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Piedad Gañán Rojo

3.1 Introduction 43
3.2 Vascular Bundles 44
3.3 Isolation and Purification of Cellulose Microfibrils from Vascular

Bundles 46
3.4 Chemical Characterization of Cellulose Microfibrils 46
3.4.1 Monosaccharide Composition 46
3.4.2 Infrared Spectroscopy Measurements 48
3.5 Structure and Morphology of Cellulose Microfibrils 50
3.5.1 X-Ray Diffraction Analysis 50
3.5.2 Transmission Electron Microscopy 51
3.5.3 Solid-State Nuclear Magnetic Resonance Studies 52
3.6 Thermal Behavior of Cellulose Microfibrils 53
3.7 Conclusions 54
3.8 Materials and Methods 55
3.8.1 Materials 55
3.8.2 Scanning Electron Microscopy 55
3.8.3 Anion-Exchange Chromatography 55
3.8.4 Attenuated Total Reflection Fourier Transform Infrared

Spectroscopy 56
3.8.5 Transmission Electron Microscopy 56
3.8.6 X-Ray Diffraction 56
3.8.7 CP/MAS 13C Nuclear Magnetic Resonance 56
3.8.8 Thermogravimetric Analysis 57

Acknowledgments 57
Abbreviations 57
References 58

4 Nanocomposites Based on Matrices Extracted from Vegetable Oils and
Bacterial Cellulose 63
Aloña Retegi Miner, Robin Zuluaga Gallego, Piedad Gañán Rojo, and
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Mexico 50200
Mexico

Cristina Castro Herazo
Pontificia Bolivariana University
New Materials Research Group
School of Engineering
Circular 1 # 70-01
Bloque 11
Medellı́n
Colombia

Daniel De Kee
Tulane University
Department of Chemical and
Biomolecular Engineering
Tulane Institute for
Macromolecular Engineering and
Science
6823 St. Charles Avenue
New Orleans
LA 70118
USA

Hong Dong
Cornell University
Department of Fiber Science &
Apparel Design
242 MVR Hall
37 Forest Home Drive
Ithaca
NY 14850
USA



XIV List of Contributors

Margaret W. Frey
Cornell University
Department of Fiber Science &
Apparel Design
299 MVR Hall
Ithaca
NY 14853
USA

Sergio Gama-Lara
Centro Conjunto de Investigación
en Quı́mica Sustentable
UAEM-UNAM
Carretera Toluca-Atlacomulco
Km 14.5
San Cayetano
Toluca
Estado de México
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Mexico 50200
Mexico

Antonio Norio Nakagaito
The University of Tokushima
Institute of Technology and
Science
Minamijosanjima-cho 2-1
Tokushima
770-8506
Japan

Rie Nakamura
Nihon University
Department of Mechanical
Engineering
1 Nakakawahara, Tamura
Koriyama 963-8642
Fukushima
Japan

Anil N. Netravali
Cornell University
Department of Fiber Science &
Apparel Design
233 HEB
Ithaca
NY 14853
USA

Maria S. Peresin
North Carolina State University
Department of Forest
Biomaterials
Campus Box 8005
2820 Faucette Drive
Raleigh
NC 27695-8005
USA



XVI List of Contributors

Jean-Luc Putaux
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Macromolécules Végétales
(CERMAV-CNRS), BP 53
38041 Grenoble Cedex 9
France

Aloña Retegi Miner
Universidad del Paı́s
Vasco/Euskal Herriko
Unibertsitatea
Chemical & Environmental
Engineering Department
Polytechnic School
Pza. Europa, 1, 20018
Donostia-San Sebastián
Spain

Orlando J. Rojas
North Carolina State University
Department of Forest
Biomaterials
Campus Box 8005
2820 Faucette Drive
Raleigh
NC 27695-8005
USA

and

Aalto University
School of Chemical Technology
Department of Forest Products
Technology
Vuorimiehentie 1
Espoo Finland
P.O.Box 16300
FI-00076, Aalto

Victor Sanchez-Mendieta
Universidad Autónoma del
Estado de México
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XIX

Preface

In this book, we have aimed at providing a broad review of the recent advances
in the use of natural materials in the fabrication of composites. The 14 chapters
presented in the book are divided into the following three sections:

Section I: Cellulose nanofiber- and microfiber-based composites
Section II: Cellulose-fiber-based composites
Section III: Cellulose and other nanoparticles.

The topics covered in the book are highly relevant as cellulose-based and natural
materials have become the first choice for the fabrication of green composites
because of their abundance, renewability, and biodegradable characteristics.

In the first section, Nakagaito and Yano discuss nanofibrillated cellulose (NFC)
obtained from plant cell walls as well as some of the processes used to obtain this
unique material. The authors also provide some examples of the use of NFC in the
fabrication of green nanocomposites. Takagi discusses some unique features of
cellulose nanofibers and green composites made of cellulose nanofibers. Charac-
teristics of such nanocomposites are also discussed in detail in Chapter 2. Ganan
and colleagues discuss cellulose microfibrils isolated from Musaceae residues from
plantain and banana plants. Currently, most of these residues are simply wasted and
using them as fillers in composites opens a new avenue in the area of sustainable
materials. Retegi et al. discuss nanocomposites formed by bacterial cellulose and
vegetable-oil-based resins. Bacterial cellulose is being used increasingly in many
applications because of its high mechanical strength derived from high degree
of polymerization, molecular orientation, and crystallinity. Rojas and colleagues
discuss the possibility of using cellulose nanocrystals as reinforcing material in
hydrophilic and hydrophobic microfibers. These microfibers have potential appli-
cations in nonwovens, bioactive filters, and smart textiles. Finally, Xiang and Frey
discuss fully biodegradable fibers using cellulose nanocrystals and polylactic acid
(PLA). They show that electrospun nonwovens with reinforced PLA nanofibers
have higher strength even though the adhesion between the two is much lower
than desired.

In the second section Huang and Netravali present green composites made
using soy protein based resin and linen and liquid crystalline cellulose fibers. The
resin used was modified with agar and nanoclay to improve mechanical properties.
Composites made using liquid crystalline cellulose fibers result in high strength



XX Preface

composites termed as ‘advanced green composites’. Goda and Nakamura discuss
the elastic properties of green composites made using natural-fiber-twisted yarns
and starch-based resins. Also discussed in Chapter 8 is the effect of alkaline
treatment of natural cellulose fiber yarns and its influence on the properties
of the resulting composites. In Chapter 9, Barone introduces nanocomposites
made using nanocellulose and lignin-based polymers. A new way of enzymatic
polymerization is used in an attempt to mimic native lignocellulose. Sharma and
colleagues describe the fabrication and properties of polymeric materials made
from partially denatured proteins produced by the animal coproduct industry.
Specifically, they have used partially denatured feather meal and bloodmeal proteins
using a compression molding process. The composites prepared using these
materials exhibited properties comparable to those of petroleum-based plastics and
are fully biodegradable.

In the last section, Morales-Luckie et al. discuss biocomposites made from
bovine bones. The bone is used as a template in the synthesis of silver and
platinum nanoparticles with applications in catalysis, medicine, and environmen-
tal chemistry. In Chapter 12, Sanchez-Mendieta and collaborators discuss the
direct synthesis of nanoparticles in solid matrices such as cellulose of wood.
The importance of this class of bioinspired and biomimetic materials to form
bionanocomposites highlights its low cost and environment friendliness. In
Chapter 13, Dong and Hinestroza describe the controlled deposition of silver
nanoparticles on cationic and anionic cellulose fibers. The method provides uni-
form and conformal coverage of the fibers which should find applications in wound
dressings, active filtration of bacteria, as well as flexible low-pressure drop catalytic
mantles. In Chapter 14, De Kee and colleagues review wood/biopolymer/nanoclay
hybrid composites. Such hybrid composites can be optimized to provide excel-
lent mechanical and thermal properties and, hence, they may be used in many
applications.

We expect that this current overview will provide the readers with a unique
perspective on the rapidly evolving field of green composites as well as the potential
uses of cellulose as a high performance and functional material.

We are grateful to all the contributors of the book for their patience, hard work,
and willingness to share their cutting edge research work with the community.

Juan P. Hinestroza
Anil N. Netravali
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1
Cellulose-Nanofiber-Based Materials
Antonio Norio Nakagaito and Hiroyuki Yano

1.1
Introduction

Cellulose is the main constituent of the structural framework of the fibrous cell
wall in higher plants, and it is the most abundant polysaccharide in nature. As an
organic substance, a considerable fraction of the available carbon in the Earth is
sequestered in the cellulose molecules. Among the primary sources of cellulose is
wood, with the usual benefits that satisfy the current needs, as being a renewable,
sustainable, and carbon-neutral source of biofuels and monomers [1] in addition to
cellulose nanofibers. These nanofibers, mostly known as cellulose microfibrils by the
wood science community, are found embedded in a matrix of hemicelluloses and
lignin in the cell wall. The tubular cell wall structure comprises a helically wound
arrangement of cellulose microfibrils, nanofibers (4 nm× 4 nm) [2] consisting of
semicrystalline cellulose molecular chains parallel to their axes. In the crystalline
domains, the cellulose chains are arranged in a way such that each long molecule is
connected by hydrogen bonds to the neighboring chains forming a highly ordered
crystalline form. Every molecule of these chains is made of glucose rings joined
together without foldings, just as the benzene rings are joined in aramid. Even the
density and the modulus of the two materials are very similar [3]. The cellulose
microfibril possesses a Young’s modulus close to that of a perfect cellulose crystal,
138 GPa [4], and considering that the strength of a single kraft pulp fiber can reach
a tensile strength of 1.7 GPa [5], the estimated tensile strength lays well beyond
2 GPa. That is to say that we can easily find in nature a renewable equivalent of
a strong synthetic fiber currently used in aerospace and military applications. It
can be obtained from any cellulose source, be it trees, agricultural crops, or even
agricultural waste, and if combined with a proper bio-based matrix resin, it has the
potential to replace petroleum-based plastics.

This chapter does not intend to be a thorough review of the research activities
concerning cellulose nanocomposites, but just aims to introduce the reader to an
ebullient field that promises to bring alternatives to the oil-based materials that we
became so used to in the past century. More comprehensive surveys can be found
in recent review articles by Hubbe et al. [6], Siro and Plackett [7], and Moon et al. [8].
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4 1 Cellulose-Nanofiber-Based Materials

1.2
The Percolation and Entanglement Phenomena of Cellulose Nanofibers

The reinforcing effect of cellulose nanofibers was extensively studied during the
past decade, and as reviewed by Berglund [9], the research concentrated basically on
attempts to understand the cellulose microfibril or cellulose whisker reinforcement
mechanisms in film composites analyzed in the rubbery state.

The most probable first report on cellulose nanocomposites is attributed by
Berglund [9] to Boldizar et al. [10]. In 1987, the production of thermoplastics
reinforced with hydrolyzed pulp fibers was described. The embrittlement brought
by the hydrolytic treatment was intended as a means to facilitate the disintegration
of the original fiber into fibrillar entities, or nanofibers, suggesting the possibility
to exploit their unusually high modulus and strength values to make composites.
Prehydrolyzed cellulose was treated mechanically by a beater or a high-pressure
homogenizer, compounded with a thermoplastic matrix (PS (polystyrene)-latex, PP
(polypropylene)), and injection molded. The modulus of the composites increased
up to three times relative to the pure matrix at a 40 wt% cellulose content,
but the tensile strength practically did not change, and in some cases even
decreased. The achieved reinforcement was not as high as anticipated because of
the possible agglomeration of the fibrils resulting in a poor dispersion inside the
matrix. Notwithstanding, PVAC (polyvinyl acetate)-latex mixed with microfibrillated
cellulose (MFC) films prepared by casting method revealed the inherent stiffening
properties of cellulose microfibrils. Young’s modulus of PVAC was improved from
63 MPa to 1.6–2.9 GPa at a 40 wt% cellulose content.

Extensive works involving cellulose microfibrils and whiskers have been car-
ried out by researchers at the Centre de Recherches sur les Macromolécules
Végétales–Centre National de la Recherche Scientifique (CERMAV-CNRS), France.
In 1995, Favier et al. [11, 12] reported the production of polymer films reinforced
with cellulose whiskers extracted from sea animals, tunicates. Whiskers are very
thin single-crystal fibrils having a nearly perfect crystalline structure. An aqueous
suspension of latex obtained by copolymerization of styrene and butyl acrylate
was mixed with aqueous suspension of tunicin whiskers and the water was let
to evaporate slowly at room temperature. In this method, whiskers were well
dispersed throughout the composite. Films up to 6 wt% of cellulose exhibited
an increase in shear modulus in the rubbery state of more than two orders of
magnitude. Moreover, while the modulus of the matrix decreased with temper-
ature, the modulus of the composites remained constant up to the temperature
at which cellulose started to decompose. The unusually large reinforcing effect
was explained assuming that a strong interaction between whiskers occurs and is
governed by a percolation mechanism, forming a rigid network linked by hydrogen
bonds. Helbert et al. [13] used the same latex reinforced with whiskers extracted
from wheat straw. Water suspensions of latex and whiskers were mixed and freeze
dried and then hot pressed. Above the glass-transition temperature (Tg), a 30 wt%
whisker composite had a storage modulus of almost two orders of magnitude
higher than the matrix. The higher extent of reinforcement was again attributed to
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