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Abstract
Native polysaccharide nanocrystals have gained increasing interest as fibrous
reinforcement in nanocomposites. Unique mechanical properties combined with
biodegradability and renewability have placed them as alternative for designing
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environmentally friendly materials. The source origin and processing have a large
impact on the nanofiber dimensions and properties. Most of the studies have been
devoted to cellulose and chitin nanocrystals which are organized into fiber
bundles in nature. Cellulose nanofibers can be obtained from animal, bacterial,
algal, and plant sources. Chitin fibrils constitute, for example, fungal cell walls
and arthropod exoskeletons. Based on processing, one defines two major families
of polysaccharide nanofibers (whiskers and nanofibrils of polysaccharide). The
preparation of the elementary whisker monocrystals has been achieved by acid
hydrolysis, which allows collecting them after cleavage of the amorphous
domains of the original substrates. Alternatively, the nanofibrillated material
constitutes the other family, which results from the peeling of native microfibrils
into a network of nanofibrils. The microfibril delamination is often performed
with mechanical devices. Chitosan is the deacetylated derivative of chitin.
Nevertheless, the preparation of chitosan crystalline nanofibrils that preserve
the native directional packing is challenging. The preparation of chitosan nano-
fibril networks was recently reported by means of a chitosan mild hydrolysis at
the solid state. This chapter reviews the methodologies used to produce crystal-
line nanofibers of polysaccharide with preserved native structural packing. Nano-
fibers of polysaccharides cellulose, chitin, and chitosan will be the focus of this
review. The methods used to characterize these nanofibers will be revised, and the
nanofiber properties will be discussed.

Keywords
Polysaccharide nanocrystals · Nanofibers · Cellulose · Chitin · Chitosan ·
Crystalline structure · Nanocomposites

Introduction

Nanocrystals from polysaccharides have gained increasing interest as stiff and
fibrous reinforcing elements. Unique mechanical properties combined with biode-
gradability and natural renewability have placed polysaccharide nanofibers as an
alternative of choice for designing environmentally friendly materials with enhanced
performance. These nanocrystals are attracting great interest for their use as nano-
fillers in nanocomposites, relying on their exceptional potential to act as mechanical
reinforcement or provide good barrier resistance. These properties are the result of
the high crystallinity of the fibers resulting in almost defect-free crystalline structures
and unique morphology with high aspect ratio forming an intertwined fiber network.
In view of the design of more sustainable materials, it is evident that the crystalline
polysaccharide fibers have become of broad interest.

Both cellulose and chitin form the most prevalent sources of natural polymers in
Earth, both of them being examples of polysaccharides. The possibility for valori-
zation of biomass residues into highly functional materials and the recyclability of
the composite materials have brought the polysaccharide nanofibers to the forefront
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of academic interest. In parallel, the first industrial production plants for cellulose
nanofibers became operational since recent years with capacities ranging up to about
20 tons per day. The performance and inherent properties of the native fibers may
strongly differ depending on the source composition, morphology, and functionality.
The microstructures of naturally grown cellulose and chitin originate from the biosyn-
thesis mechanism and are inevitably influenced by the environment. The hierarchical
structure of native fibers, consisting of an arrangement of elementary fibers and fibrillar
structures, allows breaking them down into nanoscale components by combined
chemical and mechanical approaches. Thus, the source origin and processing have a
large impact on the obtained polysaccharide nanofiber dimensions and properties.
Many investigations describe the preparation of cellulose and chitin whisker nano-
crystals by heterogeneous acid hydrolysis. Cellulose nanofibers can be obtained from
animal, bacterial, algal, and plant sources. In the case of chitin, its main source is the
cuticle of crustaceans, in which chitin is organized into fiber bundles. Similar to
cellulose, chitin nanocrystals can be obtained by hydrolysis of chitin substrates with
strong acid. Chitosan is the deacetylated derivative of chitin and is mainly produced by
deacetylation of this latter in heterogeneous conditions. In the case of chitosan, the
preparation of highly crystalline nanofibers with preserved native structural packing
and high fiber length/width aspect ratio is challenging. Nevertheless, the preparation of
nanofibrillated chitosan with preserved structural packing was recently reported, in
which chitosan nanofibril networks were obtained by chitosan mild acid hydrolysis.

In order to improve the efficient use of polysaccharide nanofibers in various
applications, a good comprehension of the relationship between natural occurrence,
structure and physical/chemical properties is needed. Besides their origin, the latter
are strongly influenced by the various processing routes, which often need to be
optimized and tuned to become economically more feasible. Therefore, this chapter
will review the methodologies used to produce crystalline nanofibers of polysaccha-
ride with preserved native structural packing. Nanofibers of polysaccharides cellu-
lose, chitin, and chitosan will be the focus of this review. The methods used to
characterize this type of nanofibers will be revised, and the intrinsic nanofiber
properties will be discussed.

Crystalline Directional Packing of Polysaccharide Nanofibers
in Nature

Cellulose is a linear homopolymer of β(1!4)-linked units of D-glucopyranose
biosynthesized by terrestrial and aquatic plants, animals, bacteria, and some amoe-
bas. In the native cellulosic materials, the microfibril arrangement of cellulose stems
from the biosynthesis mechanism and influences the cellulose nanofiber morphol-
ogy. Cellulose chains arrange in a parallel fashion and their interaction leads to the
formation of a highly crystalline structure. However, besides the crystalline regions
(in general 40–70%) native cellulose contains amorphous domains whose proportion
depends on the source. Specially, algal native cellulose can present a very high
crystallinity of around 70%. Cellulose crystals of DP as high as 23000 are produced
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by certain algae [1]. In the crystalline structure of native cellulose, linear chains are
rigidified by intramolecular hydrogen bonds and these chains also interact with other
ones to form a regular crystalline structure of cellulose I allomorph. Cellulose
microfibril lengths can reach tens of microns. In the cellulose from the sea animal
Halocynthia roretzi, called tunicin, cellulose microfibrils are highly crystalline as
revealed by electron microscopy and diffraction studies [2]. Each microfibril often
corresponds to a single crystal of about 10 nm in diameter. Besides, the microfibrils
have a specific orientation in the tunicin and reveal a liquid crystal arrangement. The
Acetobacter cellulose also has different levels of organization described as follows:
the chains crystallize in the form of microfibrils, the hydrogen bonds between
microfibrils produce bundles, and these bundles form ribbons. Each microfibril has
a diameter of 3.0–3.5 nm, and approximately 50–80 microfibrils form ribbons of
40–60 nm in diameter.

Actually, native cellulose microfibrils can present two crystalline forms, namely,
Iα and Iβ. The cellulose Iα is present in the cell walls of some algae and bacteria,
while the cellulose Iβ is predominantly present in terrestrial plants, for example, in
cotton, wood and ramie fibers [3]. Using X-ray and neutron crystallographic tech-
niques, Nishiyama et al. [4] determined the crystal structures and hydrogen bond
arrangements in both allomorphs at atomic resolution (1 Å). Cellulose Iα corresponds
to a triclinic P1 unit cell with one chain that has two neighboring glucose residues that
are connected through a pseudo-twofold screw-axis symmetry (Fig. 1). Cellulose Iβ
consists of a monoclinic P21 unit cell with two distinct chains of different conforma-
tions forming the so-called corner and center chains. Each cellulose Iβ chain has a
twofold screw axis with the same adjacent glucosyl residues (Fig. 1). The structures
of flat sheets that are held together by H-bonds are formed by the parallel up and
edge-to-edge arrangements of the cellulose chains in both allomorphs. The major
difference between cellulose Iα and cellulose Iβ is the pattern of the stagger of these
sheets in the chain direction. The intrachain H-bond is formed by the interaction of
the O3 secondary alcohol group of each residue donating its proton to the O5 ring
atom of a neighboring residue. The groups of the O2 secondary alcohol and the O6
hydroxymethyl are both involved in the formation of an intra- and interchain
H-bonding within the sheets. Further insight into the nature of H-bonding in cellulose
Iβ was gained through neutron diffraction and quantum mechanics calculations,
which allowed drawing two mutually exclusive H-bonding networks on the basis
of the alternative locations for the protons of the center chain [5]. The unit cell
parameters for crystalline cellulose allomorphs are summarized in Table 1.

Chitin is a linear polysaccharide of β(1!4)-linked units of 2-acetamido-2-deoxy-
D-glucopyranose. The chitin occurs in the fungal cell walls and arthropod exo-
skeletons (e.g., of insects, crustaceans), or it is alternatively produced bymarine algae
(e.g., haptopheceaen, Phaeocystis, a centric diatom such as Thalassiosira) [7]. In
parallel with the structure of cellulose, the native occurrence of chitin consists of a
fibrous crystalline state like microfibrils. The main polymorphs of chitin are recog-
nized as α-chitin and β-chitin depending on the differences in crystalline structures
[8]. Chitin nanofibrils in arthropod cuticles are organized into helical structures
displaying a cholesteric pattern [9]. The chitin microfibrillar arrangement (Fig. 2) is
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Fig. 1 Projections of the crystal structures of cellulose Iα (left) and cellulose Iβ (right) along
different directions [6]
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described by intramolecular hydrogen bonds similar to cellulose I. A protein sheath
covers the crystalline microfibrils of chitin, mainly playing the role of lower modulus
matrix in the chitin-protein complex. In general, the proteins do not penetrate the
chitin crystallites, and the latter often form a hexagonal pseudo-array. The diameter of
the chitin crystallites is of about 2.5–3.0 nm [10]. In crustacean cuticles, the chitin
nanofibril assembly can lead to fiber bundles with diameters as large as 25 nm.

Table 1 Unit cell parameters of native cellulose I allomorphs

Unit cell

Type
Space
group

Number of
chains a (Å) b (Å) c (Å) α (�) β (�) γ (�)

Cellulose Iα P1 1 6.717 5.962 10.40 118.08 114.80 80.37

Cellulose Iβ P21 2 7.784 8.201 10.38 90 90 96.55

Fig. 2 Arrangements of the chitin-protein complex in the crab cuticle. Pre-ecdysial layers: (a)
cross-linked structure in the lower layer of the pigment layer. Post-ecdysial layers: (b) association of
microfibrils as fibrils in the main layer. (c) Homogeneous distribution of microfibrils in the
membrane layer [11]
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Besides α- and β-chitin allomorphs, a third γ-chitin allomorph has been proposed.
It is the sequence of chains (parallel or antiparallel arrangement) within a single sheet
which will distinguish one allomorph from another as described in Fig. 3. Even if the
three allomorphs can be found in the same animal, the α- and β-chitin are mainly
found in the exoskeletons of crustaceans and in the endoskeletons of cephalopods,
respectively. In the crystalline lattice, the chains are in the form of a helix 21,
whatever the studied allomorph.

Processing of Crystalline Polysaccharide Nanofibers

One generally defines two major families of polysaccharide nanofibers based on how
native polysaccharide microfibrils are processed [12]. Slender rodlike nanocrystals,
coined polysaccharide nanowhiskers (CNW) or polysaccharide nanocrystals, repre-
sent one of these families, which are mainly obtained by hydrolysis of the polysac-
charide substrate. Nanofibrillated polysaccharides, especially microfibrillated
cellulose (MFC)/nanofibrillated cellulose (NFC) and nanofibrillated chitin, are
another large family of polysaccharide nanofibers. They result from the shearing
of the native microfibrils into an entangled network of nanofibers with a broad range
of sizes displaying a hairy morphology. The delamination of the microfibril bundles
through shearing is often done with mechanical devices such as high-pressure
homogenizer or microfluidizers, although alternative methods such as cryo-crushing,
refining, and ultrasonication have been reported.

Chemical Hydrolysis

Cellulose crystallites were isolated for the first time by chemical treatment of a
cotton substrate in hot concentrated sulfuric acid in the late 1940s. Thus, the
amorphous regions of native polysaccharide microfibrils can be hydrolyzed in
general with strong acid, liberating the elementary monocrystals. The colloidal
stability of the nanocellulose crystals can be governed by electrostatic repulsion
due to the charges at the surface induced through the chemical reaction of sulfuric
acid with hydroxyl groups at the surface and consequent formation of sulfate ester
groups [13]. In parallel with the introduction of surface charges, the cellulose
nanocrystals are able to form a liquid crystalline phase through self-organization.

Fig. 3 Arrangement of chitin
chains in the same sheet for
the α-, β-, and γ-chitin
allomorphs
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The cellulose nanowhiskers (CNWs) are commonly obtained by chemical acid
hydrolysis of pulp fibers or microcrystalline cellulose (MCC) in combination with
a sonication treatment, using sulfuric, hydrochloric, or phosphoric acid. Crystalline
nanoparticles resulting from the sulfuric acid hydrolysis of cellulose from cotton,
Avicel, and tunicate were obtained by Elazzouzi-Hafraoui et al. [14], where the
majority of the obtained cellulose particles were flat objects constituted by elemen-
tary crystallites whose lateral adhesion was resistant against hydrolysis and sonica-
tion treatments.

Both the substrate origin and the hydrolysis parameters play an important role on
the final dimensions of the polysaccharide nanofibers. The geometry of the CNWs
can be controlled by varying the hydrolysis parameters, such as temperature (e.g.,
20, 40, and 60 �C), time (e.g., 2, 4, and 6 h), and acid concentration (e.g., 20, 40, and
60 wt%). The combination of a hydrolysis reaction and high-pressure homogeniza-
tion resulted in nanoparticles with a diameter of 11–33 nm and a length of
199–344 nm. A good monitoring of the process allows optimization to ensure
maximum yield and purity, characterized by high crystallinity and narrow size
distribution. Many studies describe the preparation of cellulose [15] and chitin
crystalline nanofibers [16] by heterogeneous acid hydrolysis. A number of investi-
gations concerning the preparation of cellulose nanocrystals have been reported.
After diffusion of acid within the substrate, the glycosidic bonds of cellulose
polymer chain in the disordered regions, more accessible and reactive, are preferen-
tially broken. The selective acid cleavage of the glycosidic bonds is attributed to the
differences in the kinetics of hydrolysis for the amorphous and crystalline domains.
This process generally results in a rapid decrease in degree of polymerization (DP) of
the carbohydrate polymer molecules toward a constant level-off DP (LODP) with
values depending on the substrate origin, while the crystallinity of the remaining
particles increases [17]. Cellulose whisker nanocrystals as shown in Fig. 4 have been
produced from different sources.

The CNWs could be produced in yields from 20% to 40% in a concentrated acid
environment, while lower yields have been obtained in diluted acid. Relatively high
yields of about 48% could be obtained in mildly acidic aqueous ionic liquids
[19]. The higher efficiency of the hydrolysis reaction could be attributed to the
lower solvating power of an aqueous ionic liquid in contrast with a concentrated
sulfuric acid. After optimization of a two-step hydrolysis with mildly acidic ionic
liquid (IL) 1-buty1-3-methylimidazolium hydrogen sulfate, CNWs were produced in
near theoretical yield levels from bleached softwood kraft pulp, bleached hardwood
kraft pulp, and microcrystalline cellulose. This technique also allows to extract
CNWs directly from lignocellulosic biomass, by simultaneously delignifying,
defibrillating, hydrolyzing, and derivatizing the cellulose from wood [20]. This
method was also used in combination with steam explosion as a pretreatment to
enhance lignocellulose accessibility [21]. This direct route of extraction of nano-
fibers, with dimensions close to their native state in wood, allows easy processing
without the need of purification/dialysis compared to traditional routes. The use of IL
allows to create modified CNWs that can be directly used, for example, as metal-free
catalysts for nanostructured materials [22].
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By analogy with cellulose, the acid hydrolysis of chitin produces a suspension of
whiskers showing a cholesteric liquid crystalline phase above a certain concentra-
tion. The chitinous substrate is boiled and stirred in an aqueous KOH solution to
remove the residual proteins. Suspensions of chitin crystallites are then prepared by
acid hydrolysis in order to dissolve the regions with a low lateral structural order. In
that way, the highly crystalline residue remains insoluble, and the aid of mechanical
shearing finally converts the chitin whiskers into a stable suspension. The prepara-
tion of highly crystalline chitosan (CHI) nanofibrils that preserve the native direc-
tional packing and macromolecular structure is challenging. The acid hydrolysis has
been also reported as a method to increase crystallinity of CHI substrates [23]. There
have been trials for the production of CHI nanofibers by the deacetylation of chitin
nanowhiskers, but it neither results in a needlelike structure of CHI nanowhiskers
nor in a network of crystalline nanofibrils. Indeed, the deacetylation of chitin
whiskers yields CHI scaffolds with a significant loss of crystallinity. By
deacetylating chitin whiskers in NaOH/NaBH4 [24], the CHI nanoparticles did not
resemble whiskers as they presented a very low aspect ratio (L/d ~4.8), which is
significantly lower than the aspect ratios reported for chitin and cellulose whiskers
(L/d 20–130) [25]. In fact, the obtained nanoparticles should be referred to as chitin
whiskers rather than chitosan, as the degree of N-acetylation (DA) remained as high
as 50% after the deacetylation reaction. It was also revealed that a long deacetylation

Fig. 4 TEM images of negatively stained preparations of CNCs of various origins: (a) wood
(Courtesy of G. Chauve, FPInnovations); (b) cotton (Courtesy of F. Azzam, CERMAV); (c)
bamboo (Courtesy B. Jean, CERMAV; (d) Gluconacetobacter xylinus (Courtesy of H. Bizot,
INRA); (e) Glaucocystis (Courtesy of Y. Nishiyama, CERMAV); (f) Halocynthia papillosa (Cour-
tesy of A. Osorio-Madrazo, IMTEK/FMF University of Freiburg) [18]
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of chitin whiskers compromises the integrity of the fibrillar morphology. Most of the
studies on CHI crystals have been performed on previously solubilized oligomers
(e.g., DP ~35), losing the native packing [26]. The preparation of CHI nanofibrils,
preserving both the native structural packing and polymer high molecular weight,
was recently reported [27].

Mechanical Grinding and Fibrillation

Due to the hierarchical arrangement of cellulose fibers within the wood structure
with alignment in the secondary cell wall and organization of microfibrils and
elementary fibrils within the bundle of fibers, the latter can be separated under
mechanically induced shear action. Therefore, the cellulose microfibril (CMF) or
cellulose nanofibril (CNF) can be produced by isolation of the fibrils through
mechanical processes such as grinding, cryo-crushing, or high-pressure homogeni-
zation. After processing, the CMF or CNF is composed of both amorphous and
crystalline domains, while the degree of polymerization (DP) of the original cellu-
lose molecules is only slightly reduced without severe cleavage of the cellulose
polymer chains. When an original fiber suspension is grinded between a rotating and
a stationary disc, the disintegration of the fibers into the microfibrillar components
occurs. With adapting the configuration of the grooves in the discs consisting of resin
and wear-resistant silicon carbide materials, the flow of the fibers can be guided, and
different fines can be produced. The main advantage of processing with the micro-
grinder is that the mechanical fiber shortening pretreatment utilized with other
processing techniques may not be required. Another production route by cryo-
crushing starts with freezing the water present in the pulp suspension followed by
the release of fibrils under high impact load. However, the cryo-crushing mostly is
used to produce cellulose fibrils within the micron size originating from primary cell
walls, while it is not suited to obtain very thin fibrils [28]. For the latter, more
intensive processing is required under homogenization, where a suspension of wood
or cellulose fibers is circulated through a homogenization chamber with sharp
pressure drops inducing high impact forces. The latter is used to induce high internal
shear forces in the fiber structure, thereby splitting the cellulose fibers into micro- or
nanofiber components. For example, the circulation over 10–20 passes with a
pressure drop of about 55 MPa typically results in microfibrillated cellulose
(MFC), containing fibers with 100 nm to 1 μm diameter and a few hundred microns
to maximum 1 mm in length. The more severe processing steps using 5–20 passes
combined with pressures of 55–210 MPa typically results in nanofibrillated cellulose
(NFC) with the smaller diameters of 10–100 nm and the length from few hundred
nanometers to some microns. The finally obtained fiber suspensions often contain a
mixture of fibers with different morphologies that can be categorized as both MFC
and NFC. With increasing the number of processing steps, the geometry of fibers in a
MFC suspension remains less homogeneous than NFC suspensions. In order to
obtain better defined and controlled geometries, the production of MFC is mainly
performed by a single-step mechanical treatment of native pulp, while the NFC is
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produced in combination of a chemical pretreatment and mechanical treatment
[29]. However, the processing of pulp suspensions by mechanical fibrillation
requires enormously high amounts of energy varying along the different processing
equipment. An indication of the energy consumption to produce MFC bleached and
unbleached wood pulp fibers by homogenization, microfluidization, and micro-
grinding, is summarized in Table 2 [30].

Similarly, chitin nanofibers forming a dense and uniform nanofiber network have
been prepared by fibrillation using a grinding technique. The chitin nanofibers can be
obtained from different origins including crab shell, prawn shell, mushroom, and
dried chitin powders and are consequently endowed with specific properties [31]. In
the case of chitin, the mechanical treatment under acidic conditions is the most
favorable route, as the cationization of amino groups on the chitin fiber facilitates
fibrillation into nanofibers by electrostatic repulsions. The purification of the chitin
powders and adjustment of the pH with acidic acid are critical steps in the fibrillation
process. In particular, the cationization of the C2 amino groups on the chitin
fiber surface at pH between 3 and 4 is required to maintain the stable dispersion
state by electrostatic repulsions to prevent coacervation [32]. A 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO) radical oxidation is performed at high pH
followed by addition of HCl to reach the lower pH. Following another acidic
route, the phosphoric acid was used, and different morphologies of chitin nanofibers
could be obtained depending on the dissolution time and temperature. As an
alternative more direct route, the chitin nanofibers could be prepared directly from
prawn shell by grinding under neutral pH conditions after removal of proteins and
minerals [33], and the fiber morphologies are comparable to the properties of fibrils

Table 2 Energy consumption for production of MFC (Adapted from [30])

Processing method Pretreatment
Pressure or
speed

Number of
passes

Total energy
consumption (kJ/kg)

Micro-grinder – 1500 rpm 9 5580

V. Beater 1500 rpm 9 12,810

Homogenizer V. Beater 55 MPa 20 78,800

Microfluidizer
M-110 P

V. Beater 69 MPa 1 (H210Z) 8430

69 MPa 5 (G10Z)

V. Beater 69 MPa 5 (H210Z) 10,180

138 MPa 5 (G10Z)

V. Beater 69 MPa 20 (H210Z) 11,230

Microfluidizer
M-110 EH

V. Beater 69 MPa 1 (H210Z)

207 MPa 5 (G10Z) 10,580

V. Beater 69 MPa 1 (H210Z) 8430

69 MPa 5 (G10Z)

V. Beater 69 MPa 20 (H210Z) 11,230

V. Beater 207 MPa 5 (G10Z) 10,380

V. Beater 138 MPa 5 (G10Z) 9180

V. Beater 69 MPa 5 (G10Z) 8230

8 Native Crystalline Polysaccharide Nanofibers: Processing and Properties 297



obtained from crab shell treated under acidic pH. The nanofibers presented uniform
morphology with 10–20 nm width and high aspect ratios. In other mild approaches,
an ultrasound process is used to transform crab shells into completely fibrillated
chitin nanofibers, where the α-chitin crystalline structure is almost preserved while
processing in parallel with high purity and low degree of deacetylation below 15%.
Special attention to the effects of surface charges on processing of the nanofibers has
been considered, by comparing the production from partially deacetylated and
TEMPO-mediated oxidized α-chitin, where the partially deacetylated fibers resulted
in smaller diameters and higher thermal resistance [34].

Effects of Pretreatment

The enzymatic pretreatments are used for the local removal or modification of the
lignin and hemicellulose parts without directly affecting the cellulose fibers. Differ-
ent types of enzymes can be traditionally used, including the so-called cellobiohy-
drolases (A- and B-type cellulases) that have most effects on the attack of the
crystalline cellulose or otherwise the endoglucanases (C- and D-type cellulases)
that do not degrade that native cellulose structure. Under mild enzymatic conditions,
the pretreatment has also been directly combined with the refining or homogeniza-
tion of NFC into homogeneous fiber dispersion. The mild enzymatic reactions
resulted in fibers with a higher aspect ratio, and their effects were less drastic
compared to a more aggressive acid hydrolysis [35].

The alkaline-acid pretreatments result in the solubilization of lignin, hemicellulose,
and pectin. In the first phase, the fibers are soaked in a solution of sodium hydroxide to
increase the surface of the cellulose fibers in order to become more sensitive to the
subsequent hydrolysis. In the second phase, the fibers are hydrolyzed with hydrochlo-
ric acid at 60–80 �C in order to solubilize the hemicelluloses. Finally in the third phase,
the fibers are processed with sodium hydroxide at 60–80 �C dissolving the lignin
structure in parallel with the disruption of the linkage bonds between the carbohydrates
and lignin. An alternative way comprises the pretreatment with alkaline peroxide to
rapidly degrade the lignin compounds into lowmolecular weight products [36]. During
these processes, however, the crystalline structure of the cellulose fibers may change:
with higher extent and severity of the alkaline treatment, a transition from cellulose I to
cellulose II structure results in fibers with lower mechanical properties. The severe acid
hydrolysis of cellulose fibers in the presence of sulfuric acid may induce sulfated
groups at the fiber surfaces, which lead to a lower thermal stability and different
behavior of the fiber suspensions attributed to various fiber interactions.

Recently, the ionic liquids have been used as a pretreatment method before
mechanical isolation of NFC: the pretreatment results in dissolving the cellulose
and can be favorably applied before the high-pressure homogenization step. The
chemistry of ionic liquids can be easily adapted to dissolve a wide variety of
biomass: unlike the heterogeneous reaction environment in water, the ionic liquids
make the catalytic sites highly access the β-glycosidic bonds, which facilitates the
reaction of biomass fractionation and hydrolysis of cellulose [37].
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Intrinsic Polysaccharide Nanofiber Properties

The nanometric features and chemistry of the processed polysaccharide nanofibers
influence their properties such as morphology, crystalline microstructure, rheology
of the nanofiber suspensions, threshold concentration for phase separation, liquid
crystal behavior, preferred orientation under electric or magnetic field, mechanical
behavior, and reinforcement capacity in nanocomposites.

Morphology and Crystalline Microstructure of Processed Nanofibers

The knowledge of the precise control over size and morphology of cellulose
nanocrystals are important parameters that will affect the performance of the nano-
cellulose fibers and final product properties when applications are envisaged. The
geometry and dimensions of rodlike cellulose nanocrystals highly depend on the
selected source of cellulose (Table 3) and are further influenced by the conditions of
the hydrolysis reaction. For example, the processed cellulose nanocrystals from
wood can be 3–7 nm in width and 100–200 nm in length, while those derived
from tunicate can be 10–20 nm in width and 500–2000 nm in length. This indicates
how the different sources and reaction conditions result in different sizes and size
distributions. This distribution may have an impact on the properties and applica-
tions of polysaccharide nanocrystals. Nevertheless, it is worth to notice that the state
of individualization of the particles in the colloidal suspension is strongly affected by
the nanoparticle concentration and external parameters such as pH, ionic strength,
and temperature. The stabilization of the colloidal system with cellulose nano-
particles can be controlled by their surface chemistry, in particular the electrostatic
repulsion forces provided by the negative charges at the surface due to the sulfate

Table 3 Size distribution of cellulose and chitin nanowhiskers from some different sources

Polysaccharide nanofiber and source Length (nm) Width Aspect ratio

Cellulose nanowhiskers

Sisal 100–200 3–7 ~30

Ramie 50–250 5–10 ~15

Rice 50–300 10–15 ~12

Cotton 100–300 8–10 ~20

Microcrystalline cellulose (MCC) from wood 50–500 5–50 ~10

Tunicate 100–3000 10–50 ~100

Algae Cladophora 200–4000 15–40 ~150

Algae Microdictyon tennis 1000–10,000 25–35 ~200

Bacteria 200–3000 10–75 ~100

Chitin nanowhiskers

Riftia tubes 500–10,000 18 ~120

Squid pen 50–300 10 15

Crab shell 100–650 4–40 16
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ester groups. The cross sections of polysaccharide nanocrystals also display different
shapes, e.g., square, rectangular, or parallelogram, which are dictated by the arrange-
ments of enzymatic terminal complexes extruding cellulose chains during the
biosynthesis. Various techniques based on microscopy, light scattering, electrical
properties, sedimentation, sorting, and classification allow access to particle size.
The morphology of polysaccharide nanocrystals can be assessed by microscopic
methods like field emission gun scanning electron microscopy (FEG-SEM), trans-
mission electron microscopy (TEM), cryo-TEM, or atomic force microscopy
(AFM). The light scattering techniques such as small- and wide-angle neutron or
X-ray scattering (SANS, WANS, SAXS, and WAXS, respectively) give additional
size and structural information.

The morphology of the fibrillated cellulose is determined by their aspect ratio
typically in the range of L/d = 100 to 200 for MFC toward L/d = 200 to 400 for
NFC. The morphology of the fibers may be described qualitatively or quantitatively
by the fiber diameter, surface roughness, size distribution, or degree of fibrillation.
The latter expresses the extent to which the fiber has partially been split longitudi-
nally into thinner fibrils. Consequently, it increases the surface area and importantly
influences the absorption properties, softness of the fiber, rheological properties, and
interactions with a polymer matrix in composites. The morphology gradually
changes with the processing sequence in the microfluidizer and corresponding
diameter of the interaction chamber and/or number of passes. AFM images of
fibrillated cellulose obtained from hardwood kraft pulp processed with gradually
decreasing chamber size and increasing number of passes is shown in Fig. 5. It was
observed that a higher number of subsequent processing passes, through the same
type of interaction chamber, progressively reduces the maximum fiber diameter
leading to a suspension with narrower distribution in fiber diameters. Finally, the
minimum diameter of the fibrillated fibers was mainly influenced by the choice of the
type of interaction chamber and did not vary significantly with a higher number of
passes within the chamber [38].

Fig. 5 Morphologies of fibrillated cellulose for different processing conditions in the micro-
fluidizer EH-110, (a) 25 passes through homogenizer, (b) 10 additional passes in 200 μm chamber,
(c) 10 additional passes in 87 μm chamber [38]
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The degree of crystallinity of polysaccharide nanofibers can traditionally be
determined from X-ray diffraction analysis. Alternatively, a crystallinity index can
be also determined from Raman microscopy, as the intensity of peaks at 1462 and
1481 cm�1 corresponding to CH2 bending, relates to amorphous and crystalline
proportions in cellulosic sample, respectively [39]. The characterization of the
intrinsic nanostructure of cellulose types originating from different resources can
give better insight in the different properties and responses of these materials at the
macroscale level, resulting in, for example, variations in mechanical properties or
swelling. The crystallinity of the as above-processed crystalline polysaccharide
nanofibers are similar to the initial microfibrils. In the case of cellulose, a micro-
crystal consists of contiguous crystalline blocks corresponding to cellulose I. After
treatment by acid hydrolysis, the crystal integrity of the native fibers has generally
been maintained with a progressive increase in crystallinity for raw bamboo fiber
(47.91%), pulp (54.34%), bleached pulp (60.89%), and CNF (65.32%), respectively
[40]. The latter is in consent with the dissolution and removal of components
including lignin, hemicelluloses, and some other noncellulosic polysaccharides
that are present in amorphous regions of the native cellulose fibers. It might also
appear that the orientation of the cellulose molecular chains along particular direc-
tions increases. In some cases, however, it was described that the degree of crystal-
linity and size of the crystallites of cellulose may decrease after sulfuric acid
hydrolysis, due to the more severe attack by the acid environment not only to the
amorphous phases but also to the crystalline domains. This may be due to higher acid
concentration where degradation of cellulose occurs and crystallinity decreases.
Besides, the comparison of crystallinity between sulfuric acid-treated nanowhiskers
and sulfuric acid-neutralized nanowhiskers did not reveal any differences,
suggesting that the cellulose I structure is maintained after processing. An eventual
reduction of crystallite sizes after acid hydrolysis can be attributed to a shortening of
the crystalline domains. Otherwise, the sulfuric treatment can change the structure of
cellulose I to cellulose II in comparison with the more mild treatment with HCl. By
removing amorphous components, the hydroxyl groups on the cellulose surface
could form new hydrogen bonds with consequent increasing crystallinity. The
cellulose extractions from wheat straw via hydrochloric, nitric, and sulfuric acid
hydrolysis methods revealed that the structure of the cellulose exhibited a mixture of
cellulose I and cellulose III polymorphs depending on the acid conditions used. In
particular, portions of the cellulose will swell and dissolve at sulfuric acid concen-
trations stronger than 63–64 wt.%, with the regenerated dissolved cellulose
exhibiting a cellulose II polymorph structural arrangement at concentrations between
64 and 65 wt.%. Therefore, the insoluble cellulose exhibits a crystalline structure
cellulose I, while the regenerated cellulose exhibits a crystalline polymorph cellulose
II. Duchemin et al. [41] prepared all-cellulose materials consisting of crystallites of
cellulose I dispersed in a paracrystalline and amorphous cellulose matrix by partial
solubilization of the native cellulosic material (microcrystalline cellulose (MCC))
and further regeneration of the solubilized part. This combination of cellulose I
crystallites embedded in a more disordered phase seems promising to achieve self-
nanoreinforced materials of unique chemical structure. This methodology demonstrates
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how the native crystalline packing of polysaccharide nanofibers can be used as self-
template to produce single compound nanoreinforced materials. Kondo et al. [42]
introduced the concept of “nematic ordered cellulose” to interpret intermediate states
of molecular ordering, displaying features of each allomorph of the polysaccharide, yet
not perfectly matching to any allomorph. Cellulose nanocrystals obtained from the algae
Cladophora sp. have been investigated by TEM and synchrotron X-ray diffraction
analysis. The TEM images and the X-ray synchrotron diffraction pattern of the whiskers
are shown in Fig. 6 [25]. The whiskers consisted of extremely long needle-shaped single
crystals with diffraction peaks indexed as the (100), (010), (002), (110), and (1̄ 1̄ 4)
reflections of triclinic cellulose Iα allomorph.

The combination of neutron crystallography studies with ab initio quantum
mechanics and empirical force field molecular dynamics revealed interesting results.
The cellulose Iβ nanocrystals from hydrolyzed tunicin mostly consist of chains with
a crystalline Iβ arrangement and H-bonding in one (so-called scheme A) of the two
mutually H-bonding networks proposed for cellulose Iβ [5]. Then, smaller regions of
static H-bond disorder exist, perhaps at defects within crystalline domains, at
interfaces between crystalline domains or at the surfaces of the microfibril. The
disruption of the interchain H-bond O2-H� � �O6 observed in scheme A can cause the

Fig. 6 (a, b) TEM images of negatively stained Cladophora cellulose whiskers; (c) wide-angle
synchrotron X-ray diffraction profile from a pellet of Cladophora cellulose whiskers. The index-
ation of the main peaks corresponds to that of triclinic cellulose Iα allomorph [25]
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destabilization of the dipole-dipole interactions between the O2-H and O3-H
hydroxyl groups that favor the reorientation of O2-H so that it forms a three-bond
cooperative network that is a feature of the second proposed H-bonding network,
so-called scheme B. Although the experimental results were obtained with large
nanocrystals of cellulose from hydrolyzed tunicin, they may be relevant for the
understanding of some differences in the properties of cellulose microfibrils found in
different naturally occurring systems. For different types of origins, the microfibrils
may contain limited zones of the crystalline Iβ form next to other regions that consist
of the crystalline Iα form and some zones with poorly ordered structure. Although
the crystalline Iβ regions in microfibrils have mainly H-bonding according to
scheme A, the H-bonding in scheme B may be more important to determine the
properties at the surfaces and interfaces of the crystalline Iβ regions, in particular the
chemical reactivity and sensitivity for degradation by enzymatic hydrolysis. Differ-
ent states with more extensive disorder in the native microfibrillar packing may be
more significant. The cellulose may contain two temperature regions that lead to
either static or dynamic disorder, as well as an intermediate temperature range
corresponding to a transition region between static and dynamic disorder [5].

For the micro-/nanofibrillated cellulose, there are findings of both increase and
decrease in crystallinity. The decrease in crystallinity under pure high-pressure
disintegration may happen [43]: this can be related to an alteration of crystallinity
under high mechanical shear forces and consequent frictional forces on the crystal-
line regions. In some cases, the cleavage of the crystalline region is believed to play
its role in the fibrillation of nanofibers and cellulose bundles [44]. In parallel with the
crystallinity lowering, the degree of polymerization continuously decreases with
ongoing fibrillation time during grinding (Fig. 7) [45]. The cellulose crystals are
destroyed, and the chain length is subsequently shortened under continuous shearing
by grinding discs, resulting in smaller crystal sizes and reduced crystallinity. Alter-
natively, some processing conditions also revealed an increase in crystallinity with
ongoing fibrillation within a microfluidizer [38], which might be explained by a
decrease in the random amorphous phase by orientation of smectic regions under
shear. The pretreatments of alkalinization, oxidation by adding chlorine and
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hydrolysis by adding acid during fibrillation more likely result in efficient removal of
the amorphous zones and increase in crystallinity [46].

Despite the aggressiveness of the reactions carried out during the extraction and
purification of chitin and the deacetylation of chitin to obtain chitosan, the supra-
molecular fiber organization is preserved. Even during the hydrolysis of chitosan, the
cholesteric organization of the fibers is preserved. The X-ray fiber diffraction pattern
of the hydrated (tendon) polymorph of chitosan was explained on the basis of an
orthorhombic unit cell with the following dimensions: a = 8.95, b = 16.97, and
c (fiber axis) = 10.34 Å [47, 48]. The molecular structure in this crystalline form is
characterized by a 21 helical symmetry, and the formation of O3. . .O5 hydrogen
bonds is used for the stabilization of the conformation in the unit cell. The unit cell
contains eight water molecules, consisting of two molecules in an asymmetric unit
(1 H2O/monosaccharide). A new polymorph was later suggested based on an
energetically more stable structure with additional interchain hydrogen bonding
formed upon removal of loosely bound water between chains along the [010]
direction [49]. The annealed samples of chitosan have been prepared by heating in
water at 200–220 �C [50]. The anhydrous chitosan has been also obtained by
keeping a chitosan/acetic acid complex in 100% relative humidity (RH) for several
days, at room temperature [51]. As a result, a well-preserved orientation and
crystallinity have been detected from the X-ray diffraction pattern compared to
those obtained by annealing, due to the mild annealing conditions. No direct
interaction between successive sheets of polymer chains along the a-axis has been
detected in the anhydrous polymorph. The chitosan molecules were characterized
with a twofold helical symmetry, while the strong O3. . .O5 and weak O3. . .O6
hydrogen bonds help to stabilize the conformation in the unit cell within a repeat
period of 10.43 Å.

The synchrotron WAXS patterns of starting chitosan flakes and processed nano-
fibril networks were analyzed [27]. Figure 8 shows radial averages of the 2D WAXS
images of chitosan nanofibril networks. The pattern of the starting particles shows
signals corresponding to reflections of chitosan hydrated allomorph (labeled with h)
(Fig. 8a). This is the characteristic pattern of the hydrated allomorph described by
Clark and Smith [47] and later on by Okuyama et al. [48]. The WAXS patterns of the
nanofibril networks obtained after hydrolysis showed new reflections corresponding
to the chitosan anhydrous allomorph (labeled with a) (Fig. 8b). For nanofibril
networks obtained by multistep hydrolysis, peaks of the anhydrous allomorph
were mainly observed. In addition to the typical anhydrous allomorph peaks at
q = 1.00, 1.40, 1.58, 1.62, and 2.45�A�1, the high-resolution synchrotron analysis
allowed indexing other chitosan anhydrous allomorph reflections (Fig. 8b). The
large contribution of diffraction reflections reveals the high crystallinity of the
nanofibrils. The recrystallization into anhydrous allomorph was related to a higher
mobility of the hydrolyzed chains in concentrated acid, in which conditions the
hydrophobic interactions are favored.

Figure 9 shows electron diffraction diagrams of selected aligned chitosan nano-
fibril areas [27] revealing the fiber diffraction diagrams. For the patterns of the
starting CHI particles, three equatorial reflections (0 2 0)h, (2 0 0)h, and (2 2 0)h
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are observed corresponding to the CHI hydrated allomorph (Fig. 9a). After single
hydrolysis, the equatorial reflections of both hydrated and anhydrous allomorphs are
visualized (Fig. 9b). Finally, the pattern of the nanofibril networks obtained by a
multistep hydrolysis reaction with equatorial spots of (1 1 0)a, (0 2 0)a, and (0 1 2)
only showed the reflections corresponding to the CHI anhydrous allomorph
(Fig. 9c). This supports the results from the WAXS analysis, i.e., the orientation
during the development of the anhydrous crystals remains similar to that of the
parent hydrated crystals present in the starting fibrils. It also supports the suggestion
that the nanofibril networks are constituted by crystallites with the same alignment of
their native material, i.e., along the fibril axis.
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Thermal Properties

The thermal stability of polysaccharide nanofibers is critical for further processing
into nanocomposites. Due to the highly crystalline structure, good thermal stability
of polysaccharide nanofibers would be expected, which should be better than that of
the native substrate. However, it seems that the processing conditions might have an
important influence on the final thermostability. For the original cellulose samples, it
was observed that the thermal decomposition temperature shifted to higher values
with increasing crystallite size, although the activation energy for thermal degrada-
tion remained almost constant [52]. The cellulose nanocrystals obtained after acid
hydrolysis using hydrochloric acid generally showed a decrease in thermal stability
in relation to the original cellulose source, in parallel with the decreasing of the
degree of polymerization, which can be ascribed to a higher number of reducing
polymer chain ends [53]. The complex behavior during decomposition of sulfated
nanocellulose contains multiple steps that correspond to different degradation pro-
cesses, i.e., hydrolysis of the outer sulfated cellulose, char formation and decompo-
sition of amorphous traces, and finally dehydration and depolymerization [54].

The thermal stability of cellulose nanowhiskers decreases with the content of
sulfate ester groups. Thermogravimetric analysis (TGA) diagrams of whiskers
obtained by a water-mediated ionic liquid (IL) treatment exhibited significant dif-
ferences compared to that of the original cellulose substrate, namely, microcrystal-
line cellulose (MCC) [19]. The MCC only presents a one-step degradation in the
300–400 �C temperature range, while the whiskers after IL treatment experienced a
two-step degradation profile. The first degradation phase at 200–300 �C exhibited a

Fig. 9 Electron diffraction patterns on selected thin fibrillar areas of chitosan nanofibrils:
(a) initially as originating from chitin heterogeneous deacetylation; (b) obtained after single acid
hydrolysis of the chitosan sample in (a); (c) obtained after multistep acid hydrolysis of (a). The fiber
axis is vertical. The fiber diffraction patterns in (a) and (c) correspond to the chitosan hydrated and
anhydrous allomorphs, respectively, whereas that in (b) shows a mixture of both allomorphs [27]
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maximum degradation rate at 285 � 1 �C, and the second degradation phase at
300 and 400 �C reaches its maximum rate at 346 � 2 �C. A two-stage degradation
process is in line with the thermal behavior reported for whiskers prepared using
concentrated sulfuric acid as well, with the notable difference that thermal degrada-
tion starts at much higher temperature for IL-derived whiskers. It is observed that the
whiskers obtained by a treatment in aqueous/IL environment are thermally more
stable than the whiskers prepared under conditions of concentrated sulfuric acid. The
whiskers from bacterial cellulose show the first degradation temperature between
226 and 262 �C, which is 25–60 �C lower than in the water/IL method [54]. It can be
considered that the first degradation stage is related to the amorphous and esterified
cellulose fraction and the higher thermal stability for IL-derived whiskers is conse-
quently related to the smaller amount of surface derivatization in line with lower
sulfur content in the material. In addition, the second degradation temperature for the
IL-derived whiskers is much higher (346 � 2 �C) than the degradation temperatures
for bacterial cellulose nanowhiskers (250–300 �C).

However, when the polymer chain ends are acetylated, thermal stabilization
occurs mainly due to the protection of the surface OH groups by the more stable
acetyl groups. As the presence of sulfate groups reduces the thermal stability of the
cellulose nanocrystals, routes have been developed to improve the thermal stability
either by diminishing the sulfate groups by desulfation or neutralizing them by using
NaOH solution [55]. The posttreatment with alkali or functionalization of the surface
of cellulose nanowhiskers might therefore be a way to restore the thermal stability. In
general, the thermal stability of the polysaccharide nanocrystals varies as a function
of the acid strength and processing conditions [56].

Also for the fibrillated cellulose materials, the thermal stability is highly deter-
mined by the surface properties. The creation of a high surface area after fibrillation
may be a reason for early thermal degradation by possible oxidation. The variations
in thermal degradation behavior depending on the number of processing steps during
fibrillation have been noticed: in general, a decrease in thermal stability can be
attributed to the degradation of the cellulose under friction. However, a
non-monotonous decrease in thermal stability may be attributed to the reorientation
of the chemical components and/or a high possibility of lignin and hemicellulose
degradation that favored catalytic behavior [57]. The thermal stability of nanofibrils
with a high amount of residual lignin is significantly higher than that for CNF with
low lignin contents, and the maximum rate of degradation occurring at 390 �C is
among the highest reported value [58].

Rheological Properties

The rheological behavior of polysaccharide nanofibers in aqueous media comprises
a complex study of particles in colloidal suspensions. The rheological properties are
mostly controlled by the dimensions and surface charges of the nanofiber. The
whiskers and fibrillated nanofibers can be described as nonspherical particles, and
the viscosity of their suspensions strongly depends on the morphology. It can
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generally be assumed that the viscosity of suspensions will increase for the particles
with the higher aspect ratio and the viscosity values are much higher compared to the
values for spherical particles. The probability of interaction and entanglement
between fibers with high aspect ratio likely increases and causes an increase in
viscosity, because it can be assumed that the fibrils become more “flexible.” The
viscosity of an aqueous nanocellulose dispersion can directly be expressed as a
function of the aspect ratio, as shown in Fig. 10 [59].

For crystalline particles (CNWs), the suspensions behave mostly as a liquid with
low viscosity and easy flow. As a result, the orientation of short rodlike particles at
higher shear rates leads to shear thinning effects under permanent shear flow. In
particular, the rheological properties of suspensions with nonspherical particles of
high aspect ratio are largely controlled by the orientation of the particles under
certain flow conditions, which are determined by the action of hydrodynamic forces.
Although the nanofiber suspensions have relatively high viscosity at rest, they start
to flow more easily under shear as the fiber network breaks down and the viscosity
decreases. The instabilities in the nanofiber suspensions under a given shear condi-
tions may occur through the flocculation and aggregation initiated by the
interparticle interactions, depending on the fiber morphology or the degree of
fibrillation. The particle interactions result in a liquid-like behavior with shear
thinning effects under low fiber concentrations, while gel formation happens at
higher fiber concentrations: e.g., the gelling properties of semi-dilute CNW suspen-
sions occurred at concentrations of 0.2–0.3 vol. % [60]. The strong tendency for the
formation of a fiber network from micro- and nanofibrils already occurs after
processing at even low concentrations and causes a gel-like behavior of the suspen-
sion with the occurrence of a yield stress and elastic behavior only at very low
concentrations of around 0.1%. The yield stress and yield strain of the gels vary with
the strength, the particle shapes, and their mutual interactions. Indeed, the micro-
fibrillated networks require a relatively high force to start flowing. As a consequence,
the high yield stress favors the use of fibrillated celluloses as stabilizer for suspen-
sions or emulsions as particles or droplets become easily trapped within the network
and prevent them from sinking or floating. Depending on the degree of fibrillation,
the viscosity increased with higher amount of fibrillation, but intermediate plateau

Fig. 10 Relation between
intrinsic viscosity [η] and
density ρ for suspensions of
nanocellulose fibers with
aspect ratio p [59]
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values are characteristic for temporary aggregation and breaking up of the fiber
network. Therefore, optimum processing conditions of the MFC/NFC suspensions
should provide optimum fiber network morphology with smooth rheological char-
acteristics. The interactions at fibrillar level may induce a “memory” or “time-
dependent” effects in the fiber suspension with retarded recovery of the deformation
state [61]. The dynamic yield point measured at a specific strain as a measure for the
transition from the gel-like to the liquid-like regime does not depend on the condi-
tions of processing [38]. However, it remains difficult to relate the processing
conditions for fibrillated cellulose in a microfluidizer and resulting morphology to
the rheological properties. When considering a group of rheological parameters as
the rotational Péclet number (Pe), the higher number of passes during processing
interestingly causes a progressive increase in Pe. Therefore, the latter parameter Pe
can serve as a unique parameter for the selection of rheological properties of an MFC
suspension in relation with its processing conditions and morphology (Fig. 11)
[38]. Based on this value, the processing parameters for fibrillated cellulose suspen-
sions can be adapted toward specifically required rheological properties.

A mechanism for gelation is attributed to the formation of physical entanglements
between the nanofibers in result of their high surface area and high aspect ratio. As a
result, hydrogels of chitin have been formed by chitin nanocrystals with the storage
modulus reaching 169 kPa at 13% chitin content [62]. Alternatively, gels from chitin
nanofibers have been developed where the gelation is induced by neutralization of
the charged suspension so that electrostatic repulsion effects are removed, inducing
precipitation and secondary bond interaction between nanofibers [63]. It is evident

Fig. 11 Relation between rheological properties (rotational Péclet number) and processing condi-
tions for fibrillated cellulose in a microfluidizer with increasing number of passes, with a, fiber
diameter; l, fiber length; kBT, thermal energy; η, viscosity; γ, shear rate [38]
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that the nanofiber surface interactions are controlled by the present surface charges
and indirectly by the pH, as the higher pH induces more repulsion charges and
causes a gradual decrease in viscosity [64]. Practically, the highly crystalline
hydrogels from α-chitin nanofibers can be prepared by a simple NaOH treatment
at low temperatures, or mild conditions can be applied to both α-chitin powder and
nanofibers to make hydrogels using calcium chloride dehydrate-saturated methanol,
while nanofibrillation of the powder occurs during the treatment [65].

Mechanical Properties

The mechanical properties of single CNWs are very difficult to determine and cannot
be uniquely assigned. After removal of the amorphous states of native cellulose
fibers by acid hydrolysis, the remaining nanowhiskers should theoretically have a
modulus close to a defect-free cellulose crystal. According to experimental AFM
bending stiffness measurements on a single CNW from tunicate with cross-sectional
diameters of 8–20 nm, the elastic moduli were measured for single microfibrils from
TEMPO oxidation (145.2 � 31.3 GPa) and acid hydrolysis (150.7 � 28.8 GPa),
respectively. The experimentally determined modulus was in agreement with the
elastic modulus of native cellulose crystals, and values represent a good approxima-
tion to the crystalline cellulose [66]. The other measurements by Raman spectros-
copy provided similar values for stiffness of about 143 GPa [67]. Experimental
measurements of the CNW modulus with the use of sound velocities by inelastic
X-ray scattering yielded a value of 15–220 GPa [68], which is much higher than
theoretical estimates in the range of 100–160 GPa [69], due to influences of
molecular dynamics/mechanics, ordered/disordered states and anisotropy. However,
it is doubtful that the mechanical properties and stiffness of nanofibers extracted
from biomass would approximate the modulus of crystalline cellulose. In the internal
structure within the nanofibrils, whisker nanocrystals will have those properties
while the experimental values for the nanofibers may be variable. The latter can
only be assessed by good understanding of the arrangements and interactions of the
sub-nanofibril fiber structures [69]. The moduli of nanofibrils within MFC sheets
were about 29–36 GPa based on Raman spectroscopy and are within the same range
of moduli for intact plant fibers. However, the experimental elastic modulus of MFC
films prepared from softwood pulp after high-pressure homogenization reached up
to 6.7 GPa with a tensile strength of 105 MPa, while the MFC films from hardwood
pulp have elastic modulus of 6.3 GPa and tensile strength of 92 MPa [70]. The latter
strongly depend on the preparation conditions and degree of fibrillation, as the MFC
films prepared by an enzymatic pretreatment and mechanical fibrillation from
softwood pulp show elastic moduli of around 10.4–13.7 MPa and tensile strength
of 129–214 MPa, yielding nanopaper structures with extremely high toughness [71].

Otherwise, the bacterial cellulose fibrils have a modulus of 79–88 GPa as
determined by Raman spectroscopy and are comparable to values reported from
measurements by AFM cantilever approach [72]. It seems therefore that the mechan-
ical properties of nanofibers extracted from the cell wall of plants or bacterial
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cellulose strongly differ from the properties of cellulose nanocrystals. The variations
in mechanical properties strongly relate to the internal state of order of the nanofibers
and fibrils, including the orientation of molecular chains along the fibril axis and as
an indirect consequence the degree of crystallinity, as proven by studies on the
degree of disordered material in cellulose nanocrystals [73]. The variation in degree
of crystallinity for cellulose nanofibers is reflected in the different mechanical
properties [17]: the cellulose chains are tightly packed into crystallites that are
stabilized by a strong and very complex intra- and intermolecular hydrogen bond
network within the crystalline regions. Therefore, the strength and modulus of
nanofiber film from wood, rice straw and potato tuber prepared by mechanical
methods were around 210–230 MPa and 11 GPa, respectively, with the degree of
crystallinity around 76–80% [74]. Otherwise, an improvement in mechanical prop-
erties of nanowhisker films has been observed after elimination of the sulfate groups
from the cellulose nanowhiskers after neutralization. The charged sulfate groups
result in stable suspension of cellulose nanowhiskers due to electrostatic repulsion.
The elimination of surface charge leads to the formation of strongly bound nano-
fibrils and good nanofibrillar interactions, while the presence of charges rather
induces electrostatic repulsion forces [75].

The mechanical properties of individual chitin nanofibers have been calculated
from measurements on dried films, depending on different drying methods of the
corresponding nanofiber networks: a comparative value of the elasticity modulus
E= 5–7 GPa was calculated for the different fibers indicating similar qualities of the
individual fibers [76]. However the elastic modulus of individual fibers is higher
than the elastic modulus of the bulk films due to the bending of fibers in an
intertwined network. The presence of functional groups, in particular acetyl groups,
on the chitin/chitosan nanocrystals contributes to the formation of a hydrogen bond
network and stabilization of the crystalline structure: therefore, the higher degrees of
acetylation lead to increasing stiffness and lower ductility of the fibers in parallel
with the better resistance against fracture as demonstrated at the atomistic level
[77]. By using a special chemical route without chemical etching for the disintegra-
tion of the chitin nanofibrils, the hierarchical internal structure of chitin nanofibers
resulting from the self-assembly in a chiral nematic phase could be preserved, and
exceptional mechanical properties can be preserved in order to simulate their natural
occurrence [78] with observed changes in the load bearing capacity, according to the
conformation of chiral order. The presence of surface charges clearly affects the
mechanical properties, as the hydrogels of partially deacetylated α-chitin nanofibers
(positive charges) present higher storage moduli than the values for TEMPO-
oxidized α-chitin nanofibers (negative charges) [79]. These were mainly explained
by the presence of longer chitin nanofibers/nanowhiskers with a higher aspect ratio
in positive correlation with the elasticity of the hydrogel without the presence of any
cross-linking agent. In the hydrogel system of chitin nanofibers, water is an impor-
tant factor that restricts the destruction of chitin crystalline structures caused by
calcium ions; therefore, a mild method for the production of a hydrogel with highly
crystalline α-chitin nanofibers was developed with high tensile properties under wet
strength conditions [65]. The tensile strength for chitin hydrogels obtained from
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20 wt% NaOH solutions (1.8 MPa) and Ca solvent (1.3 MPa), respectively, was
relatively high in the wet state, unlike the properties for conventional regenerated
hydrogels.

The stiffness of individual nanowhiskers could also be determined by theoretical
models after dispersing them into a polymer matrix, by following the local molecular
deformation of the whiskers using Raman spectroscopy. As such, the mechanical
properties of different types of single nanofibers, fibrils and whiskers, were calcu-
lated from a back-calculation of the overall properties of a polymer composite [80].
The elastic properties of the fillers were determined from a multiscale model,
yielding an approximation of the effective longitudinal Young’s modulus of the
fibrils of 65 GPa for nanofibrillated cellulose, 61 GPa for cellulose nanowhiskers and
only 38 GPa for the microcrystalline cellulose. This agrees with other studies on
nanoscale morphology and stiffness estimates of the single nanofiber. In particular,
the effects of debonding, matrix yielding, and buckling of single whiskers were
demonstrated and play a key role in the reinforcing action of CNW fillers. Besides
the effects of interface compatibility, the formation of a percolation network struc-
ture of the nanofibers within a nanocomposite material predominantly explains the
reinforcing action of nanowhiskers. The formation of a stiff three-dimensional
organization of nanowhiskers in a continuous network establishes at concentrations
above a percolation threshold value, depending on the aspect ratio of the nano-
whiskers. As such, the fibers with higher aspect ratios ensure a better percolation
with improved mechanical properties at the lower fiber loads.

Emerging Applications in High-Performance Nanocomposites

High Mechanical Performance Nanocomposites

The polysaccharide nanofibers have been introduced as mechanical reinforcement
for both thermoplastic and thermoset polymer matrices. In relation with the excellent
mechanical properties of the whisker nanocrystals, they can improve strength and
stiffness of nanocomposites. In fact, the elastic modulus and tensile strength for
cellulose nanocomposites scale linearly with the mechanical properties of cellulose
nanopaper structures [81]. However, a good dispersion of the polysaccharide nano-
fibers in the polymer matrix remains a critical parameter. Again, the effects of
debonding, matrix yielding and buckling of single nanocrystals were demonstrated.
They play a key role in the reinforcing capacity of nanocrystal fillers [82]. Besides
the effects of fiber/matrix interface compatibility, the formation of a percolation
network structure of the nanofibers within the matrix predominantly explains the
nanowhisker reinforcing action. For higher fiber contents, the strong whisker/whis-
ker interactions and the percolation effect explain the high values of the rubber
module of the composites [83]. These interactions occur by means of hydrogen
bonds, which are established during the solvent evaporation in the composite
processing. The formation of a stiff three-dimensional organization of whiskers
like a continuous percolating network establishes at concentrations above a
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percolation threshold. Such percolation effect can be analyzed according to the
Halpin-Kardos mechanical model, including the elastic modulus of nanocomposites
with various volume fractions of the reinforcing whiskers [84]. The percolation
threshold depends on the aspect ratio (length/width: L/d) of the nanowhiskers and
its spatial orientation according to the relation vRc = 0.7 � (L/d )�1. For example for
chitin whiskers of Riftia tubes with a very high L/d (~120), the value of vRc is
relatively low, e.g., 0.58% v/v [85]. The fibers with higher aspect ratios ensure a
better percolation with improved mechanical properties at lower fiber loads. The
stress transfer in the composite is then facilitated by the strong interactions in the
whisker network above the threshold value VRc (Fig. 12). In addition to the drastic
increase in the rubber module of the matrix due to the formation of a network of
whiskers for contents higher than the percolation threshold, a stabilization of its
value over a wider range of temperatures (rubber plateau) is also observed [86]. This
rigid percolating network of whiskers is preferably formed for nanocomposite films
processed by solvent evaporation [86]. The evaporation is a slow step giving
sufficient time and mobility to the whiskers to establish hydrogen bonds and a
rigid network in the matrix. In freeze-drying processings, the mobility of the matrix
chains and the interaction of the whiskers are limited by the initial quenching. The
different modes of stress transfer depend on fiber morphologies and surface proper-
ties. The interfacial energy dissipation at the interface between the polysaccharide
nanocrystals and the matrix can be assessed from local micromechanical models
providing a quantitative measure of the interface quality [87].

For thermoplastic matrices, for example, in polypropylene, the CNWs induced
higher tensile strength in parallel with an increase in crystallinity of about 50% and

Fig. 12 Effect of reinforcement by nanowhiskers in a polymer matrix, (a) schematic representation
of the threshold model, (b) influence of the formation of a percolation network on the mechanical
properties [88]
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higher thermal degradation temperature. To enhance the uniform distribution of
CNWs in the composite, the polymer matrix can be dissolved in suitable solvent
in combination with sonification and magnetic stirring [89]. The presence of CNWs
generally increases the crystallinity of the polymer matrix, as it acts as a nucleating
agent promoting crystallization. In most cases, however, the use of surface-modified
CNW (e.g., silylated CNW) and plasticizers has been shown to enhance dispersion
and minimize agglomerations [90]. Surface modification of the CNW to overcome
the hydrophilicity is an important step to improve the compatibility and homogenous
distribution of whiskers. The mechanical reinforcement effects of microfibrillated
cellulose have been also studied for matrices like PLA [91], polyolefins, and
polyurethane [92]. In general, the incorporation of a continuous and dense fibrillar
network results in a linear increase in modulus, tensile strength and strain at fracture
of polymer matrices, with key benefits on toughness improvement. Alternative to the
surface modification, the in situ polymerization of thermoplastic polyurethane (TPU)
in the presence of MFC was considered as a route for adequate MFC dispersion and
network formation in the TPU matrix with strong interfacial interaction, resulting in
significantly improved mechanical properties and thermostability [92]. For thermo-
sets, the presence of CNW influences the curing behavior of epoxy resins, leading to
the higher storage modulus of epoxy nanocomposites with the increase of CNW
content [93]. In particular, the incorporation of CNWs could cause microphase
separation and destroy the compactness of the matrix, which leads to the lowering
of glass transition temperature (Tg). Nevertheless, some studies have revealed that
the Tg was not significantly influenced by the incorporation of the cellulose filler.
The improvements in mechanical performance of CNW-filled composites relies on the
reinforcement of the matrix due to the formation and increase of interfacial interaction
by hydrogen bonds between CNW nanofiller and the epoxy matrix [94]. The use of
CNW in combination with a two-component waterborne polyurethane resulted in
higher tensile strength and elastic modulus, in parallel with the increase in
α-relaxation temperature and Tg due to the formation of a rigid CNW nanophase
acting as cross-linking points within the matrix [95]. Finally, the addition of polysac-
charide nanocrystals significantly enhances the mechanical performance of nano-
composites [86]. This effect depends on composite processing parameters, the
nanofiber origin and consequently their chemical nature and aspect ratio L/d [83, 86].

Nanocomposites of Improved Thermal Properties

It is well established that the thermal properties of polymers, viz., Tg and melting
temperature (Tm), but also the thermal stability and viscoelastic properties upon
heating can be influenced by the addition of fibers [96]. The efficiency of fiber
additives highly depends on the compatibility with the surrounding polymer matrix
and local interface interactions [97]. The macroscopic performances of nano-
composites, in particular mechanical, barrier and biodegradation properties are
strongly influenced by the thermal properties [98]. In composites, the main thermal
transitions of a polymer matrix, Tg for an amorphous phase and Tm and Tc
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(crystallization temperature) for a crystalline phase, reflect the morphologies of both
the matrix and the matrix/fiber interphases [99]. The impact of polysaccharide
nanofibers on the main thermal transitions of polymers including Tg, Tm and Tc
was reviewed by Osorio-Madrazo et al. [100]. The literature mainly reports on
polysaccharide nanofiber-filled nanocomposites with thermoplastic semicrystalline
polymer matrices. The role of nanofiber surface attributes (surface chemistry and
area), shape (whisker nanocrystals or nanofibril networks) and loading amount on
thermal properties of the resulting composites has been investigated. Among others,
the behavior of biopolymer matrices in particular of biodegradable polymers like
poly(hydroxyalkanoates) (PHAs), poly(lactic acid) (PLA) polycaprolactone (PCL),
and poly(ethylene oxide) (PEO) has been studied.

When a rigid filler like the native crystalline polysaccharide nanofibers is dis-
persed into and molecularly bonded with a polymer matrix, an increase and broad-
ening of the Tg are observed in relation to the intensity of fiber/matrix interactions
[96]. Stiff fibers are expected to constrain main matrix chain motions as well as
induce heterogeneity due to concentration fluctuations together with possible attrac-
tive interactions. The shift in Tg and Tm in polymer blends with respect to the pure
polymers reveals the morphology of the amorphous and crystalline phases, respec-
tively. For example, the morphology and thermal properties of cellulose nanofiber/
PHA nanocomposites have been one of the first systems studied in the literature. For
PHA matrices, the Tg was not affected by the CNWs although the overall damping
decreased with higher CNW loading, indicating the reduced mobility of the amor-
phous polymer chains [101]. In CNW/poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) composites, Tc was found to decrease with increasing
CNWs, suggesting that CNWs have a nucleating effect on PHBV. Different studies
have identified the dual effect of polysaccharide nanowhiskers as heterogeneous
nucleating agents and as confinement [101]. It emerged from different studies that
fiber loading plays a major role on the morphology and improvement of the thermal
properties of PLA-based composites [102, 103]. While with differential scanning
calorimetry (DSC) the Tg was not discernible in more crystalline composite samples,
dynamic mechanical analysis (DMA) suggested a slight increase of Tg with the
MFC loading in PLLA matrices [104]. MFC can facilitate and augment PLA
crystallization, i.e., serves as a nucleating agent in addition to slightly rigidifying
the amorphous phase.

Siqueira et al. [105] engaged in comparing the impact of the two main types of
polysaccharide nanofibers, i.e., nanowhiskers and nanofibril networks on the
properties of the resulting nanocomposite thermal properties. Polycaprolactone
(PCL) was filled with different nanofiber amounts (3, 6, 9, and 12% of CNWs or
MFCs) [105]. For all samples, the Tg significantly increased, indicating reduced
chain mobility in the amorphous phase of PCL in the presence of nanofibers.
Crystallinity also increased in all nanocomposites as well as the Tc value, indicating
facilitated crystallization and stiffer resulting materials. The synergistic effects
of surface chemistry, surface area and chain mobility on the thermal properties of
nanocomposites were systematically studied by altering the interfacial properties and
modification of the nanocomposites with 9 wt% of C18-modified fibers. Typically,
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the broadening and occurrence of multiple endothermic melting peaks in DSC scans
have been observed during isothermal crystallization experiments. This double
melting peak has been assigned to the coexistence of spherulites and a trans-
crystalline layer with lower crystal perfection developing at the surface of the
polysaccharide nanofibers [105]. Together with the higher crystallinity, a depression
of equilibrium melting point has been observed. This is ascribed to the nucleating
effect of the nanofibers, with their magnitude directly related to the fiber surface area
and aspect ratio. As for PLA composites, isothermal crystallization studies of PCL
composites with high filler loadings demonstrated that polysaccharide nanofibers
expedited the polymer matrix crystallization and slightly more with the MFC than
with the nanowhiskers [105].

Summarizing, the thermal properties of polysaccharide nanofiber-filled compos-
ites depend on composition and microstructure as well as on filler loading and fiber/
matrix compatibility. The loading, the surface and interfacial areas, and the surface
chemistry of the polysaccharide nanofibers play an important role in the morphology
and resulting thermal properties of the nanocomposites.

Conclusion

Owing to the unique occurrence of cellulose and chitin polysaccharide materials,
their structural organization and specially their native directional packing, forming
highly crystalline fibers in a variety of natural sources, they can be processed into
crystalline nanofibers. It is evident that a good understanding of the crystalline
structure of these materials is crucial to define the optimum processing conditions.
Then, the native properties of the crystalline polysaccharide fibers significantly
influence the morphology and properties of the obtained nanofibers. The chemical
and mechanical processing routes to obtain the latter also require to be optimized. In
particular, the high energy demands should be covered by developing appropriate
pretreatment of the available biomass. The intrinsic properties of the nanofibers such
as morphology, crystalline microstructure, thermal properties, rheology and mechan-
ical properties can be well controlled by a strict definition of the processing steps. In
further considerations, the particular use of the nanofibers in nanocomposite formu-
lations is of great interest nowadays. In one hand, for the mechanical reinforcing
capacity, two prerequisites to be considered are the control over the percolation
network threshold for favorable interactions between the nanofibers, and the even-
tual surface modification for good interactions at the interface between the fibers and
composite matrix. On the other hand, the survey of particular polymers/polysaccha-
ride nanofiber composites has clearly shown the significant impact of these fibers on
the overall thermal properties of composites, with thermal stabilization occurring
especially in low modulus matrices (amorphous in the rubbery states and above Tm
for semicrystalline polymers). Depending on the phase state of the polymer matrix
and the competition between nanofiber/nanofiber and nanofiber/matrix interactions,
thermal stabilization might be also described with the percolation network model as
for the mechanical performance of the composites.
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