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1. Introduction and State of the Art

Cellulose constitutes the most abundant renewable polymer
resource available today. As a chemical raw material, it is
generally well-known that it has been used in the form of
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fibers or derivatives for nearly 150 years for a wide spectrum
of products and materials in daily life. What has not been
known until relatively recently is that when cellulose fibers
are subjected to acid hydrolysis, the fibers yield defect-free,
rod-like crystalline residues. Cellulose nanocrystals (CNs)
have garnered in the materials community a tremendous level
of attention that does not appear to be relenting. These
biopolymeric assemblies warrant such attention not only
because of their unsurpassed quintessential physical and
chemical properties (as will become evident in the review)
but also because of their inherent renewability and sustain-
ability in addition to their abundance. They have been the
subject of a wide array of research efforts as reinforcing
agents in nanocomposites due to their low cost, availability,
renewability, light weight, nanoscale dimension, and unique
morphology. Indeed, CNs are the fundamental constitutive
polymeric motifs of macroscopic cellulosic-based fibers
whose sheer volume dwarfs any known natural or synthetic
biomaterial. Biopolymers such as cellulose and lignin and
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in some cases heteropolysaccharides provide the hierarchical
constructs to bioengineer biological factories that give rise
to a variegated distribution of plants and organisms. Surpris-
ingly, a focus on nanoscale phenomena involving these
materials has not been realized until the past few years in
which a virtual collection of information has become
available.

In the following review, the salient chemical and physical
features of the most dominant fundamental building block
in the biosphere, cellulose nanocrystals, are discussed. After
a brief introduction to cellulose, three general aspects of CNs
are covered, namely, their morphology and chemistry includ-
ing their preparation and chemical routes for functionaliza-
tion, self-assembly in different media and under different
conditions, and finally their applications in the nanocom-
posites field. While these aspects are by no means compre-
hensively inclusive of the vast number of research results
available, they may be regarded as perhaps the most
scientifically and technologically pertinent aspects of CNs
that deserve attention.

2. Structure and Morphology of Celluloses

Cellulose is the most abundant renewable organic material
produced in the biosphere, having an annual production that
is estimated to be over 7.5 x 10'° tons.! Cellulose is widely
distributed in higher plants, in several marine animals (for
example, tunicates), and to a lesser degree in algae, fungi,
bacteria, invertebrates, and even amoeba (protozoa), for
example, Dictyostelium discoideum. In general, cellulose is
a fibrous, tough, water-insoluble substance that plays an
essential role in maintaining the structure of plant cell walls.
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It was first discovered and isolated by Anselme Payen in
1838, and since then, multiple physical and chemical aspects
of cellulose have been extensively studied; indeed, discover-
ies are constantly being made with respect to its biosynthesis,
assembly, and structural features that have inspired a number
of research efforts among a broad number of disciplines.
Several reviews have already been published reporting the
state of knowledge of this fascinating polymer.'3~!3

Regardless of its source, cellulose can be characterized
as a high molecular weight homopolymer of $-1,4-linked
anhydro-D-glucose units in which every unit is corkscrewed
180° with respect to its neighbors, and the repeat segment
is frequently taken to be a dimer of glucose, known as
cellobiose (Figure 1). Each cellulose chain possesses a
directional chemical asymmetry with respect to the termini
of its molecular axis: one end is a chemically reducing
functionality (i.e., a hemiacetal unit) and the other has a
pendant hydroxyl group, the nominal nonreducing end. The
number of glucose units or the degree of polymerization (DP)
is up to 20 000, but shorter cellulose chains can occur and
are mainly localized in the primary cell walls.

All B-pD-glucopyranose rings adopt a *C; chair conforma-
tion, and as a consequence, the hydroxyl groups are
positioned in the ring (equatorial) plane, while the hydrogen
atoms are in the vertical position (axial). This structure is



Cellulose Nanocrystals

Nonreducing end

Chemical Reviews, 2010, Vol. 110, No. 6 3481

Cellobiose

Figure 1. Chemical structure of cellulose.

Figure 2. Intramolecular hydrogen-bonding network in a repre-
sentative cellulose structure.

stabilized by an intramolecular hydrogen bond network
extending from the O(3')-H hydroxyl to the O(5) ring oxygen
of the next unit across the glycosidic linkage and from the
0O(2)-H hydroxyl to the O(6") hydroxyl of the next residue
(Figure 2).

The three most probable rotational positions of the
hydroxymethyl group are defined by ascertaining the place-
ment of the O6—C6 bond with respect to the O5—C5 and
C4—CS5 bonds: if 06—C6 is gauche to O5—CS5 and trans to
C4—C5, then the conformation is called gz, while the other
two conformations are referred to as gg and rg (Figure 3).

In nature, cellulose does not occur as an isolated individual
molecule, but it is found as assemblies of individual cellulose
chain-forming fibers. This is because cellulose is synthesized
as individual molecules, which undergo spinning in a
hierarchical order at the site of biosynthesis. Typically,
approximately 36 individual cellulose molecules assemble
are brought together into larger units known as elementary
fibrils (protofibrils), which pack into larger units called
microfibrils, and these are in turn assembled into the familiar
cellulose fibers. However, celluloses from different sources
may occur in different packing as dictated by the biosynthesis
conditions. The combined actions of biopolymerization,
spinning, and crystallization occur in a rosette-shaped plasma
membrane complex having a diameter of 30 nm (Figure 4)
and are orchestrated by specific enzymatic terminal com-
plexes (TCs) that act as biological spinnerets.'* Because all
the cellulose chains in one microfibril must be elongated by
the complex at the same rate, crystallization during cellulose
synthesis follows very closely polymerization of the chains
by the TCs.!>!6 TCs are thought to be cellulose synthase
complexes that belong to the large GT-A family of glyco-
syltransferases; however, the reaction mechanism involved
in cellulose synthesis and assembly is still conjectural. The
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Figure 4. Orientation of microtubules controlling the orientation
of cellulose in the cell wall where the microtubules act like tracks
to guide the cellulose enzymes floating in the cell membrane.
Reprinted with permission from Ref 17. Copyright 2002 Elsevier.

structure of cellulose microfibrils implies that their syntheses
and assembly involve the coordinate activity of approxi-
mately 36 active sites.!” However, diverse cellulose structures
in various organisms imply that the enzyme complex is
modular.'*!8 Recent evidence from live-cell imaging of
cellulose indicates that microtubules exert a direct effect on
the orientation of cellulose deposition under specific condi-
tions, but microtubules are not required for oriented deposi-
tion of cellulose under other conditions (Figure 4).

During the biosynthesis, cellulose chains are aggregated
in microfibrils that display cross dimensions ranging from 2
to 20 nm, depending on the source of celluloses. The
aggregation phenomenon occurs primarily via van der Waals
forces and both intra- (Figure 2) and inter-molecular
hydrogen bonds. If the TCs are not perturbed, they can
generate a limitless supply of microfibrils having only a
limited number of defects or amorphous domains.!*!¥ A
number of models for the microfibril hierarchy have been
proposed that attempt to describe the supramolecular struc-
ture of cellulose, including the crystalline structure, crystallite
dimensions and defects, structural indices of amorphous
domains, dimensions of fibrillar formation, etc. These models
differ mainly in the description of the organization and the
distribution of the amorphous or less ordered regions within
the microfibril. After many years of controversy, it is
common practice to acknowledge that the amorphous regions
are distributed as chain dislocations on segments along the
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Figure 3. The three most probable rotational positions of the hydroxymethyl group.
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Figure 5. Schematic representation of the elementary fibril
illustrating the microstructure of the elementary fibril and strain-
distorted regions (defects). Reprinted with permission from Ref 19.
Copyright 1972 John Wiley and Sons.

elementary fibril where the microfibrils are distorted by
internal strain in the fiber and proceed to tilt and twist (Figure
5).19

In the ordered regions, cellulose chains are tightly packed
together in crystallites, which are stabilized by a strong and
very complex intra- and intermolecular hydrogen-bond
network. The hydrogen-bonding network and molecular
orientation in cellulose can vary widely, which can give rise
to cellulose polymorphs or allomorphs, depending on the
respective source, method of extraction, or treament."?° Six
interconvertible polymorphs of cellulose, namely, I, II, IIIj,
Iy, IVy, and IVy, have been identified.

Native cellulose has been thought to have one crystal
structure, cellulose I, but evidence for the existence of two
suballomorphs of cellulose I, termed Io and IS, was

-
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established in 1984 by cross-polarization magic angle spin-
ning (CP-MAS).2!?2 Depending on the origin of cellulose,
these two polymorphs exist in different ratios: Iat is prevalent
in celluloses from algae and bacteria, and both Io and 13
may be present in celluloses in higher plants. However, the
latter result is not without controversy. Solid-state NMR
studies reported by Atalla and VanderHart>® has demonstrated
several anomalies within the spectra of higher plant celluloses
compared with those from algae, bacteria, and tunicates. The
anomalies found in the NMR spectra seem to suggest that
higher plants may contain only cellulose If, instead of
cellulose Ia, with a distorted form of I/ that resides below
the surface.

In both the I8 and I structures, cellulose chains adopt
parallel configurations, but they differ in their hydrogen-
bonding patterns, which implies a difference in the crystalline
structure (Figure 6). Indeed, Io corresponds to a triclinic P1
unit cell (@ = 6.717 A, b = 5962 A, ¢ = 10.400 A, a =
118.08°, B = 114.80°, and y = 80.37°) containing only one
chain per unit cell,** whereas 183 exists in a monoclinic P2,
unit cell having two cellulose chains (a = 7.784 A, b =
8.201 A, c=1038 A, o = =90°, and y = 96.5°).% Ia,
a metastable phase, can be converted to the more thermo-
dynamically stable I3 phase by high-temperature annealing
in various media.?® Cellulose I (o and f3) has sheets stacked
in a “parallel-up” fashion, and the hydroxylmethyl groups
are oriented in a 7g conformation so that their O6 atom points
toward the O2 hydroxyl groups of the neighboring residue,
which engenders a second inter-residue hydrogen bond.?” If
cellulose is bent in a plane orthogonal to the hydrogen-
bonded sheets of chains, a horizontal displacement of the
sheets with respect to one another is induced.”® A bending
angle of 39° has been shown to be sufficient to induce Io
and If interconversion especially when the curvature of the
chain sheets in the microfibril is modeled as a group of
concentric circular arcs. Sine qua non, all microfibrils

Figure 6. Hydrogen-bonding patterns in cellulose Io and 1f3: (top) the two alternative hydrogen-bond networks in cellulose Ia; (bottom)
the dominant hydrogen-bond network in cellulose I (left) chains at the origin of the unit cell and (right) chains at the center of the unit
cell according to Sturcova et al.>? Reprinted with permission from ref 32. Copyright 2004 American Chemical Society.
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generated from the TCs must torque sharply before they can
adopt a parallel configuration with respect to the face of the
inner cell wall. Therefore, the crystal form is likely to be
drastically changed before cellulose is incorporated into the
cell wall. Such polymorphic differences were first evidenced
by IR spectroscopy?’ and electron diffraction®” and have been
further confirmed more recently by solid-state CP/MAS '*C
NMR.?! The crystal structure and hydrogen-bonding pattern
of cellulose T (ot and f3) were later studied more deeply by
synchrotron X-ray and neutron fiber diffraction,?*?>3! where
in the latter, the hydrogen atom positions involved in
hydrogen bonding were determined from Fourier-difference
analysis with respect to hydrogenated and deuterated samples.
The definition of all atomic spatial coordinates in the
cellulose crystal structure was only possible for the first time
because of the availability of these singular methods.

Cellulose II, the second most extensively studied allo-

morph, can be obtained by two different processes:

(i) By chemical regeneration, which consists of dissolving
cellulose I in a solvent, then reprecipitating it in water.
Suitable solvents for cellulose include, among others,
solutions of heavy metal—amine complexes, mainly
copper with ammonia or diamine such as cupric hy-
droxide in aqueous ammonia (Scheweizer’s reagent
called cuoxam)® or cupriethylenediamine (cuen),*
ammonia or amine/thiocyanate, hydrazine/thio-
cyanate,*® lithium chloride/N,N-dimethylacetamide
(LiCI/DMAC),*”*® and N-methylmorpholine-N-oxide
(NMMO)/water**~#! systems.

(i) By mercerization, a universally recognized process the
name of which is derived from its inventor John
Mercer (1844),*> which consists of swelling native
cellulose in concentrated sodium hydroxide solutions
and yielding cellulose II after removing the swelling
agent. Other swelling agents, such as nitric acid (65%),
are also able to convert native fibers to cellulose 114
Some atypical bacterial species are reported to bio-
synthesize cellulose I1.*4

Cellulose II exists in a monoclinic P2, phase (¢ = 8.10
A, b =903A ¢c=1031 A o =p=290° and y =
117.10°).274546 During conversion (I to II), the hydroxyl
groups rotate from the fg to the gr conformation, which
explicitly requires a change in the hydrogen-bond network.*’4¢
In contrast to cellulose I, which has a parallel up arrangement,
the chains in cellulose II are in an antiparallel arrangement
yielding a more stable structure, which makes it preferable
for various textiles and paper materials. The conversion of
cellulose 1 to cellulose II has been widely considered
irreversible, although (partial) regeneration of cellulose I from
cellulose II has been reported.*>

If cellulose I or II is exposed to ammonia (gas or liquefied)
or various amines,’! cellulose 11 is formed upon removal of
the swelling agent. The resulting form of cellulose III
depends on whether the starting form is I or II, giving rise
to cellulose III; or IIIy;. Their diffraction patterns are similar
except for the meridional intensities. Cellulose III; exists in
a monoclinic P2, form (a = 4.450 A, b = 7.850 A, ¢ =
10.31 A, o= f=90° and y = 105.10°) with one chain in
the unit cell, displaying parallel chains as observed in
cellulose 1.5 However, the hydroxymethyl groups are in the
gt conformation and the intersheet hydrogen bond network
is similar to cellulose II. The exact structure of cellulose Il
is not clearly established yet, but the crystallographic and
spectroscopic studies reported recently by Wada et al.3
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indicate that cellulose IIIj; is a disordered phase of cellulose.
This disordered structure mainly contains a crystalline form
having a unit cell (space group P2;; a = 4.45 A, b = 7.64
A, c=1036 A, o= =90° y = 106.96°) occupied by
one chain organized in antiparallel fashion, in addition to a
second structure, as revealed by CP/MAS *C NMR (space
group P2;;a =445 A, b= 1464 A, c = 1036 A, a = f8
= 90°, y = 90.05°). Furthermore, either of these forms III;
or Il reverts to its parent structure if placed in a high-
temperature and humid environment.

Polymorphs IV; and IV may be prepared by heating
cellulose III; or Iy, respectively, up to 260 °C in glycerol.*>
In a like manner to the case of cellulose III, these two forms
can revert to the parent structures I or II. In addition to the
native cellulose I, it has been shown that cellulose IV exists
in several plant primary cell walls.>®’

3. Cellulose Nanocrystals

In the 1950s, Rénby reported for the first time that colloidal
suspensions of cellulose can be obtained by controlled
sulfuric acid-catalyzed degradation of cellulose fibers.*%
This work was inspired by the studies of Nickerson and
Habrle®! who observed that the degradation induced by
boiling cellulose fibers in acidic solution reached a limit after
a certain time of treatment. Transmission electron microscopy
(TEM) images of dried suspensions revealed for the first time
the presence of aggregates of needle-shaped particles, while
further analyses of these rods with electron diffraction
demonstrated that they had the same crystalline structure as
the original fibers.®*% Simultaneously, the development by
Battista®® of the hydrochloric acid-assisted degradation of
cellulose fibers derived from high-quality wood pulps,
followed by sonification treatment, led to the commercializa-
tion of microcrystalline cellulose (MCC). Stable, chemically
inactive, and physiologically inert with attractive binding
properties, MCC offered a significant opportunity for multiple
uses in pharmaceutical industry as a tablet binder, in food
applications as a texturizing agent and fat replacer, and also,
as an additive in paper and composites applications. After
the acid hydrolysis conditions were optimized, Marchessault
et al.% demonstrated that colloidal suspensions of cellulose
nanocrystals exhibited nematic liquid crystalline alignment.
Since the discovery of spectacular improvements in the
mechanical properties of nanocomposites with cellulose
nanocrystals,%”% substantial research has been directed to
cellulose nanocrystal composites because of the growing
interest in fabricating materials from renewable resources.

Cellulose nanocrystals are often referred to as microcrys-
tals, whiskers, nanocrystals, nanoparticles, microcrystallites,
or nanofibers. Hereafter, they are called “cellulose nano-
crystals” (CNs). In the coming sections, methods for separa-
tion of CNs and their morphologies, characterization, modi-
fication, self-assembly, and applications will be reviewed.

3.1. Preparation of Cellulose Nanocrystals

The main process for the isolation of CNs from cellulose
fibers is based on acid hydrolysis. Disordered or para-
crystalline regions of cellulose are preferentially hydrolyzed,
whereas crystalline regions that have a higher resistance to
acid attack remain intact.*” Thus, following an acid
treatment that hydrolyzes the cellulose (leading to removal
of the microfibrils at the defects), cellulose rod-like nano-
crystals are produced. The obtained CNs have a morphology



