Chapter 2
Cellulose Based Blends, Composites
and Nanocomposites
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Abstract Cellulose is the most abundant natural polymer on earth. It is the major
constituent of cotton and wood, which together are the basic resources for all
cellulose based products such as paper, textiles, construction materials, etc. Cel-
lulose is also used as raw material for the production of blends, composites and
nanocomposites which have a variety of different applications. In this chapter we
review the main characteristics and properties of cellulose as well as its most
promising potential applications emphasizing the use of composites reinforced
with lignocellulosic fibers, nanocomposites reinforced with cellulose whiskers and
bacterial cellulose nanocomposites. First, we start describing the structure and
properties of cellulose at the molecular, supramolecular and morphological level.
We present a review of cellulose whiskers, including the main processing tech-
niques used for their preparation, as well as the influence of the processing con-
ditions on the characteristics of such whiskers. We continue describing the
manufacture of cellulose based blends, composites and nanocomposites. Com-
posites reinforced with lignocellulosic macro-fibers as well as nanocomposites
reinforced with cellulose whiskers and bacterial cellulose nanofibers are reviewed
in this section. Finally, we present several applications for cellulose based com-
posites and nanocomposites. This last section includes biomedical, optoelectronic
and electrical applications as well as the use of cellulose for the preparation of high
strength “nanopapers” and materials for packaging applications.
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2.1 Introduction

Cellulose is the most abundant natural polymer on earth. It is the primary product of
photosynthesis in terrestrial environment and has the potential to be a renewable
bioresource for energy and chemicals [1-3]. The amount of cellulose synthesized
annually by plants is close to 10 tons [4]. Most cellulose is utilized as raw material in
the paper industry for the production of paper and cardboard products. This equates to
10 tons of pulp produced annually. In addition, 4 million tons are used for further
chemical processing and only around 4 tons are used for the production of cellulose
based advanced materials. Cellulose based nanocomposites have emerged as a new
type of advanced materials, attracting great interest in their research and develop-
ment. They represent an alternative to conventional composites because less of 5 %
wt of reinforcement is needed to produce advanced materials with improved prop-
erties [5]. Cellulosic nanocomposites are formed by adding cellulose nanoscale fillers
in various polymer matrices resulting in mechanical reinforcement and alteration of
other properties. Within the nanocellulose family, we can quote cellulose nano-
whiskers or nanocrystals, nanofibrillated cellulose, electrospun nanofibers and bac-
terial cellulose nanofibers. In this chapter, we review the properties and applications
of cellulose based blends, composites and nanocomposites. First, we give the main
characteristics of native cellulose structures, including their morphology, as well as
their fibrillar hierarchy. Then, we discuss the properties of cellulose whiskers and
show the influence of preparation conditions on their properties. Different manu-
facturing techniques used for the production of cellulose based blends, composites
and nanocomposites are presented in Sect. 2.5. Finally, we give several examples of
cellulose based composites and nanocomposites for different applications including
biomedical, optical, optoelectronic and packaging applications.

2.2 Structure and Properties of Cellulose
2.2.1 Sources

Cellulose occurs naturally in a rather pure form in the fibers of textile plants like
cotton, ramie, and jute [6] or in flax. The cellulose found in woody plants (soft and
hard woods, wheat, straw, bamboo, etc.) is present together with lignin, hemicel-
luloses and small amount of extractives [7]. In this case cellulose can be obtained by
delignification with different processes (sulfite, sulfate or organocell method) in the
form of pulp. The content of cellulose strongly depends on its source and the iso-
lation procedure. Cellulose can be synthesized by other living organisms as well. For
example, the tunicate is a marine animal that secretes a tough cellulose sac called
tunicin [8]. Other cellulose producing organisms are different types of bacteria, algae
and some types of fungi [9]. Under the right conditions, some bacteria can synthesize
a type of cellulose which is known as Bacterial Cellulose (BC). Traditionally BC is
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used as raw material for a Phillipinian dessert called “nata de coco” [10] and itis also
present in the mat used for the preparation of a beverage known as “kombucha tea”
[11]. BC can be produced by bacteria of different genera, including Glu-
conacetobacter, Rhizobium, Agrobacterium and Sarcina [9]. BC is different from
the cellulose produced in plants. BC is pure cellulose that has no lignin, hemicel-
luloses or other extractives that are normally found with plant cellulose. Also, BC is
produced in form of nanofibers of around 100 nm in diameter [12, 13]. These fibers
form a coherent structured network that exhibits remarkable mechanical properties.
BC has been utilized in a wide range of applications such as paper, textile and food
industry and as a biomaterial in cosmetic and medicine [14, 15].

2.2.2 Structural Levels of Cellulose

Native cellulose is a linear condensation homopolymer with a complex structure.
Three structural levels can be considered [4, 7]:

Molecular level (A). The cellulose is treated as a single macromolecule. Its
chemical constitution, molecular mass distribution, presence of reactive sites and
intramolecular interactions are discussed.

Supramolecular level (nm). The aggregation of the cellulose macromolecules
into elementary fibrils, microfibrils and macrofibrils are described in this level. Its
intermolecular interactions and crystal lattice are also discussed.

Morphological level (nm to vm). This level describes the organization of the
microfibrils and macrofibrils into layers and walls the existence of distinct cell
wall layers in native cellulose fibers or in skin core structures in man-made cel-
lulosic fibers are discussed.

2.2.3 Molecular Level

The chemical formula of cellulose is C¢H;oOs. Pure cellulose consists of D-gluco-
pyranose units (so called anhydroglucose units) linked together by -(1, 4)-glyco-
sidic bonds formed between C-1 and C-4 of adjacent glucose units [4, 16—18]. In the
solid state, anhydroglucose units are rotated by 180° with respect to each other due to
the constraints of ff-linkage.

Each anhydroglucose unit (AGU) possesses three reactive hydroxyl groups at
C-2, C-3 and C-6 positions, showing the typical behavior of primary and sec-
ondary alcohols. The C-1 and C-4 positions possesses reducing end and non-
reducing end groups respectively. AGU in cellulose chain generally adopt the
thermodynamically more stable *C; chair conformation [7]. In this equatorial
conformation, the free hydroxyls groups are positioned in the plane of the pyra-
nose ring (consisting of five carbons and one oxygen) with the hydrogen atoms in a
vertical position (axial). This result is derived from infrared spectroscopy (IR),
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nuclear magnetic resonance NMR and X ray diffraction studies. The degree of
polymerization (DP) of cellulose depends on the cellulose source, isolation method
and the technique used for measurement [19]. For instance, cotton has a degree of
polymerization (DP) higher than 10,000, wood pulp has values of DP between 300
and 1,700, bacterial cellulose and plant fibers have a DP ranging from 800 to
10,000 and the cellulose produced by algae Valonia ventricosa has a DP of 25,000.
By contrast, the DP of regenerated cellulose fibers is between 250 and 500 [20]
and microcrystalline cellulose prepared by acid hydrolysis has a DP between 100
and 200 [4]. The strength of these H-bonds is around 25 kJ/mol [7]. According to
X-ray diffraction, infrared spectroscopy and nuclear magnetic resonance (NMR)
measurements, two intramolecular H-bonds are formed in native cellulose (C3-OH
group) with endocyclic oxygen (C5-OH group) [21]. Blackwell et al. [22]
assumed the existence of a second intramolecular H-Bond (C2’-OH and C6-OH
groups). One intermolecular H-Bonds is present (C3”-OH and C6-OH groups).

Cellulose is considered a semi-flexible polymer. Intramolecular bonds are
responsible for the stiffness of cellulose molecules. The chair conformation of the
pyranose ring and the beta glucosidic linkage also favor the linear nature, stiffness
and stability of cellulose chain [7]. These properties are reflected in its high
viscosity in solution, a high tendency to crystallize and its ability to form fibrillar
strands. Cellulose is insoluble in common organic solvents and in water. This is
due to the fact that the hydroxyl groups are responsible for the extensive hydrogen
bonding network. In order to dissolve cellulose the prevailing hydrogen bonding
network must be broken.

2.2.4 Supramolecular Level

The first-X ray diffraction pattern of native cellulose was taken by Nishikawa and
Onoin 1913 [23]. This finding determined that individual cellulose molecules tend to
arrange themselves in a highly organized manner leading to a ‘paracrystalline’ state.
Cellulose chains have a strong tendency to align and aggregate forming structural
entities such as elementary fibrils, microfibrils and macrofibrils. These molecular
alignments are favored by the regular build-up of the cellulose molecule, the stiffness
of the molecular chains and the high hydrogen bonding capacity. The fibrillar
structure of cellulose can be understood considering the cellulose biosynthesis in
higher plants. Cellulose is synthesized in the plasma membrane by a ring of six
complexes of six hexagonally arranged cellulose synthase enzymes (CESAs). The
CESA proteins produce f-(1,4)-glucan chains (the glucan chain consist of AGUs) by
using uridine diphosphate glucose (UDP-glucose) as a substrate.

Six adjacent f-(1, 4)-glucan chains produced by each of the six CESAs com-
plexes are extruded and probably start associating by Van der Walls forces and
hydrogen bonds [24, 25]. The glucan chains coalesce producing the first fibrillar
unit called “elementary fibril”. Five or more elementary fibrils aggregate in
microfibrils having typical cross sections of 3, 5-10 nm and consisting of
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36-90 glucan chains in land plants and some green algae. The amount of glucan
chains within the microfibrils can vary depending on the source. Microfibrils can
contain up to 1,400 glucan chains in certain green algae as Valonia macrophysa.
The aggregation of elementary fibrils in microfibrils forms crystalline units
called “elementary crystallites”. The size of these crystals is typically 5-6 nm in
diameter for bacterial cellulose and 4-5 nm for cotton cellulose [26]. Their length
is 10-20 nm for regenerated cellulose fibers and longer for cotton and other natural
cellulosic fibers [7]. Finally, the microfibrils aggregate into macrofibrils in order to
form the cell wall. Some authors consider that microfibrils are the smallest mor-
phological unit [27] instead of the elementary fibril which is an aggregate of six
glucan chains. But, considering the fact that microfibrils undergo large dimension
variations due to the varied existing structure of the CSC, we will consider the
elementary fibril as the smallest structural unit of cellulose. Larger entities as
micro and macrofibrils are thus only aggregates of this elementary entity. Con-
sidering the internal build-up of the fibrillar structure, WAXS and '>C CP-MAS
NMR results show that the local order of the macromolecules in cellulose is not
uniform throughout the whole structure [4]. The supramolecular structure consists
of regions of low order (amorphous regions) and region of very high order
(crystalline regions) arranged in a fibrillar fashion. This structure can be described
by a two-phase model called fringed fibril model. In this model, there are lat-
ticeworks of highly ordered (crystalline) regions together with low ordered
(amorphous) regions. Elementary fibrils aggregate in elementary crystallites in
order to form microfibrils and macrofibrils. Several imperfections occur in this
structure such as the less ordered regions in microfibrils, the interstice between
microfibrils and the larger voids between microfibrils and macrofibrils [7]. The
cohesion of these different entities is ensured by a hydrogen bond network.

Polymorphism of the crystalline regions in cellulose

Cellulose is a polymorphic material that can adopt four different crystal mod-
ifications. These crystal modifications are cellulose I, II, III, IV [26]. Cellulose I is
the found in nature and it is known as native cellulose. Cellulose I represents a
mixture of two sub allomorphs (I and If3) [28]. Depending on the source, both sub
allomorphs coexist in different proportions. Cellulose produced by primitive
organisms (bacteria, algae etc.) is believed to be dominated by the I« phase
whereas the cellulose of higher plants (wood, cotton, ramie etc.) consists mainly of
the If phase [29]. Cellulose II, which is the most important crystalline form of
cellulose from a technical and commercial point of view, is thermodynamically the
most stable crystalline form. Cellulose II has been reported to be produced by the
bacterium Gluconacetobacter xylinum at low temperatures [27] and by the alga
Halicystis [30]. It may also be obtained from cellulose I by either regeneration or a
mercerization process. The regeneration process is performed by solubilizating
cellulose I in an appropriate solvent and then precipitating it in water to give
cellulose II. Mercerization is the process of swelling native fibers in concentrated
sodium hydroxide, followed by recrystallization of cellulose II upon washing.



26 F. G. Torres et al.

The crystalline structures of cellulose I and II differ in the unit cell dimension
and the polarity of the chains. Cellulose III1 and III11 [31, 32] are formed by
treating cellulose I and II with liquid ammonia or ethylene diamine [33-35].
Polymorphs IV1 and IV11 [36, 37] may be prepared by processing cellulose 1111
and IIT11 respectively. These processes consist in heating celluloses in a suitable
liquid such as glycerol at high temperatures and under tension.

2.2.5 The Morphological Level

The morphological structure of cellulose comprises a well organized architecture
of fibrillar elements. An elementary fibril, which is the smallest morphological
unit, aggregates into fibrillar entities such as microfibrils and macrofibrils. The
length, diameter and properties of elementary fibrils depend on the origin of
cellulose [38]. In native cellulose, the fibrillar entities are organized in layers with
differing fibrillar textures. These layers have different thickness and microfibrils
orientations. By contrast, the arrangement into distinct layers does not exist in
regenerated cellulose fibers. These man-made fibers consist of elementary fibrils,
which are positioned quite randomly in the structure. A skin-core structure is
typical morphology for these regenerated cellulose products. The practical con-
sequence of the fibrillar structure of cellulose is the presence of a network
structure. The morphology of such a network presents capillarities, cavities, voids
and interstices [4]. The total pore volume and pore size distribution are very
sensitive to pre-treatments. Mercerization leads to a decrease in pore diameter and
an enhancement of micropore surface while enzyme treatments enlarge the
existing pores [39]. Acid hydrolysis enhances the pore system by removing
amorphous cellulose from the surface and revealing the macrofibrillar structure of
cellulose fibers. The network structure and inner surface area of cellulose fibers is
considered as a key parameter in the accessibility and reactivity of cellulose in
dissolution and derivatization processes [4]. The properties related with the pore
system such as size, volume, shape of the pores can be obtained from sorption
data, from small-angle X-ray scattering (SAXS) or mercury porosimetry mea-
surements [4]. Figure 2.1 shows a micrograph of a pure bacterial cellulose network
produced by Gluconacetobacter xylinum. The assembled nanofibers form a highly
ordered and coherent 3-D structure. This network has been used as a model
microorganism for investigation of the biosynthesis of cellulose because it pro-
duces cellulose as an extracellular product [40]. Bacterial cellulose (BC) networks
have also been used as a model of the wall of plants to study the wall relaxation
process that occurs during the expansive growth of plants cells. Torres et al. [13]
have used small oscillatory rheology to measure the storage modulus (G’) and loss
modulus (G’’). They found that the storage and loss modulus decrease after a
certain level of stress is reached. This process, called stress softening, is consistent
with the overall mechanical behavior of plant cell walls during cell growth.
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Fig. 2.1 SEM micrograph
of a freeze dried bacterial
cellulose showing the
coherent nanofiber network
synthesized by the
Gluconacetobacter bacteria

[13]

2.3 Preparation and Characterization of Cellulose Whiskers

As it has been discussed in Sect. 2.2, the elementary fibrils are composed of
consecutive elementary crystallites. These elementary crystallites are often refer-
red to as cellulose nanowhiskers, whiskers, nanocrystals, nanofibers, nanoparticles,
microcrystallites, or microcrystals. Hereafter, they will be called “whiskers”.
Currently, whiskers (diameter 20—40 nm) are being extensively investigated in
both research and industry, because of the abundance and renewable nature of
cellulose, and the outstanding mechanical properties of cellulose nanocrystals. Due
to its high elastic modulus (134 GPa), cellulose nanocrystals are suitable as
reinforcement in nanocomposites [41]. Whiskers constitute a generic class of
materials having mechanical strengths equivalent to the binding forces of adjacent
atoms. The resultant highly ordered structure produces not only unusually high
strengths but also significant changes in electrical, optical, magnetic, ferromag-
netic, dielectric, conductive, and even superconductive properties. Native cellulose
is a typical example of a material that can be described as whisker-like. Micro-
crystalline cellulose (MCC) is formed by stiff rod-like particles. MCC is prepared
by removing the amorphous regions of cellulose by either degradation or
dissolution.

Battista [42] synthesized microcrystalline cellulose (MCC). The development
of the hydrochloric acid- assisted degradation of cellulose fibers derived from high
quality wood pulps, followed by sonification treatment, lead to the commerciali-
zation [42, 43]. This MCC has been extensively used for multiple applications.
In the pharmaceutical industry, MCC has been used as an excipient for the for-
mulation of solid dosage forms, especially for tableting due to outstanding dry
binding properties. In the food industry, MCC has been used as a texturing agent
and fat replacer. MCC has also been used as an additive in the paper industry and
as reinforcement for the production of composites. Cellulose whiskers are obtained
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from natural fibers such as wood [44, 45], sisal [46], ramie [47], cotton stalks [48],
wheat straw [49], bacterial cellulose [50, 51], sugar beet [52], chitin [53], potato
pulp [54, 55] as well as sea animals called tunicin [56, 57].

2.3.1 Preparation of Cellulose Whiskers

The main process for the isolation of whiskers from cellulose microfibrils is based on
acid hydrolysis. Under controlled conditions, this process consists in the disruption
of amorphous regions surrounding and embedded within cellulose microfibrils while
leaving the microcrystalline regions intact. The amorphous regions are preferentially
hydrolyzed whereas crystalline regions remain intact under an acid attack because
they have a higher resistance to acid attack than amorphous regions [58, 59]. The
differences in the kinetic of hydrolysis between amorphous and crystalline regions
produce the acid cleavage event. The hydrolysis carried out over the amorphous
regions, produces rod-like crystals called “whiskers”. Acid hydrolysis of native
cellulose induces a rapid decrease in its degree of polymerization (DP). The DP
subsequently decreases much more slowly, even during prolonged hydrolysis times
[43, 60-62]. These whiskers are homogeneous crystallites. This is confirmed by
X-ray crystal diffraction [63], electron microscopy with iodine-staining [63], small-
angle X-ray diffraction [61] and neutron diffraction analyses [64]. Typical proce-
dures currently employed for the production of cellulose whiskers consist of
subjecting pure cellulosic material to strong acid hydrolysis under strictly controlled
conditions of temperature, agitation, and time. The nature of the acid and the acid-to-
cellulosic fibers ratio are also important parameters that affect the preparation of
cellulose whiskers. The resulting suspension is subsequently diluted with water and
washed with successive centrifugations. Dialysis against distilled water is then
performed to remove any free acid molecules from the dispersion. Additional steps
such as filtration [65], differential centrifugation [66], or ultracentrifugation (using a
saccharose gradient) have been also reported [67].

2.3.2 Influence of Preparation Conditions

2.3.2.1 Dissolution of Cellulose Whiskers

Cellulose is insoluble in water and common organic solvents. This leads to the
formation of colloidal suspension when cellulose whiskers are suspended in water.
The stability of these suspensions depends on the dimensions of the dispersed
particles, their size polydispersity and surface charge. Different acids have been
used as solvents for dissolution of cellulose. Sulfuric and hydrochloric acids have
been extensively used for whisker preparation, but phosphoric [68] and hydro-
bromic acids [69] have also been reported for such purposes. When whiskers are
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prepared by hydrolysis in hydrochloric acid, the ability to disperse is limited and
their aqueous suspensions tend to flocculate [45]. When whiskers are prepared by
hydrolysis in sulfuric acid, they tend to remain dispersed in water due to the fact
that sulfuric acid reacts with the surface hydroxyl groups of cellulose to yield
charged surface sulfate esters that promote their dispersion [44].

2.3.2.2 Effect of Ultrasonic Treatment

Ultrasonic treatments [70] have the potential to change the morphology of the
formed whiskers. When hydrolysis is carried out under ultrasonic treatment, a
combination of both sulfuric and hydrochloric acids during the hydrolysis appears
to generate spherical cellulose nanocrystals instead of rod like nanocrystal which
are the typical morphology of whiskers. These spherical cellulose nanocrystals
show better thermal stability mainly because they possess fewer sulfate groups on
their surfaces [71].

2.3.2.3 Effects of the Temperature and Hydrolysis Time
on Microcrystalline Cellulose

The concentration of sulfuric acid in hydrolysis reactions to obtain whiskers has a
typical value of 65 % (wt). However, the temperature can range from room tem-
perature up to 70 °C and the corresponding hydrolysis time can be varied from
30 min to overnight depending on the temperature. Dong et al. [72] have investigated
the influence of the hydrolysis time on the length of cellulose whiskers and their
surface charge. They reported a decrease in the whiskers length and an increase in
their surface charge with prolonged hydrolysis time [72]. Beck-Candanedo et al. [73]
have investigated the reaction time and acid to pulp ratio on whiskers obtained by
sulfuric acid hydrolysis of bleached softwood sulfite pulp. The results determined
that shorter nanocrystals with narrow size polydispersity were produce at longer
hydrolysis time.

Elazzouzi et al. [65] have studied the size distribution of whiskers resulting
from sulfuric acid hydrolysis of cotton treated with 65 % sulfuric acid over 30 min
at different temperatures, ranging from 45 to 72 °C. The results showed that
shorter crystals were obtained when increasing the temperature. However, no clear
influence on the width of the crystal was revealed. Bondenson et al. [50, 74] have
tried to optimize the hydrolysis conditions by an experimental factorial design
matrix (response surface methodology). The factors that were varied during the
process were the concentrations sulfuric acid, the hydrolysis time, temperature and
the ultrasonic treatment time. The responses that were measured were the median
size of the cellulose particles and the yield of the reaction. The results demon-
strated that with a sulfuric acid concentration of 63.5 % (w/w) over a time of
approximately 2 h, it was possible to obtain CNs having a length between 200 and
400 nm and a width less than 10 nm with a yield of 30 % (based on initial weight).
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Fig. 2.2 Transmission
electron micrograph of cotton
whiskers [75]

2.3.3 Characterization of Cellulose Whiskers

Figure 2.2 shows a TEM micrograph of cellulose whiskers prepared from cotton.
Geometrical characteristics of cellulose whiskers depend on the origin of cellulose
microfibrils and on the conditions of the acid hydrolysis process such as time,
temperature, and purity of materials. Samir et al. [75] have reported the dimen-
sions of cotton and tunicin whiskers. The length (L) and lateral dimension (D) of
cotton whiskers were around 200 and 5 nm, respectively (ratio L/D = 40). The
length and lateral dimension of tunicin whiskers were reported to be around 1,000
and 15 nm, respectively (ratio L/D = 67). De Souza [76] studied cotton and
tunicate whiskers in aqueous suspensions as well. The average size whisker
dimensions reported were L = 255 nm and D = 15 nm for cotton whiskers
(ratio L/D = 17) while the values were L = 1,160 nm and D = 6 nm (ratio
L/D = 72.5) for tunicate whiskers.

2.3.3.1 Morphological Characterization

The morphological characteristics of cellulose whiskers are usually studied by
microscopy (TEM, AFM, E-SEM, etc.) or light scattering techniques, including
small angle neutron scattering (SANS) [77], and polarized and depolarized
dynamic light scattering (DLS, DDLS) [76]. Table 2.1 list the geometrical prop-
erties of several cellulose whiskers as well as the technique used for their study.
AFM has been widely used to provide nanometer scale information about the
surface topography of cellulose whiskers under ambient conditions [78-80].
However, AFM topography may show rounded cross sectional profiles in cases
where other shapes are expected. For instance, Valonia whiskers shown in AFM
images shapes different than the square shape cross section observed under TEM
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Table 2.1 Geometrical characteristics, length and width, of cellulose nanocrystals (adapted
from ref [38])

Source Length (nm) Width (nm) Technique References

Bacteria 100-1,000 5-50 x 30-50 TEM [172, 173]

Cotton 70-300 5-15 TEM, DDLS*, AFM [56, 76, 80, 174, 175]
Cotton linter 25-500 6-70 FEG-SEM", TEM, AFM  [65, 114, 116]
Ramie 50-250 5-10 TEM [112, 176]

Sisal 100-500 3-6.5 TEM [119, 177]

Tunicate 100-1,160 8.8-28 SANSS, DDLS, TEM [56, 65, 76, 77, 138]
Valonia >1,000 10-20 TEM [178]

Soft wood 100-200 3-5 TEM, AFM [73, 179]

Hard wood 140-150 4-5 AFM [73]

MCC 35-270 3-48 TEM [65, 180]

4 DDLS: depolarized dynamic light scattering
°® FEG-SEM: field emission gun scanning electron microscopy
¢ SANS: small angle neutron scattering

images [38] this issue is probably because AFM overestimated the width of the
whiskers due to the tip-broadening effect [38, 81]. Besides surface topography,
AFM was reported to measure mechanical properties and interactions of the cel-
lulose nanocrystals, such as stiffness and adhesion or pull-off forces [82].

2.3.3.2 Spectroscopic Techniques

Small-angle (Neutron and X-ray) scattering techniques are used to determine the
precise shape of whiskers. For instance, the crosses sectional shape of rigid tunicin
whiskers is rectangular with a calculated value close to 88 x 182°A [77]. Terech
et al. [77] reported the use of Small-angle (Neutron and X-ray) scattering tech-
niques to determine the precise shape of tunicin whiskers. They demonstrated that
the cross sectional shape of these rigid whiskers was rectangular with a calculated
value close to 88 x 182°A. In addition, cellulose samples can be characterized by
its degree of crystallinity. The crystalline regions of cellulose are characterized by
an orderly arrangement of molecule chains and are assessed from wide-angle X-
ray scattering (WAXS) patterns or from the evaluation of a 13C CP-MAS NMR
spectrum. Tashiro and Kobayashi [83] calculated the three dimensional elastic
constants for native and regenerated cellulose perfect crystal. The theoretical
values of Young’s modulus along the chain axis were 167.5 and 162.1 GPa,
respectively. Sturcova et al. [84] reported measurements of the elastic modulus of
tunicin whiskers using a Raman spectroscopy technique. This technique consists of
deforming a dispersed sample of the material using a four-point bending test. As a
consequence, the deformation produces a shift in a characteristic Raman band.
This shift is used as an indication of the stress in the material. The results showed
that the elastic modulus of tunicin whiskers were very high, at about 143 GPa.
Rusli et al. [85] reported that the elastic modulus of cotton whiskers by Raman
Spectroscopy produced a value about 105 GPa.
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2.4 Manufacture of Cellulose Blends, Composites
and Nanocomposites

2.4.1 Cellulose Based Blends and Composites

Natural cellulose fibers such as cotton, ramie, etc. have been used in the garment
industry as blends. These blends have their own distinctive properties that are
affected by the fiber sources, the proportion of fibers blended and the processing
techniques. Mayer et al. [86] prepared blends of cellulose acetate (2.5 degree of
substitution) and starch using a melt processing technique. The results showed that
cellulose acetate/starch blends have acceptable properties for injection-molded
applications and that they are biodegradable and nontoxic. Silk fibroin
(Bombyx mori)/cellulose blend films have been also studied. The mechanical
properties showed that both strength and elongation at break of silk fibroin films were
improved by blending with cellulose [87]. Industrial thermoplastics manufacturing
techniques have been explored to prepare natural fiber reinforced composites. Torres
et al. [88] adapted conventional thermoplastic processing techniques such as
extrusion, compression and rotational molding in order to manufacture natural fiber
reinforced polymers. They used natural lignocellulosic fibers such as sisal, jute and
cabuya to reinforce polyethylene and starch matrices [88—93]. The main processing
problems encountered to develop this work were the hydrophilicity of natural fibers,
as well as their degradation at low temperatures and the formation of clumps. Grande
and Torres [93] have prepared lignocellulosic fiber reinforced composites using a
single screw extruder. The polymer matrix employed was polyethylene. Jute and
sisal were used as reinforcement with initial lengths varying from 5 to 10 mm. The
results showed that at higher processing temperatures, the fibers were more aligned in
the flow direction. In the extrusion process, one disadvantage is the presence of
bubbles which affect the quality of the extruded rods. A way of controlling the
formation of bubbles is by pretreating the fibers. Torres and Aragon [91] have
developed the process of rotational molding of natural fiber reinforced polymers.
Rotomolded cylinders were made of HDPE powder. Cabuya and sisal with an
average length of about 5 mm were added as reinforcement at concentrations varying
from O to 7.5 % by weight. The results showed that cabuya reinforced composites
showed higher impact strengths than the sisal reinforced ones. Impact strength
decreased with increasing fiber content. Kuruvilla et al. [94] have also used sisal
fibers as reinforcement in low density polyethylene (LDPE) composites. They found
that tensile properties of LDPE-sisal composites increase with the increase in fiber
content as well as with fiber length. Herrera-Franco et al. [95] introduced henequen
cellulosic fibers into a LDPE matrix. The concentration of randomly oriented fibers
in the composite ranged between 0 and 30 % by volume. The results showed that the
addition of henequen cellulosic fibers in a low-density polyethylene (LDPE) matrix
increased the tensile strength by 50 % (from 9.2 to 14 MPa) at a fiber loading of 30 %
by volume. The modulus increased from 275 MPa for pure HDPE to 860 MPa for
30 % fiber loading though the strain at failure decreased from 42 to 5 %.
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The advantages of using lignocellulosic reinforcements in the production of
composites are their low density, low cost, high specific properties, biodegradability
and renewability. Also, the organic nature of lignocellulosic reinforcements allows
incineration or compostation methods for degradation. The main disadvantages are
their hydrophilic nature of cellulose, high moisture absorption and limited thermal
stability. The hydrophilic nature of lignocellulosic fibers leads to poor interfacial
adhesion and dispersion in olefinic thermoplastic matrix materials [96]. The high
moisture absorption promotes dimensional instability of composites [97]. Water, in
the liquid or vapor state, can diffuse into composites. As a consequence, their
properties are hampered. In order to avoid this issue, modification of cellulose fibers
by esterification has been used [98]. Torres et al. [99] have assessed the interfacial
properties of lignocellulosic reinforced composites prepared with untreated fibers
and with fibers treated with stearic acid. Interfacial shear strength was measured by a
single fiber fragmentation test. Figures 2.3 and 2.4 show typical fracture surfaces of
sisal reinforced polyethylene composites. Figure 2.3 corresponds to an untreated
polyethylene-sisal specimen, while Fig. 2.4 was taken from a treated specimen. A
relatively ductile failure can be observed in the matrix region adjacent to the fibers. A
relatively large fiber pull-out can be observed in the untreated composite (Fig. 2.3).
By contrast, virtually no pull-out can be observed when the composite is prepared
with treated fibers (Fig. 2.4). This indicates higher interfacial shear strength for the
treated specimens. Also, the results showed that pre-treated fibers with stearic acid
increased the interfacial shear strength by 23 % with respect to untreated fibers. It
was observed that during dry mixing, the best dispersion was attained when stearic
acid was used, compared to a poor dispersion with no fiber treatment.

The limited thermal stability determines low permissible temperatures of pro-
cessing. The processing temperature for cellulose based reinforced composites is
limited to around 200 °C, though higher temperature can be used for short periods
of time [100]. Other properties such as thermal conductivity and water absorption
have been studied in fiber reinforced composites. Torres et al. [§9] have prepared
sisal fiber reinforced composites. They determined that their thermal conductivity
coefficient, k, are affected mainly by void fraction and moisture content. Water
absorption tests indicated that higher natural fiber reinforcement level corresponds
to higher masses of water being absorbed over a given period of time because of
hydrophilicity of natural fibers. Linear burn rate experiments showed that sisal
reinforced polymers burn twice as fast as unreinforced HDPE specimens. How-
ever, the reinforced specimens showed better structural integrity during burning
than the unreinforced specimens. Biocomposites have also been studied to develop
friendly environmental materials. Torres et al. [92] prepared biocomposites of
starch and natural fibers. Starch extracted from potato, sweet potato, and corn
starch, were used as matrices and lignocellulosic fibers from jute, sisal and cabuya
were used as discrete reinforcement. Due to the biodegradable compostable nature
of natural fiber-starch composites, Gomez et al. [101] have investigated the effect
of plasticizer and different natural fibers on their mechanical, degradation and
thermal properties.
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Fig. 2.3 Fracture surface of
a polyethylene-sisal
composite showing a pulled
out fiber [99]

Fig. 2.4 Typical fracture
surface of polyethylene-sisal
composite for a treated

fiber [99]

2.4.2 Cellulose Based Nanocomposites

The cellulose based materials that are used as nano-reinforcements are cellulose
nanocrystals (i.e. whiskers and nanospheres), nanofibrillated cellulose, regenerated
cellulose nanoparticles and electrospun nanofibers. A wide range of polymer
matrices have been used to form cellulose nanocomposites. Synthetic polymers such
as polypropylene, poly(vinyl chloride) (PVC) [102], waterborne epoxy [103],
waterborne polyurethane [104], polyurethane [105], poly-(styrene-co-butyl acry-
late) [106], poly(oxyethylene) [107], polysiloxanes [108], polysulfonates [109],
cellulose acetate butyrate [110, 111], poly(caprolactone) [112], poly(vinyl alcohol)
[113] and poly(vinyl acetate) [114]. Different biopolymers such as starch-based
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polymers [58], soy protein [115], chitosan [116], regenerated cellulose [117], silk
fibroin [118], poly (-hydroxyoctanoate) (PHO) [119], poly (lactic acid) and cellulose
acetate butyrate (CAB) have also been used as matrices.

Siqueira et al. [120] prepared cellulose nanocomposites to reinforce polycapro-
lactone (PLC) matrix. As reinforcement, they used two kinds of nanoscale fillers,
nanowhiskers and microfibrillated cellulose, both extracted from sisal. They found
significant differences according to the nature of the nanoparticle and amount of
nanofillers used as reinforcement. Wang et al. [115] produced reinforced soy protein
isolate (SPI) plastics using cellulose whiskers extracted from cotton inner pulp. The
cellulose whiskers had an average length of 1.2 vm and diameter of 90 nm. The
incorporation of cellulose whiskers into the SPI matrix led to an improvement in
the water resistance of SPI composites. The addition of cellulose whiskers promoted
strong interactions between whiskers and the SPI matrix. The tensile strength and
Young’s modulus of the SPI/cellulose whisker composites increased from 5.8 to
8.1 MPa and from 44.7 to 133.2 MPa, respectively. The effect of whiskers on the
mechanical properties exceeded conventional predictions from traditional classical
models applied to filler-reinforced nanocomposites such as the Halpin-Kardos
model. Favier et al. [57] explained that this effect is due to the formation of a rigid
percolating filler network that is joined together by hydrogen bonds. The existence of
such a network was confirmed by electrical measurements [121]. Flandin et al. [121]
prepared nanocomposites containing cellulose whiskers that were coated with a
conductive polypyrrole. They measured their electrical properties and founded
strong interactions between fillers. Factors such as the nature of polymer matrix and
the surface energy of the whiskers showed an influence on the formation of this
network [38].

Gea et al. [122] prepared biocomposites based on bacterial cellulose (BC) and
apple and radish pulp. The bacterial cellulose films formed by a network of cel-
lulose nanofibers were disintegrated to be used as reinforcement in order to pro-
duce biocomposites sheets with apple and radish pulp. This nanosize disintegrated
BC fibers were blended with apple and radish pulp in the wet state and then hot
pressed to produce paper—like sheets. The results showed that the organic matrices
such as apple and radish pulp are heavily reinforced with BC. For pure apple and
radish pulp, the Young’s modulus was around 4.5 GPa while BC reinforced sheets
reached values as high as 6.5 GPa. Nishino et al. [123] prepared “all-cellulose”
composites, in which both the fibers and the matrix were cellulose. This composite
was manufactured using a wet process by controlling the solubility of cellulose
through pretreatment conditions. The cellulose self-reinforced composite showed
excellent mechanical and thermal properties such that this composite can be used
as an alternative of glass-fiber-reinforced composites. Fiber pretreatment enhances
the molecular diffusion across the fiber-matrix interface, obtaining improved
transverse mechanical properties of the composite.

Gindl and keckes [124] prepared cellulose based nanocomposite films with
different ratio of cellulose I and II, The process consist of a partial dissolution of
microcrystalline cellulose powder in lithium chloride/N,N-dimethylacetamide and
subsequent film casting. The results showed that, by varying the cellulose I and IT
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ratio, the mechanical performance of the nanocomposites can be tuned. This
nanocomposite films were transparent to visible light and of high strength and
stiffness with regard to comparable cellulosic materials and they are easily recy-
clable and biodegradable as well.

2.4.3 Cellulose Based Nanocomposite Manufacturing
Techniques

2.4.3.1 Casting-Evaporation Processing

Casting evaporation techniques have been extensively used to transfer cellulose
whiskers from an aqueous dispersion into an organic polymer matrix. Nanocom-
posites films are formed via solution casting, allowing the solvent to evaporate [38].
Two steps are used to prepare nanocomposites films. The first step consists of mixing
an aqueous suspension of cellulose nanostructures and the dispersed or solubilized
polymer matrix. Homogeneous suspensions are obtained by magnetic stirring at
room temperature or by using an autoclave reactor for mixing at high temperatures.
The suspensions are generally degassed under vacuum to remove air. Then, the
mixture is cast on the Petri dish (e.g. Teflon or propylene dishes) and put in a drying
oven under vacuum. An increase of temperature allows the solvent evaporation and
the film formation.

2.4.3.2 Sol: Gel Processing

This processing is based on the formation of a three dimensional template of well
individualized cellulose whiskers which is filled with a polymer [125, 126]. The first
step in this process is the formation of a cellulose nanostructure template through a
sol/gel process. This involves the formation of an aqueous cellulose nanostructures
dispersion which is converted into a gel through solvent exchange with a water
miscible solvent (e.g. acetone). In the second step, the cellulose nanostructures
template is then filled with a matrix polymer by immersing the gel into a polymer
solution. This polymer solvent must be miscible with the gel solvent and does not
disperse the cellulose nanostructures.

2.4.3.3 Melt Compounding Processing

A twin extruder is used to compound a thermoplastic polymer with a whisker
suspension. Such suspension is added in an extruder zone where the PLA is melted
by means of a peristaltic pump. The extruder has a venting system that is used to
remove the liquid phase of the whisker suspension. Kamel [81] has compounded
PLA-malic anhydride and poly (ethylene glycol) with cellulose whiskers
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suspended in LiCl/dimethyl acetamide. Orts et al. [127] extruded starch plastics
reinforced with cotton whiskers that produced and increase of Young’s modulus 5
times relative to a control sample with no cellulose reinforcement.

2.4.3.4 Electrostatic Fiber Spinning (Electrospinning)

This is method allows to prepare fibers with diameters ranging from several
micrometers down to 100 nm through the action of electrostatic forces. It uses a
high electrostatic potential applied to a spinning liquid across a charged nozzle and
a grounded screen collector. At the right conditions, a charged stream of the
spinning liquid is ejected and ultimately a mat of non-woven fibers is collected on
the collector.

Electrospinning processes are used to prepare nanocomposite fiber mats.
In order to prepare nanocomposite fiber mats, mixtures containing the polymer
solution and cellulose whiskers solution are placed in the appropriated electros-
pinning setup. Peresin et al. [128] have produced nanocomposite mats of poly
(vinyl alcohol) (PVA) reinforced with cellulose nanocrystals using this electros-
pinning technique. Smooth nonwoven mats with homogeneous nanofibers were
obtained. Park et al. [129] have also incorporated cellulose whiskers into nanofi-
bers of polyethylene oxide (PEO) by the electrospinning process.

2.4.3.5 Layer-by-Layer (LBL) Electrostatic Assembly

Layer-by-layer assembly (LBL) is able to produce nanometer-scale multi-layered
materials in order to improve highly desirable properties including chemical,
mechanical, electrical, magnetic, thermal and optical. In this method, a charged
solid substrate is exposed to a solution of oppositely highly charged polyelectro-
Iytes for a short time. These highly charged polyelectrolytes can produce charge
reversal upon adsorption on the oppositely-charged substrate. In consequence,
when the substrate is exposed to a second solution containing polyelectrolytes of
opposite charges, an additional layer is adsorbed on the first layer, thereby forming
a second layer. These steps can be repeated cyclically to form multilayer structures
on a given substrate. The use of the LBL technique is expected to maximize the
interaction between cellulose whiskers and a polar polymeric matrix. It also allows
the incorporation of cellulose whiskers with a dense and homogeneous distribution
in each layer. De Mesquita et al. [130] obtained a biodegradable cellulose nano-
composite from Layer-by-layer (LBL) technique. This nanocomposite was com-
posed of highly deacetylated chitosan and eucalyptus wood cellulose
nanowhiskers. They claimed that the driving forces for the growth of the multi-
layered films were the hydrogen bonds and electrostatic interactions between the
negatively charged sulfate groups on the whisker surface and the ammonium
groups of chitosan. Their results showed that cellulose nanowhiskers adsorbed on
each chitosan layer presented high density and homogeneous distribution and the



38 F. G. Torres et al.

Fig. 2.5 ESEM micrograph
of a bacterial cellulose-corn
starch composite. Arrows
show bacterial cellulose
nanofibers [12]

average thickness of a single bilayer was found to be 7 nm. Podsiadlo et al. [131]
reported the preparation of cellulose whiskers multilayer composites with a
polycation, poly-(dimethyldiallylammonium chloride) (PDDA) using the LBL
technique. The average thickness of a single bilayer was found to be 11 nm and the
authors concluded that the multilayer films revealed uniform coverage and densely
packed cellulose crystal surface. Cranston et al. [132] reported the orientation of
the cellulose nanocrystals layer adsorbed onto poly(allyl)amine hydrochloride
(PAH) coated silicon surface after long exposure to a strong magnetic field.

2.4.3.6 Bottom-up Manufacture of Bacterial Cellulose Nanocomposites

Grande et al. [133] developed a technique for the production of self assembled
bacterial cellulose nanocomposites. This technique is based on the natural bottom-
up process found in the synthesis of bacterial cellulose (BC). For instance, BC-
Starch nanocomposites were prepared by this technique (Fig. 2.5). Figure 2.6
shows a scheme of the bottom-up manufacturing process. The process is based on
the addition of intact starch granules to the culture medium before bacteria are
inoculated. After being added to the culture medium, the starch-medium suspen-
sion is autoclaved at 121 °C. During this process the starch phase, undergoes a
“first gelatinization”. Then, bacteria are inoculated and the nanofibers network is
formed in the presence of a partially gelatinized starch. The gelatinization of starch
allow to partially controlling the diffusion of polymeric chains into an existing
fiber network of BC. This controlled diffusion process allows cellulose nanofibrils
to grow in the presence of a starch phase. Starch was gelatinized in different stages
and formed a layer that covers cellulose nanofibrils. The BC-starch gel formed was
hot pressed into sheets. As a consequence, starch was forced to further penetrate
the BC network. Nanocomposites produced by this technique showed a high
volume fraction (around 90 %) of a strong phase of BC nanofibers covered by a
starch phase. This technique has the advantage to be extended for the addition of
other materials into the BC network e.g. BC-hydroxyapatite nanocomposites [12].
Nanocomposites produced with this technique could have a variety of potential
biomedical applications.
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Swollen starch
Starch granulesin granules Amylose  Bacterial Cellulose

suspension \ chains nanofibres
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GELATINIZATION OF BACTERIA GELATINIZATION

Fig. 2.6 Scheme of the BC-starch bottom-up process. a starch granules are in suspension in the
culture medium. b After autoclaving, starch is partially gelatinized, amylose leaches and granules
swell. ¢ BC nanofibrils grow in presence of the partially gelatinized starch. d After hot pressing,
the nanocomposite shows interpenetrating networks of amylose and cellulose [133]

2.5 Characterization of Cellulose Nanocomposites and Blends
2.5.1 Morphological Characterization

Scanning electron microscopy (SEM) as well as atomic force microscopy (AFM)
can be used for structure and morphologies determination of cellulose nanocom-
posites. SEM allows the analysis of the homogeneity of nanocomposite, presence
of voids, and dispersion level of the cellulose nanocrystals within the continuous
matrix, presence of aggregates and sedimentation possible orientation of cellulose
nanocrystals. Figure 2.7 shows an AFM micrograph of a bacterial cellulose net-
work accompanied by the section analysis of the segment indicated in the
micrograph. The AFM analysis shows that the diameter of the nanofibres was in
the range 100-200 nm.

2.5.2 Spectroscopic Techniques

The structural properties of the nanocomposites such as the size of the cellulose
crystallites and the crystallinity index can be characterized using X-ray diffraction.
X-ray diffraction is used to elucidate the eventual modifications in the crystalline
structure of the matrix after the addition of the whiskers.
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Fig. 2.7 AFM micrograph and section analysis of a bacterial cellulose sheet [12]

2.5.3 Mechanical Properties

Mechanical properties of nanomaterials have been characterized using both tensile
test and nanoindentation techniques. Nanoindentation experiments describe the
deformation of the volume of material beneath the indenter (interaction volume).
The nanoindentation of cellulose composites can be performed by using an AFM.

Zimmermann et al. [134] have used cellulose fibrils obtained from sulphite
wood pulp to reinforce water soluble polymers such as polyvinyl alcohol (PVA)
and hydroxypropyl cellulose (HPC). The mechanical properties of these nano-
composites were measured by tensile tests showing that the addition of fibrils
increase the modulus of elasticity (E) up to three times and the tensile strength up
to five times compared to the raw polymer. Zimmermann et al. [135] have
determined the ‘E’ values and the hardness of cellulose/HPC nanocomposites
using nanoindentation technique. The results showed that the E values measured
by nanoindentation were from two to three times higher than the E values mea-
sured by means of tensile tests. Stauss et al. [136] have explained that differences
between tensile test and indentation results are due to the fact that they do not test
the same material volumes and regions. The large volume used in tensile test
includes defects such as pores, cracks and impurities.

2.5.4 Thermal Characterization

The glass transition temperature (Tg) of cellulose reinforced composites is an
important parameter which influences different properties of the resulting composite
such as mechanical behavior, matrix chains dynamics and swelling behavior. Dif-
ferential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) are
used to evaluate the Tg value of cellulose nanocomposites. In some cases, the
addition of cellulose nanocrystals into polymer matrices does not seem to affect the
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glass transition temperature regardless of the nature of the polymeric matrix, the
origin of the cellulose nanocrystals, or the processing conditions. For tunicin whisker
filled composites, no modification of Tg values was reported when increasing
whisker content [50, 137, 138]. Similar results were reported for bacterial cellulose
and wheat straw cellulose whisker based nanocomposites. [49]. Hajji et al. [139]
showed that the Tg of poly (S-co-BuA) composites is independent of both the
whisker content and the processing conditions. Angles and Dufresne [138] have
evaluated the effect of whiskers content and water content on the Tg values of
cellulose nanocomposites obtained using glycerol plasticized starch as matrix and
tunicin whiskers as reinforcing phase. They reported that for lower whiskers content
(3.2 % wt) a classical plasticization effect of water was observed and for higher
whiskers content (6.2 % wt) an antiplasticization effect was observed. Mathew and
Dufresne [140] have reported that the Tg of tunicin whisker-starch nanocomposites
depends on the whisker content. A significant increase in crystallinity was observed
in the nanocomposites prepared by increasing either moisture content or whiskers
content. Roohani et al. [114] have proposed that the modification of Tg values in
moisture conditions is due to the plasticization effect of water linked to the strong
interaction between cellulose nanocrystals and the matrix.

2.6 Applications of Cellulose Based Blends, Composites
and Nanocomposites

Natural cellulose fibers such as cotton, ramie, etc. have been used as blends for
textile applications. High modulus regenerated cellulose fibers are produced on a
commercial scale. For instance, Lyocell®, a high performance cellulosic fiber, has
been used in many nonwoven applications because of its high strength, durability,
absorbency, purity and biodegradability.

Lyocell® fibers have been explored in blends. Chang et al. [141] prepared
Lyocell® based blends. Poly(vinyl alcohol) (PVA), poly(vinyl alcohol-co-ethyl-
ene) (EVOH), and poly(acrylic acid-co-maleic acid) (PAM) were used as fillers in
blends with lyocell produced through solution blending. The results showed that
blends with PVA exhibit the best tensile properties. Thus, Lyocell® fibers have
recently been used as reinforcement for thermoplastic fiber composites.

2.6.1 Biomedical Applications

Bacterial cellulose has a wide range of potential biomedical applications such
as tissue engineered cartilage scaffolds [142, 143] wound dressing [144-148]
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artificial skin [9, 145], dental implant, vascular grafos, catheter covering dressing
[148], dialysis membrane [148, 149], coatings for cardiovascular stents, cranial
stents [148], membranes for tissue-guided regeneration [145, 148], controlled-drug
release carriers [148], vascular prosthetic devices [150] and artificial blood vessels
[151-153]. Bacterial cellulose has been used for the production of scaffolds for
tissue engineering [142]. Andersson et al. [143] prepared engineered porous BC
scaffolds by fermentation of Acetobacter xylinum in the presence of slightly fused
wax particles with a diameter of 130-300 vm, which were then removed by
extrusion. In this research, human chondrocytes were seeded onto the porous BC
scaffolds and the results showed that cells entered the pores of the scaffolds and
that they increasingly filled out the pores overtime. The proliferation of human
chondrocytes within the porous BC was observed as well.

Hydroxyapatite (Hap) has been used in bone regeneration due to the fact that it is
biocompatible, bioactive, non-inflammatory, non-toxic and non-immunogenic. It is
believed that BC-Hap nanocomposites are promising in applications of bone tissue
engineering. Grande et al. [154] have fabricated BC-Hap nanocomposites by the
formation of cellulose nanofibers in the presence of a Hap phase in static culture
(Fig. 2.8). The biocompatibility and cell viability of the nanocomposites were
confirmed by HEK cell seeding (Fig. 2.9). The results confirmed that these novel
nanocomposites are suitable for biomedical applications. It has been reported that
bacterial cellulose shows a vast potential as a novel wound healing system. Cellulose
nanofibril networks show the ability to absorb and hold large contents of water.
Another advantage is that external bacteria cannot penetrate through the hydrated BC
network. These features make gel-like BC nanofibril networks suitable as wound
dressing [144, 145].

2.6.2 Cellulose Based Materials for Batteries

Azizi Samir et al. [155] have studied the possibility to reinforce thin films of polymer
electrolytes for lithium battery applications. They reinforced polyoxyethylene with
tunicate whiskers. The results showed that the storage modulus and temperature
stability was greatly improved, and the ionic conductivity was maintained.

Nystrom et al. [156] have produced a nanostructured high surface area electrode
material for energy storage applications. It was obtained from cellulose fibers of
algal origin individually coated with a thin layer of polyrrole. The high surface
area and good electronic conductivity of this composites made it suitable for use in
electrochemically controlled ion-exchange [157-159] and ultrafast all polymer-
based batteries [156]. These investigations open up new possibilities for the pro-
duction of environmentally friendly, cost efficient, up-scalable and lightweight
energy storage systems.
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Fig. 2.8 SEM micrographs
of a hap-bacterial cellulose

composite showing the hap

particles inside the cellulose
network [154]

Fig. 2.9 Optical
micrographs of HEK cells for
one day of culture in a hap-
bacterial cellulose
nanocomposite [154]

2.6.3 Optoelectronic Applications

Cellulose nanofibers from different sources have showed remarkable characteris-
tics as reinforcement material for optically transparent composites [160, 161].
Iwamoto et al. [160] prepared optically transparent composites of transparent
acrylic resin reinforced with cellulose nanofibers extracted from wood pulp fibers
by fibrillation process. They showed that cellulose nanofiber-reinforced compos-
ites are able to retain the transparency of the matrix resin even at high fiber content
(up to70 % wt). The aggregation of cellulose nanofibers also contributes to a
significant improvement in the thermal expansion properties of plastics.

Yano et al. [162] obtained polymer resins reinforced with bacterial cellulose
nanofibers. This flexible plastic composite maintains the transparency of the original
resin even at high fiber contents (70 % wt). This composite has interesting technical
properties such as low thermal expansion coefficients (6 x 107¢ °C™"), mechanical
strength 5 times higher than the one of engineered plastics (Young’s modulus of
20 GPa and tensile strengths reaching 325 MPa) and high transparency.
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2.6.4 Optical Coating

Podsiadlo et al. [163] have prepared layer-by-layer assembled films of cellulose
nanowires extracted from tunicate. These films showed strong antireflection
properties due to porous architecture created by randomly-oriented overlapping
nanowires. In addition to their antireflection properties, the remarkable
mechanical properties of tunicate nanowires make films suitable for optical
coatings. Bacterial cellulose (BC) membranes have been used as flexible sub-
strates for the fabrication of Organic Light Emitting Diodes (OLED). Indium tin
oxides were deposited onto the membrane using sputtering technique to improve
conductive properties [164].

2.6.5 Packaging Applications

There is a strong interest to replace the use of petroleum based polymers with
biodegradable polymers in the packaging industry. Single-use foam packaging is
used by manufacturers to protect and preserve a wide array of food and industrial
products. Starch has shown a potential use for foaming. The use of fillers as
reinforcement has been explored to improve starch based foams. Due to the thin
cell walls in the foams, microscale fillers cannot be used efficiently. Nanoscale
fibrils have been explored as reinforcements in starch based foams. Svagan et al.
[165] successfully reinforced the cell walls in starch based foams with micro-
fibrillated cellulose (MFC). The MFC addition improved the mechanical properties
such as Young’s modulus, yield strength and work to fracture. At the same time
the moisture stability was increased.

2.6.6 Electrical Applications

Van den Ber et al. [166] has prepared nanocomposites of semi conducting poly-
mers reinforced with tunicate cellulose whiskers with a typical diameter or around
20 nm. The results showed that the nanocomposites synergistically combine the
electronic characteristic of the conjugated polymers with the improved mechanical
properties of the cellulose scaffold. Other studies suggest that cellulose whisker
can be used for electrical applications such as the creation of circuitry in a special
kind of smart paper [167].



2 Cellulose Based Blends, Composites and Nanocomposites 45

2.6.7 Cellulose Nanopapers

Cellulose nanofibrils are also used to prepare cellulose nanopaper structures of
remarkable properties such as high toughness [168]. Large, flat, smooth and
optically transparent cellulose nanopaper structures have been developed using
several techniques. Sehaqui et al. [169] prepared cellulose nanopaper sheets with
diameter of 200 nm and with optical transparency and high tensile strength,
indicating well dispersed nanofibrils. In addition, the application of the nanopaper-
making strategy to cellulose/inorganic hybrids demonstrated the potential for
“green” processing of new types of nanostructured functional materials.

2.6.8 Ceramics with Uniform Nanopores

Cellulose nanocrystals have been used in the elaboration of ceramics [170, 171].
Shin and Exarhos [170] have prepared porous Titania by using a template process
with cellulose nanocrystals. A colloid suspension of cellulose nanocrystals was
added into titanium (IV) bis(ammonium lactate)dihydroxide (Tyzor-LA) to form a
Tyzor-LA-cellulose nanocrystals composite. After calcination at 500 °C in air, a
porous structure was obtained.

2.7 Conclusions

In this chapter we have reviewed some of the most important characteristics of
cellulose and cellulose based blends, composites and nanocomposites. The
intrinsic properties of cellulose such as its remarkable mechanical properties have
promoted its use as a reinforcement material for different composites. It has been
showed that cellulose is a material with a defined hierarchy that tends to form
fibrillar elements such as elementary fibrils, micro fibrils, and macro fibers.
Physical and chemical processes allow us to obtain different scale cellulose
reinforcements. Macro fibers, such as lignocellulosic fibers of sisal, jute, cabuya,
etc. are used for the production of composites, whereas nano-sized fibers, such as
whiskers or bacterial cellulose fibers are used to produce nanocomposites. Given
that cellulose can be used to obtain macro- and nano-reinforcements, it can be used
as raw material for the production of several composites and nanocomposites with
many different applications. The understanding of the characteristics and proper-
ties of cellulose is important for the development of novel composites and
nanocomposites with new applications.
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