogeneity in the matrix. These authors have also evaluated
different retention agents in the mixture, which allowed greater retention of the
nanoparticles, causing an increase of traction with lower loads. These authors have
suggested that further studies should be carried out with retention and dispersing
agents with nanocelluloses in order to industrially apply such an additive. In fact,
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CNC as a retention agent has already been used for fines in paper production [94].
The highly negative charge of the CNC allowed a strong interaction between
cationic polyelectrolytes promoting good drainage and high retention of micro and
nanoparticles.

According to Abdul Khalil et al. [2] films based on biodegradable polymer
reinforced with nanocellulose present great potential and innumerable benefits for
its use in packaging. However, the development of this type of biocomposites is
still in the initial stage, and it is necessary to deepen the knowledge in several
aspects, such as its quality, cost, and utility.

7 Market and Opportunities

The current demand for sustainability in products is driven by consumers and
retailers seeking to differentiate themselves by reducing impacts of product lifecycle
on the environment by reducing and minimizing the quantity of packaging and
improving the sustainability of their supply chains [25]. The data indicate that this is
a growing market with the development of safer and more sustainable products
[67]. Also, the cellulose material being a renewable and biodegradable material
having low toxicity, this new material can replace petroleum-based packaging,
metal components, and other non-renewable materials, which are mostly
non-biodegradable and non-renewable. In view of this, cellulose nanomaterials
represent an important niche for the design and development of more sustainable
products. Nano-cellulose can be used in a variety of products, among the main ones
in the cement industry, automotive in the internal and external polymer structure of
automobiles, packaging industry whether for food or packaging that demand high
strength, waterproof papers, oils and oxygen, special papers, Tissue papers, paper
cups, hygienic and absorbent products (disposable diapers), biofilms for plastic
replacement, electronics, as well as acting as an excellent stabilizer for suspensions
and emulsions such as paints and cosmetics and can be used as a basis for prints 3D
of bones and cartilages [68, 143].

According to the “Global Nanocellulose market analysis and trends—Industry
forecast to 2020 report, the global nanocellulose market is estimated to reach $295
million by 2020, with a CAGR of 22.15 over the next 5 years due to the expansion
of applications and increasing the appeal for green alternatives to oil products.
According to the BCC Research Report [20], the global nanocellulose market was
$46.8 million in 2014, projected to be $277.7 million in 2019, with a CAGR of
42.8% by 2019. Considering the types of nano-cellulose, cellulose nanofibrillation
had a market of 28.2 million in 2014, it is estimated to be 158.3 million in 2019,
while nanocrystalline cellulose had a market of $18.0 million in 2014 and is
expected to be 116.6 million in 2019.
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According to Cowie et al. [33], the annual global market potential for
high-volume applications of nanocellulose is estimated at 32.8 million metric tons,
based on current markets and middle market penetration estimates. The largest uses
for nanocellulose associate a paper and pulp industry are projected to be in pack-
aging coatings (5.3 million metric tons), replacement for the plastic packaging (4.1
million metric tons), plastic film applications (3.3 million metric tons), paper filler
(2.4 million metric tons), packaging filler (2.4 million metric tons) and paper
coatings (2.2 million metric tons).

8 Final Considerations

The application of nanoscience is an opportunity for greater profitability and
autonomy for the pulp and paper industry. This is because it is possible to produce
additives and coating for papers using the same raw materials (starch, CMC,
synthetic polymers, resins, alkylketene dimer emulsions, alkenyl succinic anhy-
dride) used for paper making without needing other materials to improve the
internal bonding of paper fibers, reduce porosity, whiteness, opacity, etc. This
opens up possibilities for improving existing products and developing new
low-cost, multi-purpose products. There are already different types of nanocellulose
that can be used in paper production. However, it is necessary to know the mode of
production of the paper and the routes of production of nanocellulose, since the
structure or morphology of these different nanocelluloses can be altered according
to the routes of and therefore can modify the final properties of the paper. The
benefits of nanocelulsoe in pulp and paper industry products include: increased
tensile and burst strengths, weight loss, improved barrier properties for oils, oxygen
and moisture, better printing surface, optically transparent and/or coloured layer
coatings, biodegradability, cost reduction with additives and potentially with dry-
ing. The use of nanocelluloses in papermaking presents interesting possibilities, and
offers improvements in cost-benefit, energy efficiency and biocompatibility, in
addition to generating new products with uses are not available today.
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