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Preface

This book contains a brief overview of nanostructured materials for applications in
Engineering, including some of its interfaced and supporting areas. After the in-
troduction, it presents the general properties of nanomaterials, addressing special
phenomena and potentials properties, without going into too much scientific detail
of the physics and chemistry involved.

The next chapters present applications of nanostructured materials in the fol-
lowing fields: nanomagnetic materials, optoeletronic and ferroeletric applications,
energy applications, bio-applications, catalysis, nanoreinforcements for nanocom-
posite materials, applications in refractory materials, adsorbent applications and
use of natural and modified nanomaterials. For each application, it is described the
last developments of laboratorial and/or industrial activities, as well as the trends
in new materials and their technological processing.

We hope that the clear language and the application-oriented perspective are
suitable for both engineers and students that want to discover the fascinating field
of nanostructured materials.

31% of January 2011 Porto Alegre
Brazil C.P. Bergmann
M. Jung de Andrade
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1 Introduction

Carlos Pérez Bergmann

Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil
E-mail: bergmann@ufrgs.br

The present book entitled Nanostructured Materials for Engineering Applications
is a part of the multidisciplinary series Engineering Materials.

Nanostructured Materials for Engineering Applications is composed of ten
chapters that give a brief introduction to the different engineering applications of
nanostructured materials. It addresses the latest developments in the field without
going into too much scientific detail of the physics and chemistry involved, which
will make the reading more interesting, motivating professionals and students in
the field.

In the first chapter, the reader will learn about the phenomena involved with the
properties of nanomaterials. In the following chapters nanostructured materials for
different applications in Engineering are described, such as those used in Magnetic
applications, Opto-electronic and Ferroelectric applications, Energy, Bio-
applications, Catalysis, Nanoreinforcement for Nanocomposite materials, Refrac-
tory Materials, Adsorbent applications, as well as the use of Natural Modified
Nanomaterials. The nanostructured materials used in the field and their process-
ing, besides some practical examples of their use in laboratories and/or industry
are described.

The clear language and the application-oriented perspective, in which the book
is written, make it suitable for both engineers and students who want to discover
the fascinating field of applications of nanostructured materials.

Some of the questions the reader might be asking himself are:

What are nanomaterials and nanostructured materials?
According to ISO TC 229: “Nanotechnology Standardization in the field of
nanotechnology includes either or both of the following:

1. Understanding and control of matter and processes at the nanoscale, typically,
but not exclusively, below 100 nanometers in one or more dimensions where the
onset of size-dependent phenomena usually enables novel applications.
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2. Utilizing the properties of nanoscale materials that differ from the properties of
individual atoms, molecules, and bulk matter, to create improved materials,
devices, and systems that exploit these new properties.”

Thus, whenever one of its dimensions is below 100 nm, it is considered a nanoma-
terial, while whenever one of the constituents of the structure of the material has a
dimension below 100 nm, it could be considered a nanostructured material.

What would be considered a Nanostructured Material for Engineering
Applications?

As nanostructured materials for engineering applications we consider all struc-
tural and functional materials with specific engineering properties. Some impor-
tant engineering properties are magnetism, strength, impact resistance, electrical
and thermal conductivities, thermal expansion and high temperature resistance,
among others. Consequently, this includes all nanostructured metals, polymers,
ceramics and composites to create a range of products, from computer chips and
aircraft wings to fuel cells and artificial organs.

To understand the correlation between the structure and properties of these ma-
terials of technological interest, one must "think small": understand these materials
from their atomic structure / their crystal and cluster formation of atoms / their
ions with organizational periodicity on a dimensional level unimaginably small,
between 10 m and 107" m.

For applications in engineering, as a rule, one must consider the magnitude of
the dimensional components normally used in devices and pieces of equipment or
facilities for their technological use. Therefore, it is necessary to "think macro-
scopically”, that is, to think about the macrostructure of the material for its proper-
ties of interest, stemming from the nanostructure, to obtain the desired function. In
this context, the large dimensional distance between the nano- and macro-structure
is established, which must be traversed for the successful use of nanostructured
materials in engineering.

Is it safe to work with Nanostructured Materials for Engineering Applications?

Along this book, the reader will realize that the exponential growth of nano-
technology has enabled a great variety of “nanoproducts” to already reach the
market. Engineering applications, transformation in chemical industries, medical
products, agribusiness, electronics, defense and energy are some of the recipients
of this technology.

However, it is important to outline that the regulations for nanomaterials are
still in discussion and have not accompanied their advancement into the market.
According to a recent study of the world stage in terms of regulation of “nanopro-
ducts”, U.S.A., Canada, Japan and the E.U. are more advanced [1]. Each new
technology that is inserted in the market always needs a technical evaluation of
risk/security that depends on the innovation of the technique or materials used. It
is important to prevent possible risks during the different stages (production, use
and degradation) of the product in order to guarantee the security of the human
health and of the environment. Thus, technical know-how, weighing options and
good sense are required whenever working/dealing with nanotechnology.
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The potential offered by nanotechnology and its new and innovative applica-
tions are attracting increasing interest from various sectors, both academic and in-
dustrial. The removal of obstacles to the use of nanotechnology, enabling products
based on nanostructured materials to be available soon to society, will take place
as advances occur in the interaction between industry, research centers and the de-
velopment of human resources. It is, therefore, essential to exchange information
and experiences in the related areas. It is in this context that this book must be
included.

Reference

[1] www.nanotech.law.asu.edu Accessed November 2010
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Antonio Gomes Souza Filho' and Solange Binotto Fagan®

! Departamento de Fisica, Universidade Federal do Ceara, P.O. Box 6030, 60455-900,
Fortaleza-CE, Brazil

2 Area de Ciéncias Tecnoldgicas, Centro Universitario Franciscano - UNIFRA, 97010-032,
Santa Maria-RS, Brazil
E-mail: agsf@fisica.ufc.br, solange.fagan@gmail.com

Abstract. In this chapter we introduce some basic physical properties of nanoma-
terials compared with their bulk counterparts by using some particular nanostruc-
tured materials as model. The role of surface atoms and the quantum-induced
effects in nanoscale materials are discussed. The notable electronic properties of
nanosystems are also presented with emphasis given to the carbon nanotubes. We
also evaluate the vibrational properties of nanomaterials and how these properties
can be used for characterizing nanomaterials thus obtaining information about
size, disorder, and morphology. The size-induced magnetic and ferroelectric
properties of nanomaterials are also highlighted.

Keywords: nanomaterials, quantum effects, surface atoms, electronic properties,
vibrational properties, magnetic properties.

2.1 Introduction

The new and remarkable properties of nanomaterials will influence the modern
society in many aspects. Nanosized materials would not be so interesting and,
both, nanoscience and nanotechnology would not be so attractive and exciting
fields if nanosystems would behave like their bulk counterparts. The era of dealing
with tiny objects has been gaining momentum in the past few years because of the
industrial progress, the scientific ability to fabricate, model and manipulate things
with a small numbers of atoms, and the almost daily discovery of novel
size-induced phenomena.

The origin of the size-induced properties in nanomaterials depends basically on
the surface phenomena (extrinsic contribution) and quantum confinement effects
(intrinsic contribution). The surface to volume ratio increases rapidly when parti-
cle size decreases. A very simple model can be used for understanding this effect.
Let us consider a spherical particle. The surface area (7rD2) to volume (7[D3/6)
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ratio is readily evaluated as being proportional to D (D is the nanoparticle diame-
ter). The atoms at the surface have different properties because they present an
asymmetric interaction, i.e., in one side they have atoms for interacting but these
interactions are missing towards the external surface. The same happens with bulk
materials but it is not relevant because in bulk the number of atoms at the surface
is considerably smaller than that at the volume. This asymmetry is responsible for
phenomena at the surface such as lattice distortion which is needed for accommo-
dating the interacting forces and keeping the total energy as lowest as possible
because the surface atoms are of higher energy than those of the bulk. This ac-
commodation of the system has a consequence on its properties, i.e., they exhibit a
gradient near the surface which is relevant up to a critical length /.. The size of this
critical length depends on the potential interaction between the constituents of the
nanoparticles and determines two regimes for bulk and surface-based properties of
the nanoparticles, i.e., for D >> [. (D << [.) the properties of the nanoparticles are
mainly determined by the bulk (surface) properties [1].

When a given material has, at least, one dimension being reduced to nanoscale
the electronic wavevectors becomes quantized and the system exhibits discrete en-
ergy levels. The relevant length scale is the de Broglie wavelength, Ay, of an elec-
tron in one particular direction: if the dimension of the system in one dimension is
lower than Agg we call it a two-dimensional (2D) system. Graphene, one atom
thick layer exfoliated from graphite, is a very good example of a 2D system as
well as semiconductor superlattices. One-dimensional (1D) system is obtained
when two dimensions are lower than A4 values; nanowires and nanotubes belong
to this category. Special is the case of the so-called quantum dots whose all three
dimensions are lower than Ay and we name these as OD systems. Their energy
spectra are discrete and the system can be viewed as an artificial atom.

In the following sections we discuss some physical properties of the nanomaterials
focusing briefly on the size-induced effects which serve as fundamental basis for un-
derstanding the applications and phenomena discussed in the next Chapters. For those
interested in getting more deep into the subject, excellent textbooks are available [1].

2.2 Properties

2.2.1 Structure and Morphology

When going from a bulk material to a nanocrystal, the structure is affected thus
leading to changes in lattice parameters and consequently the possibility of having
new phases associated with the residual strain on the particles arises. This phe-
nomenon has been observed for many materials either for spherical particles or
thin films. X-ray diffraction technique is one of the most used techniques for
evaluating structural properties of nanomaterials. In general, the diffraction pattern
of crystalline nanoscale materials exhibit broadened and shifted peaks as com-
pared to bulk and these changes are associated with both size and strain.

The effects of size and strain on the broadening of X-ray diffraction peaks in
nanocrystals can be separated by constructing the so-called Williamson-Hall plots.
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The full width half maximum B, can be written as originating from the
broadening due to size B, plus the contribution from strain By, as follows [3]

4Ad sin 0 kA 2.1
=0 .+, =—+ s .
ﬁmml ﬂ.\rmm ﬂ.me d cos 6 D COSQ

where Ad is the difference of d spacing corresponding to a given diffraction peak.
In this model, the Scherrer constant k (in general assumed as 0.9 for spherical par-
ticles) is related to the shape of the nanocrystals, A is the X-ray wavelength, and D
is the average diffracted volume which is related to the nanocrystal size. The sec-
ond term in equation 2.1 is the standard Scherrer’s model which is often solely
used for evaluating the average crystal size. This is a good approximation only
when the contribution of microstrain to the line broadening is negligible.

The first term in equation is related to microstrain which is defined as being the

deviation of plane distance relative to their mean value, i.e. Ad / d . By construct-

ing a plot of By cos 6 vs 4 sin @ one obtains a line,whereby the intercept is
related to inverse of crystal size and the slope yields the strain [1].

The role of reduced coordination of surface atoms on the nanocrystals is clearly
unveiled in the structural properties. The main effect is lattice contraction by up to
3% as show in Figure 2.1 for some metallic nanocrystals [2]. The lattice contrac-
tion has been discussed in terms of a pressure which arises from the residual stress
by using the Laplace’s law which reads [4]

ap=27 2.2)
D

where D is diameter of a liquid droplet and 7 is the surface tension. For solid mate-
rials, the theory has been adapted and the strain can be expressed in terms of com-
pressibility k of bulk phase and surface tension 7. Following Wulff’s theorem [5]
the deviation of lattice parameter can be written as

—=——" 2.3)

By assuming that ¥ does not change as size is reduced, the parameter Yy can be es-
timated using the Aa/a vs. D' plot. Even a small change in size can lead to strain
at GPa levels which is enough for stabilizing high pressure phase at ambient pres-
sure. It was estimated an internal stress of 2.5 GPa for 40 nm BaTiO; nanocrystals
[6]. In thin films, similar properties are observed but in this case is the substrate
strain due to lattice mismatch which promotes the thin film to be highly stressed
such as observed for the ferroelectric PbTiO; [7]. By comparing the Raman fre-
quencies observed in the thin film with those observed for bulk at high pressure, it
was possible to estimate that a 92 nm thick PbTiO; film has 1.7 GPa of strain.
Other mechanisms are behind the lattice parameter changes in nanocrystals. For
example, in case of CeQ; it is observed as a lattice expansion when the nanocrys-
tals size decreases and the phenomena have been identified as being due to the
presence of oxygen vacancies [8].
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Fig. 2.1. Lattice contraction observed in metallic nanocrystals with fcc structure [2].



2 Nanomaterials Properties 9

Morphology is another degree of freedom that can be used for tuning the
nanomaterials properties. Up to date, researchers have been able to grow, using
different techniques, a variety of morphologies with a very good control leading to
obtain nanostructured materials with high degree of quality in both phase and
morphology. Zinc oxide is a good example for illustrating the spectacular variety
of morphologies with which a material can be prepared as seen in Figure 2.2. All
the morphologies have the same wurtzite crystal structure. The different mor-
phologies are formed as a result of the delicate balance between the energy from
the polar charges, surface area, and elastic deformation. The mechanism responsi-
ble for such variety of forms is based on different growth rate along the three fast-
est growth directions and the polar surface ghenomena which leads to a positive
face due to Zn** and a negative face due to O™ [9].

f”' ‘!’i'“'!‘: l:."\'f‘;is”" NI

: AL A

Fig. 2.2. Spectacular set of different morphologies observed in ZnO structures [9].

2.2.2 Electronic and Optical Properties

The electronic properties of a nanomaterial can be understood in terms of the elec-
tronic properties of the bulk. In the low-dimensional system, the electronic wave-
functions are constrained by quantum effects in the nanoscale directions. If the
nanostructure has the same crystal structure as the bulk counterpart, the electronic
states of the low-dimensional system is simply a subset of the electronic states
of the bulk phase. Therefore, the wave vector components in the nanoscale direc-
tions can only take discrete values so that the wave vector components become
quantized.
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Electrons likewise behave quite differently in systems of different dimensional-
ity. The electronic density of states g(E) (defined as the number of states with en-
ergy between E and E+dE) profiles for 3D, 2D, 1D and 0D systems are very
different, as shown in Figure 2.3. The g(E) profile is crucial for many physical
properties such as optical transitions and transport properties. In general the g(E)
can be represented as

0 o forE<Ej

a2 (2.4)
C(E-E))* forE>E;

g(E)=
where d denotes the dimension and it assumes the values 1, 2, and 3, respectively,

2
for 1D, 2D and 3D t C i i b m ' m d
or , an systems. is given by | —— | , |[—5 [an
21h’ /B

3/2
(%) for 1D, 2D and 3D systems, respectively, where m is the electron
&7"h

mass and 71 is the Planck s constant over 27. E; can be considered as a critical en-
ergy in the density of states [1]. For a 3D system E; might correspond to an energy
threshold for the onset of optical transitions, or a band gap energy E, in a semi-
conductor. In 2D system such as quantum wells the E; spectrum correspond to
different band edge energy which arise from the confined states in one given di-
mension. For a 1D system, E; would correspond to a van Hove singularity in the
density of states occurring at each sub-band edge, where the magnitude of the
electronic density of states becomes very large. In case of 0D systems the levels
are completely discrete thus resembling a molecular system. In Figure 2.3 we
show the g(E) profiles for different dimensionalities.
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Fig. 2.3. Density of electronic state profiles for different dimensionality.

One of the most remarkable size-induced phenomena in nanoscale is the elec-
tronic behavior of the carbon nanotubes which we used here as a model system for
illustrating size-induced effects.
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Carbon nanotubes are one-dimensional materials, with cylindrical structures
formed by tri-coordinated carbon atoms as schematically shown in Figure 2.4(a).
These systems exhibit axial symmetry and spiral conformation or chirality [1]
which is defined by the angle 0 in Figure 2.4(b). Carbon nanotubes can be multi-
wall (MWCNT) or single-wall (SWCNT) depending on the number of graphene
sheets that are rolled up. The structure of the nanotubes is in first approximation
understood in terms of the graphene strip as shown in Figure 2.4(b) where the
points O and A are equivalent and define the circumference of the tube. These
points are connected by a vector Cy, = na; + ma,, where a; and a, are unit vectors
for the graphene hexagonal lattice and n and m are arbitrary integer numbers that
will fully define the nanotube structure. The translational symmetry is defined by
the B and B~ which are crystalographically equivalent to O and A, respectively,
and connected by a translational symmetry vector.

Depending on the chiral vector (Cy), a SWCNT can have three basic geome-
tries based on the orientation of hexagons relative to nanotubes axis: (i) armchair
with 6 = 30° (n = m); (ii) zigzag with 8=0° (n # 0, m = 0) and (iii) chiral with 0° <
0 < 30° (n # m and m # 0) [10]. In Figure 2.4(c) we illustrate the three kinds of
nanotubes according to their symmetry, the so called chiral (11,5) and achiral
(16,0) and (8,8) which are named zigzag and armchair, respectively.

(16,0j-

—_
©
©

=

=
—
&)
2

Fig. 2.4. (a) Schematic diagram showing how a carbon nanotube is conceptually built start-
ing from a graphene strip. (b) The chiral vector Cp=na;+ma, definition in terms of basis
vectors for the hexagonal lattice. In this case n=4 e m=2. (c) Carbon nanotubes with 6=0°
(16,0) 6=30° (8,8) and 6=19.0° (11,5) [10].
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Carbon nanotubes are not a planar hexagonal carbon structure and the resulting
sp” hybridization of the carbon atoms is not perfect, since the directions of orbitals
suffer distortions due to the curvature effects of the surface of the tube. The result-
ing hybridization is spM’ (with 0 <& <1), leading to new electronic properties. The
boundary conditions around the circumference lead to quantization of the elec-
tronic states in this direction while the wavector value along the nanotube axis is
in continuous states as expected for 1D systems.

Carbon nanotubes have a unique relationship between their geometries and
their electronic properties. Due to the symmetry of graphene sheet and by impos-
ing the quantization of the wave-vector along the circumferential direction, a very
simple rule based only on structure is obtained for classifying nanotubes regarding
their conductive behavior. If n — m is multiple of 3 the nanotube is metallic,
otherwise it is semiconducting [10].

The density of electronic state for a semiconducting and a metallic nanotube is
shown in Figure 2.5. The electronic transitions between van Hove singularities in
the valence and conduction bands are very strong and named as E; (i=1,2,3 ...)
and optical and transport properties strongly depend on these resonant states. In
the case of semiconducting nanotubes the first transition E;, is identified as the
gap and it roughly depends on the tube diameter d, as E;;~ d,”. The departure from
this scale law is due to chirality effects [11]. This simple picture discussed above
does not take into account the curvature effects which change this picture
especially for nanotubes with diameters below 1 nm.

Semiconducting Metallic
(a) (b) T[‘ \
E;(c) ‘nt Es(c) -
1
E4(c) Elaser ™~ E11:
- 1
o R Fermi ]
-2 level [ T : .
= 1
Eq(v) :
1
EE(V) E,(V)
Density of States Density of States

Fig. 2.5. Density of electronic states for a semiconducting (a) and a metallic nanotube (b).
The Fermi level is illustrated by the dashed horizontal line which separates the occupied 1
and unoccupied 7 states.
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The optical properties of carbon nanotubes are special and when they are indi-
vidualized is possible to measure well-resolved excitation-emission optical maps
and associate each peak to a given (n,m) semiconducting carbon nanotubes. The
nanotubes are individualized using wrapping molecules such as surfactants [12].
The absorption and emission are very strong due to the van Hove singularities in
the density of electronic states. The accepted mechanism involved in the observed
optical phenomena in nanotubes is described by considering the excitonic effects
[13]. The emission wavelength depends on the effective dielectric constant of en-
vironment and this property has been used for making ultra-sensitive optical sen-
sors [14]. The photoluminescence is so strong that it is possible to observe and
control its intensity stepwise as the nanotubes undergo a chemical reaction [15].
Carbon nanoribbons are also considered 1D and their gap scales approximately as
the inverse of ribbon width, Eg,,P~W1.

The band gap in semiconducting nanocrystals such as CdS is strongly depend-
ent on size which is a good example for illustrating the size-induced properties.
The band gap in quantum dots is approximately described by a D dependence in
analogy with the standard problem of a particle in a box.

Metallic nanoparticles are very important in nanotechnology as they exhibits
interesting physical properties which have found applications in different fields
varying from optics to catalysis. The nearly free conduction electrons in these par-
ticles undergo collective excitation called plasmon resonances which play a major
role on the optics of these systems. The plasmon energy is strongly dependent on
the size and shape of the nanoparticles and has been used as the fingerprint of
metallic nanoparticles [1].

2.2.3 Vibrational Properties

Vibrational properties are considerably affected by the size reduction and these
size-induced phenomena have been exploited for accessing nanomaterials proper-
ties such as particle size, morphology, disorder, etc. In particular, Raman spectros-
copy has been one of the most used techniques for measuring vibrational
properties of different nanomaterials. Raman spectroscopy is based on the inelas-
tic light scattering by the lattice vibrations (phonons) and in bulk materials the
scattering obeys the momentum selection rule which states that only q ~ 0 (q is the
phonon wavevector) is allowed.

In the case of a nanocrystal, the q ~ 0 wavevector selection rule is breakdown
because of uncertainty principle and broad and asymmetric modes are observed
because phonons belonging to the interior of the Brillouin zone q # 0 also contrib-
ute to the observed Raman profile. The peak profile of the nanocrystal depends
strongly on size and on the phonon dispersion relation of the bulk material. The
phonon confinement model predicts that the Raman profile can be described by
the following equation [16]:
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IC(@)I* d’q
w-o(q) +(T,/2)°

where T, is the line width of the Raman peak and Xq) is the phonon dispersion
curve for the bulk counterpart. The C(q) coefficient depends on the nanocrystal
morphology and carries information on the relevant size parameters as listed in
Table 2.1.

(2.5)
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Table 2.1. Fourier coefficients for different morphologies. [16]
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The experimental Raman profile is fit to the above equations and the relevant
dimensions are determined using Raman spectroscopy. The values found using
this technique for several systems are in good agreement with those obtained by
direct methods such as transmission electron microscopy.

In Figure 2.6 we show how the frequency of the vibrational mode in CeO,
nanocrystal can be correlated with the particle average size [17]. This technique is
interesting because it probes a very large number of nanoparticles (the laser spot is
about 1um) thus allowing one to measure a representative distribution of the
nanocrystal size present in the sample.
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Fig. 2.6. Diameter dependence of Raman mode for CeO, nanocrystal [17].

2.2.4 Magnetic Properties

Magnetic properties are very important for technology and can be exploited in
many aspects ranging from recording to drug delivery systems. The size induced
phenomena properties is one of the most striking phenomena of the mater at the
nanoscale and clearly show how the surface atom coordination play the major role.

The magnetic properties come from a genuine quantum effect related to spin in-
teraction. The exchange interaction force is so strong below the critical Curie
temperature, Tc, that the material experiences a magnetization alignment even
when the external magnetic field is zero. Below T the magnetic moments experi-
ences a long range order and they tend to align in a given direction resulting in a
net magnetization. In practice, the net magnetization is null for almost all materi-
als because they are composed of magnetized regions called domains and these
domains have a random distribution of magnetization direction.

The materials can be grouped into ferromagnetic, ferrimagnetic, anti-
ferromagnetic and paramagnetic. Each group has a different behavior when a mag-
netic field is applied. A ferromagnetic material is characterized by the alignment of
the magnetic moments leading to a spontaneous magnetization even in the absence of
an external magnetic field. The anti-ferromagnetic and ferrimagnetic states arise
when the magnetic moments arrangement consist of two lattices with magnetic
alignment in opposite directions. In the anti-ferromagnetism these lattices has exactly
the same magnetization values and the total magnetization is zero while for
ferrimagnetic the lattices have different magnetization values thus resulting in a net
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magnetization. The paramagnetic states are characterized by the alignment of
the magnetic moments when an external field is applied.

The main physical quantity that is usually measured in magnetism is the
magnetic susceptibility which couple the external magnetic field H with the
magnetization M, i.e., M=yH. The "' scales with T being written as

T-6
Ty=—=, 2.6
x (T) c (2.6)

where C is the Curie constant which is related to the effective atomic magnetic
moment. Above the critical temperature, the sign of 6 defines the magnetic order
alignment for T > T¢ The Curie paramagnetism is defined for 8 = 0 and Curie-
Weiss paramagnetism for 6 > 0. The anti-ferromagnetic alignment is obtained for
0 < 0 where the critical temperature is named Neel temperature Ty. These
properties are observed for bulk materials.

Small magnetic particles exhibit unique phenomena such as quantum tunnelling
of magnetization and superparamagnetism. The former phenomenon is observed
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Fig. 2.7. Diameter dependence of coercive field as proposed by Herzer [19].
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in molecular magnets and it is not discussed in this chapter. Superparamagnetism
is the main phenomena observed at the nanoscale. When going from a bulk
ferromagnetic material to a nanoparticle, the typical hysteresis curve disappears
and the system enters in a regime whereby large reversible magnetization is ob-
served. It should be pointed out that the superparamagnetism has been observed
below 4K for metal nanoparticles (average size of 2.5 nm) that usually are not
magnetic in bulk form such as gold and palladium. The temperature at which the
hysteresis loop disappears is called the blocking temperature. By decreasing the
size, the energy needed for rotating the magnetization out of the easy direction is
reduced (the so called anisotropy energy) and when it becomes lower than kT the
superparamagnetism phenomena arises.

The size dependence of coercive field Hc was described by Herzer [19] which
is schematically shown in Figure 2.7. The critical diameter d., is the critical
exchange length L., which defines the limit for multi-domain (d > d.;) and single
domain (d < d.) configuration. The region below critical diameter d., defines the
superparamagnetic regime. Experimental results on nanocrystalline alloys confirm
the diameter dependence shown in Figure 2.7 [19].

Magnetic nanocomposites are important systems for applications. These sys-
tems consist of magnetic particles dispersed into non-magnetic matrices such as a
porous vycor glass (PVG). It has been shown that Fe,O; nanoparticles dispersed
into PVG exhibit a superparamagnetic behavior. The zero field cooling (ZFC)
curve of a non-interacting system constituted by single domain nanoparticles can
be calculated considering the distribution of particle volumes (f{(V)) as

Vy (T)

MqH 1 ij(V)dv 2.7)

3k,

My (HT) _M{H 1
M, 3K

j F(V)AV +

V (T)

where Q= IVf (V)dV | v(T) = 25ksTIK, H is the applied field, M SC is the satu-
0

ration magnetization of the nanoparticle, kg is the Boltzmann constant, K is a
parameter that accounts for the effective anisotropy of the nanoparticles, My is
the sample saturation magnetization, and T is the absolute temperature [20,21].
The first term in Equation 2.7 comes from the blocked particle contributions while
the second comes from the superparamagnetic ones. The field cooling (FC) mag-
netization curve can be calculated by using an expression similar to Equation 2.7
[20]. The ZFC and FC curves of the samples can be studied by considering a log-

normal distribution of volumes, M SC = 420 emu/cm’ (bulk value), and using the

value of K = 5.9x10° erg/cm3 [22]. Figure 2.8 shows the calculated magnetization
curves for ZFC and FC for different samples as solid and dotted lines, respectively.
As can be seen in Figure 2.8, The ZFC curves are well described by the super-
paramagnetic behavior, even for the sample with a large number of IDC, thus sug-
gesting that particle agglomeration is not significant in such samples. The average
particle size D increases with the increasing number of IDC (impregnation de-
composition cycles used in the sample preparation [23]) in agreement with the
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analysis by Transmission Electron Microscopy (TEM) [23]. For y-Fe,O;/PVG

with 8 IDC, the D determined by TEM and magnetic analysis show great agree-
ment and was found to be around 5.2 nm.
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¢« 6IDC
0.0012 fs % +# 8IDC
LR ° 10 IDC
:.. . "'c.h FC Calculated
= o o —— ZFC Calculated
5 0.0008 %
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Fig. 2.8. Temperature dependence of the ZFC solid lines and FC dotted lines magnetization
curves for y-Fe,O3 /PVG with different numbers of IDC [23].

2.2.5 Ferroelectric Properties

Ferroelectricity phenomenon is very important in fundamental science and appli-
cations as well. It is a cooperative phenomenon associated with a spontaneous
electric polarization moment which arises from structural distortions in the crystal
lattice. Similar to ferromagnetism, the spontaneous alignment of electric
dipoles happens below a critical temperature T, and it happens along with a struc-
tural phase transition. This critical temperature depends on particle size as shown
for PbTiO; particles by Ishikawa et al [24] (see Figure 2.9). The T¢
experimental data was adjusted with the following equation

Tk _
T.(D)=—+*—— 2.8
c(D) DD, 28)

where D is the Earticle size, @ is a fitting parameter, Dy is the particle size for
Te=0 K, and Tc™* is the ferroelectric-paraelectric transition temperature in bulk
[25]. Following this model, below the critical diameter where the polarization
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vanishes is called superparaelectricity regime in analogy to superparamagnetism.
The critical size for PbTiO3, Bi4Ti30,,, and PbZr(3Tig;05 is 9.1nm, 44 nm, and 13
nm, respectively [24,27,28].
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Fig. 2.9. Particle size dependence of ferroelectric-paraelectric phase transition temperature
in PbTiO; nanoparticles [24].

The physical basis for polarization ceasing is discussed in terms of free energy cal-
culations. It has been shown that in introducing a polarization gradient for polarization
and a term related to surface in the free energy, the cubic (paraelectric phase) sym-
metry is preferred in detriment of tetragonal (ferroelectric phase) symmetry. Another
way of viewing this has to do with the role of surface atoms. The surface strain de-
creases Tc values at the surface layers and as the size decreases they dominate and the
whole particle become cubic. Addressing the superparaelectricity phenomenon is key
because of its applications.

2.3 Concluding Remarks

Some basic properties of nanomaterials were discussed and correlated with the
role played by the surface atoms and the quantum-induced effects (for both elec-
trons and phonons) in nanoscale when compared with their bulk counterparts. One
consequence of these effects are the structural and morphological properties that
change considerably when bulk structures goes to nanoparticles leading to changes
in lattice parameters and consequently the possibility of having new phases and
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morphologies. Quantum confinement is responsible for unique electronic proper-
ties of one-dimensional systems such as carbon nanotubes which can show
metallic or semiconductor behavior depending on the geometry. Fundamental
phenomena such as ferromagnetism and ferroelectricity are also strongly depend-
ent on size and the nanomaterials are allowing one to access fundamental physics
of these phenomena.
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Abstract. The dynamic development of technological civilization depends in-
creasingly on the development of materials engineering, which seeks non-
conventional materials when it comes to their physical, chemical and mechanical
properties. The search for new magnetic materials, e.g., brought with it the devel-
opment of metallic-based materials, such as iron, combined with unique nanocrys-
talline structures and properties that were never seen or had not yet been obtained.
This fact is reflected in research in this area, whose focus has changed from the
microcrystalline to the nanocrystalline size. Thus, its applications in the fields of
biomedicine, molecular biology, biochemistry, diagnosis, catalysis, and various
other industrial applications are increasingly being researched. These materials
can be used both as magnetic particles and as magnetic fluids. There are several
industrial applications of magnetic nanoparticles, such as magnetic seals in mo-
tors, magnetic inks for bank checks, magnetic recording media, among others.

Keywords: nanomagnetic particles, biomedicine applications, iron oxide.

3.1 Introduction

The need to obtain new technologies has stimulated the development of new mate-
rials, where properties can be controlled and even be substantially better than pre-
viously projected. In this regard, one of the main classes of materials is magnetic
materials with the strategic interest. At this juncture, the nanomagnetism is a spe-
cialty that deals with magnetic phenomena especially present in structures with
dimensions below the micrometer, i.e. nanometer (10'9 m). This is a field of
nanoscience with a rich and intriguing physics behind and at the same time, it is
intimately aligned with new technological challenges, which began with the
discovery of giant magnetoresistance effect [1].
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Currently, nanotechnology, in which scientists build tiny particles combining in-
organic and organic materials, is taking the boundary of the scientific field that
progresses at a frightening speed. Important advances in diagnosis, therapy, mo-
lecular biology and bioengineering are underway in biomedical nanotechnology. If
one hand is far the feasibility of building large part of nanodevices imagined, today
it is quite plausible the use of nano-drugs, such as those based on liposomes and
nanoparticles, for the placement and treatment of many diseases. These systems are
especially interesting if they are constructed from magnetic nanoparticles [2].

There are several industrial applications for magnetic nanoparticles such as
magnetic seals in engines, magnetic inks for bank checks, magnetic recording me-
dia for data storage, among others. With increased understanding and control of
nanomagnetic phenomena, several important applications have been proposed re-
cently, such as the production of ultra-strong permanent magnets, information
storage systems with high magnetic density, nano-biomagnetic sensors, electronics
based on electron spin, etc. [3].

The nanoscale size effects of confinement and/or surface are replaced by a
great influence on the properties of the system, which can have both positive and
negative consequences depending on the type of application [4]. One example is
the superparamagnetic regime that arises when the reduction in size of the
nanoparticles is sufficient for the magnetic moment that does not become stable in
the preferred magnetic axis during a typical measurement time [5,6]. For applica-
tions in recording media, this issue has been carefully addressed, because it
represents a limiting factor in even the smallest "bit" of information possible.
Moreover, the influence of magnetic interactions in these systems can also be
another limiting factor.

The search for new magnetic materials, such as iron, e.g., led the development
of metallic materials with a nanocrystalline structure and non-conventional prop-
erties. The process improvement in the control of production and characterization
of these systems make possible an excursion to a set of physical information of a
hitherto unknown world. This has entailed to numerous benefits, both in the tech-
nological field and in the development of understanding of phenomena involved in
this scale, which increases with the control degree of the fine structure of matter.

This chapter aims to provide information about recent developments and avail-
able nanomagnetic systems commonly studied (nanoparticles, thin films and
magnetic fluids) in the literature. Possible technological applications will be
addressed in the context of five particular groups:

1. Biomedicine

2. Magnetic Storage Media

3. Particle Separation by Magnetic Action
4. Nanosensors and Devices

5. Catalysts and Pigments
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3.2 Magnetic Nanoparticles Applications in Biomedicine

Excellent studies have been performed in numerous ways, such as in the biomedi-
cal applications of magnetic materials. In general, these applications involve the
administration inside the body (in vivo) and outside the body (in vitro). In vivo
applications can further be classified as therapeutic (drug delivery and hyperther-
mia) and diagnostic (nuclear magnetic resonance imaging), while applications in
vitro comprise essentially of diagnostics (separation / selection) [7]. Consequently,
there has been an increase in the number of scientific research aiming to develop,
characterize and improve nanomagnetic materials with drug delivery functions in-
side the human body, both in relation to surface functionalization of molecules
with high specificity and in relation to the best properties of the magnetic
particles.

These materials play an important role in modern technology since they find
applications in a wide range of industrial products and processes in various sec-
tors. These applications include permanent magnets which are used in door locks,
electric motors, electronic scales, sensors, etc. Iron oxides, or materials containing
it, are the basis for most of these applications. Consequently, iron oxides have re-
ceived increasing attention because of their extensive applications in magnetic
recording media, catalysts, pigments, sensors, electromagnetic and optical devices,
among others.

There is, therefore, a wide variety of properties that distinguish one magnetic
material from another for a given application. Among these properties, we can ob-
serve a variety of structures, generating polymorphic materials, in addition to,
other physical characteristics, like the magnetic character and chemical properties,
such as the bonds between atoms or ions, changes in particle size and the degree
of hydration. By definition, particles of superparamagnetic iron oxide are usually
classified according to a size below 10 nm of the particles, since the order of this
size is formed by mono-domain magnetic particle, causing an obstruction, then the
saturation magnetization, or that is, the complete pairing of the spins [8]. It is also
said that iron oxides as magnetic materials for biomedical applications are the sub-
ject of frequent investigations due to their superior biocompatibility compared
with other magnetic materials, both based on oxides or pure metals. There are sev-
eral types of iron oxides found in nature and which can be synthesized in the labo-
ratory, but presently maghemite (Fe,O;) and magnetite (Fe;O,) are able to meet
the requirements for biomedical applications.

These requirements include the attainment of high values of magnetic
moments, chemical stability under physiological conditions, low toxicity, not to
mention the possibility of low production cost of the material and the many avail-
able synthesis procedures for the preparation of these materials. The degree of
crystallinity, and dispersability in terms of the size and shape of nanoparticles are
critical parameters that affect their performance in the therapeutic and diagnostic
techniques such as MRI and hyperthermia. These parameters are strongly corre-
lated with the approach taken for their preparation. There are studies aiming to ap-
ply magnetic nanoparticles coated with powdered carbon structures. These
nanoparticles can be coated with carbon nanotubes, forming a sort of wrapper,
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because besides preserving the magnetic characteristics of nanoparticles, the
carbon can also bind to various substances such as metals, catalysts, polymers and
organic compounds. This feature allows, e.g., applications in medicine, with the
material carrying the active ingredients inside the body [8].

3.2.1 Drug Delivery

New discoveries about nanoparticles with magnetic properties are continually de-
veloping a promising field for applications in medicine and the pharmaceutical in-
dustry. Magnetic nanoparticles are being actively investigated in order to establish
the drug delivery generation. The systems for controlled release of drugs involve
different, multidisciplinary aspects and can contribute greatly to the advancement
of human health. These systems offer many advantages when compared to other
systems of conventional dosing [9].

Consequently, there has been an increase in the number of laboratories seeking
to develop, characterize and improve the nanomagnetic materials that are going to
be used as porters (drug molecules or simple magnetic moment) inside the human
body, both in regard to surface functionalization with molecules of high specifity,
and in relation to the best properties of the magnetic particles. Many studies are
also occurring in the field of nanoparticles to use these systems for drug delivery.
These are designed based on new strategies for the placement of active ingredi-
ents, which include important applications of polymer science and of surfactants
solutions and the preparation of colloidal species, administration of DNA vac-
cines, besides the use of transdermal techniques [9]. The potential for developing
systems for distributing drugs based on the use of nanoparticles is based on
significant advantages such as:

e The ability to target specific sites in the body without significant
immobilization of the bioactive species;

e Reduction in the amount of the drug (toxicity), since the target is estab-
lished and only this region will be affected with longer time spent in
circulation;

e Secure administration with a reduction of drug concentration (fewer
doses) in places that are not the primary target, but close to it, thus
minimizing side effects and inflammatory reactions;

e Enhanced therapeutic efficacy, with gradual and controlled release of
drug from the matrix degradation;

e Both hydrophilic and lipophilic substances can be incorporated;

e  Varied nature and composition of the vehicles and, contrary to what one
might expect, there is no predominance of mechanisms of instability and
decomposition of the drug (premature bio-inactivation).

The greatest disadvantage of most conventional chemotherapy for the treatment of
cancer, whose administration is intravenous, is its general systemic distribution
throughout the body. This technique results in several known side effects of che-
motherapy. These chemical drugs attack not only tumor cells but also healthy
cells. To overcome this disadvantage, some types of magnetic nanoparticles can
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be employed for this purpose. The particles loaded with drugs are sent to the
destination with the aid of an external source, like a magnet. These drugs are then
released into the desired area [10]. Figure 3.1 shows a scheme of the drug delivery
technique.
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Fig. 3.1. Scheme of the magnetic particles preparation used in the drug delivery technique.
Adapted from [10].

The use of such magnetic nanoparticles, however, depends largely on the proc-
esses of synthesis, so that then the best structural and magnetic characteristics and
conditions can be selected, such as particle size, homogeneity of the material ob-
tained, surface area and optimization of magnetic properties. The capacity to
increase the magnetization of these particles is beneficial for enabling the manipu-
lation of drug distribution. The nanoparticles should also be small enough to be
superparamagnetic, thus avoiding clumps after the cessation of external magnetic
field and that they remain in circulation without being removed by the body's
natural filters such as the liver or the immune system [11]. Crystalline, polymor-
phous iron oxides (Fe,O; and Fe;0,), such as hematite, maghemite, magnetite and
others are most frequently used as sources of magnetic materials [12]. However,
maghemite and magnetite are of greater interest to bioapplications [13]. Some
pure metals such as Fe and Co have been chosen as magnetic materials, since it is
not uncommon for them to present several advantages compared to iron oxides,
such as high saturation magnetization. However, Fe and Co prove to be more sus-
ceptible to oxidation in aqueous solutions and also present lack of compatibility
when compared to iron oxides.

The use of magnetite nanoparticles has been studied for applications in the de-
velopment of immunoassays, contrast agents for magnetic resonance imaging, tar-
get drug delivery vehicles (drug delivery), as well as magnetic hyperthermia,
where the superparamagnetic behavior of these nanoparticles, used for treatment



28 S. Da Dalt, P.C. Panta, and J.C. Toniolo

in fighting cancer cells, when exposed to an alternating magnetic field can be used
to heat the tumor cells to 41 °C and 45 °C, where the damage of normal tissue is
reversible, whereas the tumor cells are irreversibly damaged [14].

In these applications, the nanoparticles should exhibit superparamagnetic behav-
iour, because if there was any remnant magnetization, there could be an agglomera-
tion of particles, which should be avoided inside the body to prevent blockage of
blood vessels. Another alternative is the encapsulation of magnetic nanoparticles
with polymers, also used as drug delivery, in order to optimize the stability of the
nanoparticles against oxidation, as demonstrated in several examples [15,16].
Reshmi et al. reported the method of preparation of such materials using iron car-
bonyl and biodegradable polymers (cellulose acetate phthalate hydrogen) [17]. The
polymer helps in transporting and distributing the drug during its degradation [18].

3.2.2 Magnetic Hyperthermia

The use of hyperthermia in the treatment of malignant tumors is as old as medi-
cine itself. For example, Hippocrates, the father of medicine, proposed that the su-
perficial tumors (such as skin tumors) should be cauterized by the application of a
hot iron. Thus, it follows that magnetic hyperthermia is a therapeutic procedure
applied to provide an increase in temperature in a given region of the body that is
affected by a neoplasm. Once detected the presence of tumor cells through their
aggregation with magnetic particles, which act like tiny magnets, like red blood
cells in an attempt to trick the immune system, and causing them to vibrate by the
action of an external magnetic field to the body. Through this vibration the mag-
netic particles dissipate heat onto the tumor cells, causing lysis and death. Since
that there have been numerous publications describing a variety of systems using
different types of magnetic materials, different field strengths and frequencies and
different packaging and distribution methods of the particles [23].

The process of magnetothermocytolysis, which is defined by cell death due to
absorption of magnetically generated heat, is therefore an application within the
nano-biotechnological processes, because it leads to the destruction of specific
cancer cells without affecting normal cells from surrounding tissues, which is cur-
rently the biggest concern in radiation therapy, even when the most sophisticated
linear accelerators are used, due to the possibility of destroying healthy cells
surrounding the organ in treatment [19].

In more modern times, the magneto-induction of hyperthermia is one of the
commonly studied therapies for treating cancer, just like its advancement in its
most fragile points. In simplified form, this technique consists of exposing tumor
tissue to an alternating magnetic field. For magnetism, hyperthermia uses a mag-
netic field to place the ferromagnetic o-Fe,O; nanoparticles within the target re-
gion, keeping the field within a determined frequency for a specific length of time.
Currently, most of the nanoparticles used in hyperthermia are superparamagnetic
particles as long as these can generate more heat in smaller magnetic fields than
ferromagnetic nanoparticles [20].
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The magnetic field is not absorbed by living tissues and can be applied in deep
regions of the body. When magnetic particles are subjected to a varying magnetic
field, some heat is generated due to hysteresis loss. The amount of heat generated
depends on the nature of the magnetic material and the parameters of the magnetic
field established [20].

This heat manifests itself in the immediate surrounding diseased tissue where,
if temperatures can be maintained above the therapeutic threshold of 42 °C for 30
minutes or more, the cancer is destroyed. Cancer cells are destroyed at tempera-
tures above 43 °C, while normal cells can survive at higher temperatures. The heat
can be generated by applying an appropriate magnetic field. The size of the crys-
tals is submicrometric and these materials are not only biocompatible but also bio-
active, which could be useful for bone tumors [21]. Many studies with magnetic
particles for hyperthermia have been made in order to establish a therapeutic effect
on various types of tumors through experiments with animals [22], or with cancer
cell cultures [23].

3.2.3 Contrast for Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a technique that has the potential to scan
the human body based on the principle of magnetic resonance. Thus, to improve
the quality of the images of these scans, research is being done to develop new
contrast agents for nuclear magnetic resonance imaging. This way the use of these
new agents (magnetic fluids) is becoming routine and usually administered orally.
However, there are limitations to the available agents due to toxicity, tissue
absorption and their effectiveness.

As is known some research groups propose the use of acgaf as a contrast agent,
due to the effects of paramagnetic ions such as iron, cobalt and manganese con-
tained in the fruit pulp. With the first in vivo studies, there have already been good
results with regard to the uniformity of the signal, besides the benefits of the in-
gestion of a natural fruit with practically no toxic effects on the human body [19].

For the use of contrast, there should be a clinically reliable process, i.e., there is
need for study and development of clinical instruments used to measure the de-
sired properties, thus ensuring the quality of the material in question. The route of
the material also needs to be known, i.e. the path from intake to disposal, to
see how the ingested particles are eliminated by the body. For this it is necessary
to be able to measure in terms of three-dimensional location, concentration and
magnetic stability [19].

Recently, developments in magnetic resonance have allowed in vivo images
with microscopic resolution. The visualization and control of stem cells is also
possible through magnetic resonance by tagging cells magnetically [24]. Magnetic
nanoparticles have been used for in vivo imaging through magnetic resonance im-
aging (MRI) as contrast agents for molecular and cellular imaging [25,26].
Superparamegnetic magnetite is used in these procedures as an agent that differen-
tiates between healthy and pathological tissues. However, these superparamag-
netic particles are usually coated with a layer of polysaccharides to ensure
colloidal stability [27].
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The most commonly used contrast agent consisting of superparamagnetic, iron
oxide nanoparticles, is Feridex IV, manufactured by Advanced Magnetics Inc [28]
which is used to scan both the liver and some vesicular disturbance. The magnetic
particles coated with polymers have been successfully developed by Song and col-
leagues [29]. Along with the features described above, there is interest in making
these MRI agents able to provide enough heat to destroy malignant tissue, besides
their function as contrast agent, whenever a low frequency alternating magnetic
field is applied to them. Consequently, based on this same material composed of
magnetic nanoparticles and a modified MR machine, alternating fields would be
used, not only for diagnosis but also for therapy of the patient in one single
session, facilitating treatment.

3.2.4 Ferrofluids

The so-called magnetic fluids or liquids occur in the form of colloidal suspension,
which are attracted in a magnetic field generated by magnets. This suspension,
called magnetic fluid or ferrofluid, comprises suspended magnetic particles of
about 10 nm in a suitable liquid carrier [30]. Due to thermal agitation, the particles
remain suspended since a repulsive force occurs between them that keeps the dis-
tance between them. Such suspensions should be stable over time when it comes
to superparamagnetic nanoparticles, even when subjected to magnetic forces [19].
The principle of operation of ferrofluids in human tissues occurs based on a mag-
net with a considerably strong magnetic field placed near the tumor. The magnetic
nanoparticles are injected into the vein and attracted by the Earth's magnetic field.
When they arrive at the tumor they are absorbed by the tumor cells and the drug is
administered. The substance that surrounds the nucleus has an affinity with the tis-
sue of interest. The nanoparticles are coupled to antibodies, which are the only
cells capable of recognizing tumors. The tumor cells have different receptors from
healthy ones. The antibodies attach themselves to the tumor receptors and are
absorbed by the tumor. And with them the nanoparticles carry the drug.

The use of magnetite in ferrofluids was originally proposed for high perform-
ance seals in space applications. Ferrofluids require superparamagnetic, nanome-
ter-sized particles dispersed in aqueous or organic mediums. A ferrofluid has no
magnetic moment, except when under the influence of an applied field. An exter-
nal magnet is, therefore, able to trap the fluid in a specific location to act as a seal.
Ferrofluids are currently used in computer disk sealing units, and in vibrating
environments in place of conventional seals. Another application of magnetic flu-
ids is given by the containment of oil spills at sea with the use magnetic barriers. It
can also be used for sealing cracks in tanks containing potentially hazardous mate-
rials, the separation of various materials (waste and oil), for positioning abdominal
organs during surgery and the development of smart shock absorbers [19].

3.3 Magnetic Storage Media

Formerly very fine, iron oxide particles, sometimes with the addition of cobalt,
were used as permanent magnets of recording discs. Today, most computer disks
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are made of metal films, usually cobalt-based alloys, less than a 100 nm thick
[31]. Currently, new technologies have emerged such as active heads, which gen-
erally are based on the change of electrical resistivity of some materials in the
presence of magnetic fields (magneto resistance). Since it was recently noted that
this technology is much more potent in certain nanomaterials than in conventional
materials, this property was named "giant magneto resistance". Among such mate-
rials are complex structures of very thin films and granular materials consisting of
nanoscale magnetic particles immersed in base metals (Cu, Au and Ag) [30].

When data storage is concerned, the particles should be stable, the switchable
magnetic state should not be affected by temperature fluctuations. For optimum
performance in recording, the particles must have inherent characteristics: high
coercivity, high remanence, resistance to corrosion, friction and temperature
changes. Maghemite is useful in data recording and storage applications because
of its physical and chemical stability. Often it is doped or coated with
cobalt (1-5%) area in order to improve its coercivity and its storage capacity [30].

The coated nanoparticles have higher thermal stability than their doped
counterparts and have uniaxial magnetic anisotropy. As a result, the particles of
cobalt-modified maghemite are predominantly intended for use in video tapes, au-
dio tapes and magnetic disks. Maghemite nanoparticles embedded in a nonmag-
netic matrix also exhibit giant magnetoresistance, which is a decrease in resistance
due to an applied magnetic field, and is useful in magnetic recording heads and
sensor elements in magnetometers. With the continuous progress of technology
and market requirements, the demand has increased for further miniaturization of
memory devices, and along with it, the increase of information that can be stored
on a hard disk. Put differently, the aim is to increase storage capacity (amount of
information stored per unit area). The goal is to further reduce the bit size, i.e., to
achieve the nanometer scale, to further increase the density of information storage
capacity [32].

A promising study for the concept of magnetic recording and reading of data is
based on the control of some properties of the electron. This has happened because
of the discovery of "giant magneto resistance", which controls another property,
the spin. With this, several models have emerged based on the properties of elec-
trical currents with electrons that have only one direction of spin. This new tech-
nology is known as "electron spin", or "spintronics". There are already models of
transistors and even commercial non-volatile memories using this technology [30].

3.3.1 Giant Magnetoresistance and Giant Magneto Impedance

Giant magnetoresistance (GMR) and giant magneto impedance (GMI) have been
observed and studied intensively during the last decade [1,33]. One of the most
important new phenomena is giant magneto resistance, observed in multilayers of
certain magnetic films interspersed with non-magnetic metal films. For certain
thicknesses of the non-magnetic films, in the order of 1 nm, the resistance of the
system varies greatly with the magnetic field applied on it. This phenomenon was
discovered in 1989, with Brazilian Professor Mario Baibich as the principal author
of the original research [1]. This effect allows the manufacture of a magnetic
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sensor of very small physical dimensions, which when crossed by an electric
current develops a voltage that depends on the magnetic field.

Recently, magnetic reading technology has been revolutionized by the intro-
duction of magneto-resistive heads based on the giant magnetoresistance effect.
Technological advances in this area are impressive. The capacity of magnetic re-
cording disks of computers in 1995, for example, was 1 Gigabits/inch?. With the
introduction of giant magnetoresistant reading heads this capacity rose to 20
Gigabits/inch? in 2002, allowing the manufacture of disk drives with capacities
over 100 Gigabits [34].

Many industrial and engineering applications of GMI sensors have been pro-
posed and implemented to date, including computer disk heads, rotating heads,
pin-hole detectors, the displacement of detection sensors, navigation direction sen-
sors (electronic compass), field sensors, biomedical sensors, traffic monitoring,
antitheft systems and so on. Basically, when a soft ferromagnetic conductor
undergoes a small alternating current (AC), a large change in impedance of the
conductor can be achieved by applying a magnetic field. This is known as the
giant magneto impedance [35].

3.4 Separation of Particles by Magnetic Action

The separation and selection process of specific molecules contained in large vol-
umes of solution represents a big problem for the biological sciences. The use of
conventional chromatographic columns can be time consuming and it is in this
field that the use of magnetic or magnetizable adsorbents gains importance. In this
procedure, the magnetic adsorbent is added to a solution or suspension with the
target. This target binds to the adsorbent and the complex is collected from the
suspension by a suitable magnetic sensor. The separation process can be speeded
up to 35 times. Moreover, another advantage of using magnetic nanoparticles in-
stead of magnetic microparticles is that they allow the preparation of suspensions
that are stable in relation to sedimentation in the absence of an applied magnetic
field. Magnetic modifications of standard, immunoassay techniques can be valu-
able for the determination of many biologically active compounds and of xenobi-
otics, allowing greater speed and more reproducibility. The magnetic labeling of
cells and their subsequent isolation has many possible applications in the biomedi-
cal field. Especially important among these processes are: 1) detection and re-
moval of circulating tumor cells using the immunomagnetic procedure; 2) the
selective separation of CD34 + (stem cells) which opens new possibilities for
transplantation of stem cells and genetic manipulation of the hematopoietic system
[2,19].

The technique can also be applied to the selection of apoptotic cells, genetically
transformed cells or cellular organelles such as lysosome, plasma membrane, etc.
Biosensors for pollutants that are not yet possible with current technology provide
another target of nanobiotechnology. Applied to public health, these biosensors
could lead to the detection of bacterial contaminants in food and water, finding
better ways to detect low levels of toxins or provide faster laboratory diagnostics.
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3.4.1 Magnetic Separation for Water Purification

The magnetic properties present in some classes of materials also aid in the purifi-
cation of water, since they affect the physical properties of the contaminants in the
water. Furthermore, the combination with other processes allows for an impro-
vised, efficient purification technology. The technique used for purifying water
acts primarily by magnetic separation. Recently, Yavuz et al. analyzed the mag-
netic separation technique in various industries: bleaching clay, steel mills and
power plants, enrichment of minerals, food industry, water treatment and metal
removal [36].

High gradient magnetic separation (HGMS) is a term commonly used in
magnetic separation processes [37]. HGMS device consists basically of an elec-
tromagnet (magnetised column), as shown in Figure 3.2. When a magnetic field is
applied across the column, it produces large field gradients around the magnet,
and this attracts the magnetic particles to the surface, capturing them.
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Fig. 3.2. Representation of the process of high gradient magnetic separation (HGMS).
Adapted from [34].
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3.5 Nanosensors and Devices

As mentioned earlier, the most important aspect for technological applications in
the field of magnetic materials is the combination of unusual magnetic properties
with reduced particle size. In particular, the following properties are more suitable
for applications in sensors and magnetic devices [38,39,40]:

e Absorption of high frequency electromagnetic waves (1-20 GHz);
e Use in codifying magnetic sensors;
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e High electrical resistivity and the existence of insulating coating,
allowing use in high-precision resistors;

e Giant magneto impedance (up to 600%), allowing use in magnetic field
Sensors;

e Ferromagnetic resonance for a range of microwave frequencies, allowing
use in anti-thief sensors;

e High magnetic permeability at high frequency allowing the application in
magnetic shielding;

e High mechanical resistance, allowing the incorporation of microwires
inside tissues of the human bodys;

e Magnetoelastic properties, allowing their use in magnetoelastic sensors.

Electromagnets use electric current to generate magnetic force, and are essential
devices for converting electrical energy into mechanical energy. When the current
flows through the coils, part of the electrical energy is converted into heat due to
resistance of the coils. The resistance of electromagnets not only wastes energy
but also causes the generation of heat, which is harmful in many applications.

The parts produced with magnetic materials for automotive applications can be
divided into two groups: those that convert motion into an electrical signal, and
those that convert an electrical signal into motion. In the first case, the material
works under constant magnetization, and requires only moderate induction. Sim-
ple iron or phosphorus iron, of medium or high density is commonly used, along
with ferritic stainless steel, which combines soft magnetic properties with good
corrosion resistance and stretching [41].

Magnetic nanosensors can act as biomarkers whose function is to warn about dis-
eases like cancer, while they are still in their early stages. This is likely to become
much easier thanks to a biosensor chip developed by researchers at Stanford Univer-
sity. The sensor is up to 1.000 times more sensitive than any technology currently in
clinical use. It is precise regardless of which body fluid is being analyzed. This bio-
sensor can detect proteins in a range of concentrations three times higher than any
other existing method, the researchers say. The nanosensor chip can also search up
to 64 different proteins simultaneously and has proved effective in early detection of
tumors in mice, suggesting that it can detect the disease early [42].

There are also biosensors of pollutants which are not possible with current
technology and therefore constitute a target of future nanotechnology. Applied to
public health, the biosensors could lead to the detection of bacterial contaminants
in food, to find better ways to detect low levels of toxins or providing faster
laboratory diagnostics [2,19].

3.5.1 Automotive Applications

For automotive applications, the sensors are needed because they have good
accuracy, high functionality and reliable operation under adverse environmental
conditions: temperatures from — 40 °C to 150 °C, temperature shock, humidity,
fog or even the use of engine oil. And furthermore, the sensors can withstand the
mechanical vibrations and the acceleration values can be up to 200 times the
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acceleration of gravity. An example of magnetic sensors in the production of
Robert Bosch GmbH is the LWS3 wheel sensor, developed for the electronic
stability program (ESP), which prevents vehicles from twirling. The absolute
measurement covers a range of 1560 ° (4.3 turns) with a resolution of 0.1°. The
principle of operation acts on a steering column that drives two gear wheels with
magnets. The angular position of the gear wheels is measured, and due to different
numbers of teeth, the gears move at different speeds. The combination of both
measures of angular positions allows for the calculation of the angle of the wheel
in the range of 4.3 turns, and a mathematical algorithm allows for the improve-
ment of the accuracy, the correction of mistakes and to verify the functioning [43].
Another interesting application of sensor devices can be found in automobile
brakes. The basic operating principle of the Anti-lock Brake System (ABS) is a
sensor with rings, these rings are toothed and are coupled to the axle that rotates
with the wheel. The movement of the teeth causes an oscillating current in the sen-
sor, which frequency is associated with the speed of the wheel. This way, when a
brake of the wheel occurs [44], the oscillating current is interrupted. There are
many different designs, with different profiles of teeth or with teeth located on the
face or outside diameter of the sensor, but all perform essentially the same function.
In addition to its magnetic properties, the ABS sensor rings should be sufficiently
elastic so as not to break during assembly on the axle of the wheel, and it also
needs to have good corrosion resistance. Ferritic stainless steels (ferritic stainless
steel) are suitable materials to provide this combination of properties, for example.

3.6 Catalysts and Pigments

The association of magnetite and hematite as catalysts can be used in a variety of
industrially important reactions, including the synthesis of NH3 (Haber process);
reactions that include the dehydrogenation of ethylbenzene into styrene, the oxida-
tion of alcohols, as well as the large-scale development of butadiene. Magnetite
and hematite are the semiconductors and can catalyze oxidation / reduction
reactions. Hematite has also been used as support material for gold in catalysts for
the oxidation of carbon monoxide at low temperatures [45]. Maghemite, carbon
and magnetite composites, on the other hand, were obtained to reduce the amount
of undesirable N, in fuel oil [46].

Iron oxides can be used as acid/base catalysts [47] and to catalyze the degrada-
tion of the copolymer acrylnitrileebutadieneestyrene in fuel oil. All three forms of
magnetic iron oxides (hematite, maghemite and magnetite) are commonly used in
synthetic paint pigments. They have a number of desirable attributes for this ap-
plication, since they display a range of colors with pure tones and high hue resis-
tance. They are also extremely stable and highly resistant to acids and alkalis.
Hematite-based pigments are red, those based on maghemite are brown, and mag-
netite pigments are based on black [48]. Yellow-based pigments can be obtained
from goethite, which when calcined at 400 °C — 500 °C provides red pigments
similar to those obtained with hematite [49]. These pigments are widely used in
water-repellents for wood, which allow the wood grain to be seen, while protect-
ing against the harmful effects of sunlight.
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Another use of magnetic materials combined with other materials is as adsorb-
ent for removal of contaminants. Carbon is considered an excellent adsorbent:
when certain chemicals pass next to the carbon nanostructures, they are fused to
the surface and are trapped. However, the initial market for nanoparticles coated in
carbon is based on its use as catalysts, or materials used to accelerate chemical re-
actions. In powder form, it may already be used on an industrial scale, but it is
necessary to use a magnet to remove it from the reaction bed [45,48].

3.7 Concluding Remarks

Nanomagnetism includes the artificial structuring of magnetic materials with di-
mensions below the micrometer, i.e. nanometer and natural occurring magnetic
entities such as molecules and clusters. Nanometer-sized magnetic particles are
situated at the frontier between classical and quantum magnetism.

It is well established that the magnetic nanomaterials have found promising use
in various applications fields, including biomedicine, magnetic storage media,
magnetic particle separation, sensors, devices, catalysts, and pigments.

These technological applications represent the breadth and importance of mag-
netic nano-sized materials and their impact on our everyday lives. Each of the
cases provides new and unique challenges that have been investigated with
outstanding level of achievement of research scientists.

The magnetic nanoparticles have great potential in applications for innumerable
fields of technology. They are already being used successfully in production of
nanocomposite magnets, magnetic fluids, and magnetic liposomes.

Many other potential applications could be mentioned as a switch agent for
blood flow during cardiac surgery, radioisotopes for use in brachytherapy, the role
of mechanical forces on signal transduction, regulation of cellular functions, in-
cluding cell growth, proliferation, protein synthesis and gene expression, which
undoubtedly will lead to wider use of nanoparticle systems in the medical field.

Hence, it is noteworthy that there are perspective discussion questions concern-
ing nanomagnetic materials (nanopowders, nanowires, thin films and magnetic
fluids) and their new applications. In addition to technological relevance, other
exciting basic science questions remain to be answered, which arise from the
interplay of finite size and shape-induced modifications of magnetic behavior
combined with interactions across interfaces between magnetically different
materials.

The challenge for the future is to apply the nanomagnetism phenomenon
observed creatively and their materials to the large-scale industry.
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Abstract. In this chapter, some of the tendencies in the fields of nanostructured
materials for optoeletronic and ferroelectric applications in terms of research and
industry are presented. Special emphasis is given to carbon nanotubes, graphene,
perovskite, aurivillius and thin films. In the field of nanotechnology applied to ce-
ramic materials, there are different methods of fabrication and processing of these
materials, such as powder form, bulk or thin films. The appropriate choice of
processing depends on the application desired. The main tendency for both opto-
eletronic and ferroelectric applications is the use of thin films, which can contrib-
ute to the minituarization of devices such as transistors, photovoltaics, liquid crys-
tals, light emitting diodes and sensors. Different techniques can be used to produce
these nanometric structures as thin films, including in-situ growth and post-
synthesis techniques. The selection of the adequate technique depends on the
material and thickness of the film desired, which will have direct effect over the
properties.

Keywords: carbon nanotubes, graphene, perovskite, aurivillius, thin films.

4.1 Optoelectronic Applications

Optoelectronic technology has been enabling a revolution in the fields of commu-
nication, energy and medicine. The range of products varies from TV remotes to
powerful telescopes. For instance, the Brewer Company, Inc. has drawn attention
as materials provider to compound semiconductors, Microelectromechanical sys-
tems (MEMS), and to the optoelectronics industries. The company's products in-
clude anti-reflective coatings, wafer bonding materials, etch protective coatings,
and coat and bake equipment for clean rooms and planarization tools [1]. Together
with Pixelligent, an emerging leader in developing nanocomposites for demanding
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applications in the electronics and military markets, it will develop nanocompo-
sites which are expected to have a wide range of semiconductor and microelec-
tronics applications such as coatings that can create brighter and more efficient
light emitting diode (LED) displays and new materials that can improve the per-
formance of Blu-ray discs [2].

Electronic materials based on organic chemistries are attractive options for a
number of important electronics applications, for instance, radio-frequency identi-
fication (RFID), photovoltaics, sensors and displays. These materials are fre-
quently classified as organic electronics. However, a more accurate designation
would be organic optoelectronics, since light is often involved in practical imple-
mentations of this technology and the related materials. In this sense, one direction
for developers of materials of organic electronics materials is to develop new
materials that combine the advantages of organic and inorganic materials. For
example, new formulations combine organic materials with carbon nanotubes
(CNTs). These hybrids will offer the printability, wide area capabilities and suit-
ability for flexible substrates of organic materials with the high performance of
CNTs. As a result carbon nanotube electronics firms, such as Nantero, are now
looking to organic electronics as promising markets [3].

One promising application area is related to printed electronics. Printable tech-
nology may have a promising future when electronic devices are concerned.
Through the dot arrangement of functional inks, it is possible to obtain flexible
devices with innovative applications [4]. A wide variety of materials can be inkjet-
ted, e.g. polymers, adhesives, solders, and nano-particles [S5]. Silver, gold and
copper nano-particle-based inks are most common. However, CNT-based inks are
already in an advanced development stage in order to become commercially avail-
able. Companies such as Chisso Corporation [6], NanoMas Technologies [7] and
Advanced Nano Products [8] can be mentioned as ink developing companies.

Recent developments indicate that this technology has a potential to be a dis-
ruptive technology that could replace actual electronics industry standard proc-
esses and reach a market bigger than the actual silicon industry. In this sense,
researches for flexible electronics devices (FEDs) are rapidly increasing world-
wide [9]. Since the market potential is huge, the optoelectronics industry has also
interest in this technology and some applications are already being studied.

Sensors are a huge application area and therefore also include a number of in-
dustries (aerospace, automotive, food supply, medical, etc.). There are, however,
still few companies involved with ink applications in order to obtain sensors. An
example is Nanoident Company [10] which is one of the world leaders in printed
electronic sensors and develops optoelectronic sensors. There is, therefore, an op-
portunity to develop inks of organic materials and, consequently, to obtain sensors
though printable electronics technology. These chemical sensor materials can be
integrated with MEMS creating, for instance, environmental sensors. Not only just
environmental sensors could be created, however, but also biosensors, gas sensors
and also photovoltaic cells. These cells could be integrated to flexible electronics
providing the energy source needed to solve one of the big issues of future flexible
mobiles and electronics, being an efficient and flexible energy source.
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The Clean Technology International Corp. has developed Carbon NanoSphere
Chains (CNSC) which are totally new nanocarbon materials. This CNSC Material
is catalyst-free and 100% carbon as produced, with no embedded extraneous mate-
rial. Hydrogen atoms are removed from the nanomaterial as part of the production
process, and hydrogen gas is a byproduct. The electrical conductivity of Clean
Technology International materials is excellent, with specific resistance levels de-
termined by the degree of functionalization. Current research is revealing the
unique properties of this material, indicating applications in a variety of industries
including electronics, composites, airframe coatings, protective armor, fuel
additives, super capacitors, hydrogen fuel cells [11].

All these optoelectronic applications such as displays, touch screens, light-
emitting diodes and solar cells require materials with low sheet resistance R, and
high transparency. In this context, CNT and graphene arise as attractive replace-
ments for indium-tin-oxide (ITO) and other transparent conductors. These nano-
materials can add a level of operational flexibility that is not possible with current
transparent conductors and rigid glass substrates.

4.1.1 Carbon Nanotube

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostruc-
ture and considered as nearly one-dimensional structures according to their aspect
ratio (length usually in micrometers over diameter of generally 1 - 20 nanometers)
[12]. CNTs have unique physical and chemical properties that yielded more than
60000 publications in the last 19 years (according to Science Citation Index, ISI
[13]). CNT technology offers many potential opportunities for the assembly of
optoeletronics devices [14,15,16,17].

Many researchers focus their work in the field of optoeletronics using CNTs as
pure films [18,19,20] or in the form of composites [21]. LEDs, carbon nanotube
field-effect transistors (CNFETs), flexible transparent electrodes, next-generation
displays and next-generation flat-panel screens, known as field-emission displays
(FED), are some examples.

Many companies followed this trend, including Toray Industries Inc. [22],
Motorola [23], Unidym Inc. [24] and Eikos Inc. [25]. The Japanese Toray [22],
e.g., intends to expand its variety of products by using its CNTs technology. In
turn, Motorola [23] has already developed flat screen displays with CNT technol-
ogy. The American-based Unidym Inc. [24] has developed transparent conductive
films with CNT-based technology that enable applications in touch panels, liquid
crystal displays (LCDs) and thin film solar markets. The CNT ink called Invisi-
con™ from Eikos Inc. [25], another American-based company, also enables the
manufacture of transparent conductive coatings over different substrates for dis-
plays and photovoltaic cells applications, for example.

For all these applications, usually the production of CNTs films is needed,
which can be produced by direct growth [26,27] or post-growth [28-36] methods.

In the case of direct growth techniques, it is possible to obtain aligned (by gas
flow, electric field or substrate structure) networks composed of long (several
millimetres) CNTs, but the substrate should be compatible with the temperatures
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of synthesis of CNTs and some by products can be deleterious for the transmit-
tance and electrical conductivity of the film. Besides the long aspect ratio of CNTs
obtained by direct growth methods, the transmittance versus surface conductance
of films are usually very similar to those obtained by post-growth techniques.

Post-growth techniques such as spray-coating (or air-brushing) [28,29,30], spin-
coating [31,32], dip-coating [28,30,33], vacuum filtration method [28,30,34,35]
and electrophoretic deposition [28,30,36] enable the production of films over sev-
eral substrates and using purified CNTs. For some applications, like solar cells for
example, the roughness of the CNT networks (CNTNs) can play an important role
because, in thin layered configurations, unpacked CNTs would cause a short cir-
cuit [37]. The average thickness of solar cells is in the order of 200 nm and CNTs
are generally micrometer long, so unpacked CNTNs might cause a short circuit if
a metallic CNT reaches the other electrode. In general, electrophoretic deposition
(ED) provides films composed by randomly oriented CNTs with the smoothest
surface among other post-growth techniques [28,30] and this is probably due to
the good packing of the CNTs over the electrode [36]. This method generates
films with similar surface conductance versus transparency in comparison to other
post-growth methods with randomly oriented CNTs, but it would be possible to
increase transparency by dissolving the thin oxide layer formed during the elec-
trophoresis process that causes light scattering [36]. Among these techniques, dip-
coating (DC) is an example of a technique that provides smooth films composed
by partially (each dipping decreases alignment) oriented CNTs (Figure 4.1), which
allow increasing surface conductance in a given transparency [28,30,33]. These
results show that the performance of the SWCNT networks through the DC
method has reached parameters which may already make them suitable for
applications such as solar cells, flat panel displays, touch screens and electrostatic
dissipation [28,30].

Fig. 4.1. Microstructure of a partially aligned CNTN obtained by DC [30].

4.1.2 Graphene

Graphene was first produced by micromechanical exfoliation of graphite [38] and
since that work this two-dimensional monatomic sheet has attracted the interest of
several researchers [39]. Not surprisingly the groundbreaking achievements on
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graphene were crowned with a Nobel Prize in physics [40]. Graphene has a com-
bination of high mobility (fast carrier transport) and optical transparency (higher
transparency over a wider wavelength range than single-walled carbon nanotube
films, thin metallic films and ITO [41]), in addition to flexibility, robustness and
environmental stability. These interesting features pushed graphene-based elec-
tronics and optoeletronics to become one of the most important research topics in
nanomaterial science.

Its unique optoeletronic properties also attracted potential investors from indus-
try such as from IBM [42], contributing to push research to large-scale production
of graphene. One of the most promising techniques is chemical vapor deposition
(CVD) on transition metal substrates [43,44,45,46], since it enables the production
of large area, transparent, and highly conducting graphene films, of a single to a
few-layers of graphene. In this technique, metal foils can be used for the substrate,
thus making it compatible with roll-to-roll manufacturing [45]. Even though it is
just a few years since graphene was first produced, it is already possible to find
graphene for commercialization [47,48,49]. Figure 4.2 displays a graphene film
produced through CVD over a copper foil. As demonstrated in the literature [50],
the placement of graphene layers on arbitrary substrates is also possible (transfer
method).

Fig. 4.2. Microstructure of an annealed Cu foil with large Cu grains with single layer
CVDGraphene™ film coverage [47].

A collaboration of Asian research groups, e.g., recently reported the production
of 30-in graphene films on copper foil, with sheet resistance of approximately
125 ohms/square and optical transmittance of 97.4% [45]. They tested the films in
a touch screen, where the film survived 6% strain, double that of ITO.
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Graphene films were also tested as anodes for application in photovoltaic devices
and a power conversion efficiency (PCE) of up to 1.71% was demonstrated (which
is 55.2% of the PCE of a control device based on ITO) [46]. Researchers from the
Max-Planck Institute successfully demonstrated the application of graphene films as
window electrodes in solid-state dye-sensitized solar cells, but it also showed a rela-
tively lower efficiency than metal oxide coating-based solar cells [51].

In turn, there are also reports of organic light emitting diodes (OLEDs) based
on graphene with a performance similar to a control device based on conventional
ITO transparent anodes [52]. Besides this, LCDs might be graphene's first realistic
commercial application [53].

4.2 Ferroeletric Applications

Since the 50s, the effect of particle size on the ferroelectric properties has been
studied. The main effect occurs with the ferroelectric — paraelectric transition of
the material under study [54].

Understanding the behavior displayed by ferroeletric materials from micromet-
ric dimensions until a few nanometers is quite complicated. Importantly, the
physical boundary conditions are different for processed materials such as parti-
cles, grains in sintered ceramics, fibers and thin films [54]. This is generated in the
processing characteristics such as the degree of distortion of the crystal lattice, the
mechanical tension between film and substrate, among other mechanisms of de-
fect formation, promoting changes in the thermal, mechanical, electrical and
optical properties of the material.

Consequently, the system properties are strongly correlated with material inter-
faces. Such contours can be either ceramic electrodes, grain boundaries in ceram-
ics interdomain interactions. Moreover, the study of thin films becomes complex
due to the high dependence of the thickness and the substrate on the dielectric and
electrical properties [62,74].

For nanostructured ferroelectric materials, it is important to determine the criti-
cal size, since the processing of materials with smaller sizes favors the disappear-
ance of ferroelectric behavior. For lead zirconate titanate (PZT) nanodisks, the
critical size is equal to 3.2 nm [55]. It is clear that nanostructures around this size
are difficult to process. Thus, techniques for material synthesis and combustion
synthesis [56,57], sol-gel [58], the hydrothermal method [59] are required to ob-
tain nanometric particles.

The behavior of nano-sized particles found in ferroelectrics has attracted great
interest in order to study the phenomenon known as polarization swirl (vortex-to-
polarization). This phenomenon occurs due to the reorientation of dipoles in a spe-
cific geometry, forming a toroid moment [60,61]. Therefore, materials such as
nanoislands [62], nanodisks [55], nanodots [63] and nanotubes [64] have become
the subject of research for developing new technologies based on this phenomenon,
which enhances the ferroelectric and dielectric properties of nanomaterials [55].
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4.2.1 Perovskite (ABO3)

A material used to get plenty of Perovskite is PZT. It consists of a solid solution
between lead titanate (PT) and lead zirconate (PZ), allowing different formula-
tions in stoichiometry. The compound ferroelectric PZT presents a variety of
properties determined by its chemical composition and with the addition of lan-
thanum, electro-optic characteristics are obtained. The different compositions are
easily processed via solid state reaction, where their precursors (oxides) are mixed
and subsequently heat treated in search of a specific phase [65].

The PZT system with the addition of lanthanum disturbs the crystal lattice of
PZT, lanthanum replaces the site of lead (site's network type ABOs). Therefore, its
inclusion on the site promotes vacancies A and B of the unit cell. Moreover, a de-
crease of Curie temperature (Tc) and other ferroelectric and piezoelectric proper-
ties are affected, this will be further discussed later in the item [66].

For electro-optic applications, it is necessary to obtain transparent materials, with
materials that are becoming increasingly dense. The technique of hot pressing helps
to close the pores and increases transparency for ferroelectric electro-optical applica-
tions. This technique consists in performing the constant heating of a powder com-
paction during the sintering process. Moreover, the technique also helps to inhibit
the growth of grains, facilitating the attainment of ceramics with nanograins [67].

However, there are advantages in manufacturing ferroelectric thin films such as
PLZT, with nanometric thicknesses, like offering lower voltages in electrical circuits,
the largest economy in the use of raw materials, miniaturization of the developed de-
vices. In addition, it yields a decrease in densification temperature of hundreds of de-
grees compared to the conventional process (through solid state reaction) [68].

Today, there are many new devices in addition to conventional applications of
ferroelectric materials such as PZT-based piezoelectric materials. Even a well-
studied material in the field of nanoscience has new properties, such as in the field
of solar energy. Meng Qin et al. [69] observed mechanisms in photovoltaic thin
films and found that the effects of interface and the electrodes drastically affect its
efficiency. An increase in the dielectric constant of the electrodes substantially
improves the photoconductive properties of PZT. Moreover, an efficiency of
19.5% is theoretically possible for ferroelectric ultrathin films or nanostructures.

4.2.2 Structure Layer (Aurivillius)

The family of layered bismuth compounds, known as Aurivillius, presents itself as
a great alternative not only for not using lead, but also for having superior proper-
ties with respect to the polarization retention of PZT, which may be replaced by it
in non-volatile ferroelectric random access memory (NVFRAM) devices. Other
potential applications of these materials are dielectric, piezoelectric and pyroelec-
tric materials [68].

In the field of nanotechnology applied to ceramic materials, we should note that
applications are becoming more concrete, with the possibility of fabrication and
processing of materials in powder form [57], bulk [58,59] and thin films [70]. The
most appropriate choice of geometry depends on the type of application desired.
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The various applications of nanoscale materials allow a good absorption by the
industry responsible for manufacturing and marketing such materials. The class of
powdered materials seeks to take advantage of the high surface area in processes
such as photocatalysis [56,71]. The materials in bulk are developed in large quanti-
ties by research groups that investigate the influence of compositional variations
and doping with new elements. Materials with this geometry minimize interference,
differently when a substrate for thin films or nanomaterials in large areas is used.

Figure 4.3 shows a structure of a nano-powder with a bismuth layered structure,
more specifically with SrBi,Ta,Oy composition, showing morphology with sizes
ranging from 20 nm to 50 nm. Nanostructured particles present high surface area and
they become feasible in such fields of study as photocatalysis. According to
Yingxuan et al. [71], SrBi,Ta,04 has applications in the process of the photocatalytic
decomposition of water.

T e N

Fig. 4.3. Image of transmission electron microscopy (TEM) of the nanostrutured ferroelec-
tric powder SrBi,Ta,Og with cristalline structure of bismuth layers (Aurivillius) [72].

The vacancy formation occurs inherently with increasing temperature, this pro-
vides energy to the atoms causing vibration in the atomic lattice, allowing the ions
to jump elsewhere. The increase in vacancies, both through intrinsic and extrinsic
factors, increases the ionic conductivity of these materials when subjected to heat-
ing due to thermally activated behavior. Figure 4.4 shows the Arrhenius curve for
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SrBi,Ta,0y. In this figure, one can observe that the temperature increases from
right to left, showing an increase in electrical conductivity resulting from the
mechanisms of ion conduction.
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Fig. 4.4. Arrhenius curve for electrical conductivity as a function of the temperature of the
sintered ceramic SrBi,Ta,Oy (relative density = 83%) [72].

4.2.3 Thin Films

Commercial development in this area was initiated with piezoelectric crystals for
applications such as transducers, specifically in sonar, during the 2nd World War,
when there was a major driving force for the advancement of this research.

Non-volatile memories using ferroelectric materials were initially proposed in
1952, using a crystal of barium titanate (BaTiO3) with a thickness of 300 mi-
crometers. Companies like IBM and Ford have invested in a pioneering way, thus
giving rise to a technological breakthrough in the commercialization of ferroelec-
tric materials [73].

However, the use of single crystalline materials leads to high costs, making them
virtually unviable. Thus, using polycrystalline materials technology becomes increas-
ingly necessary. Recently, ferroelectric thin films have been studied extensively in the
manufacture of electronic devices, as shown in Figure 4.5. Lead zirconate titanate
(PZT) and strontium bismuth tantalate (SBT) are good candidates for thin films in
this type of device, where low energy consumption, reduced floor space and larger
data storage capacity make it the lightest and most functional NVFRAMs [67,68].

One advantage of ferroelectric memories is the low energy expenditure when
compared with magnetic memories. Moreover, the access time to write or read in-
formation in the areas allocated to ferroelectrics is of the order of nanoseconds.
Commercially, companies such as Fujitsu, Samsung, Matsushita have access times
of 100 ns, 60 ns and 60ns, respectively. Products such as those from Fujitsu have
32 Kb of memory, which may seem low, but are employed, for example, in the
Playstation 2 [74].
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Fig. 4.5. Schematic diagram of NVFRAM memory device.

Ceramic thin films are used in various technological applications such as coat-
ings for corrosion protection, optical applications, electronic devices, sensors,
thermal barriers, etc. There are several techniques for deposition of thin films,
subdivided into physical and chemical methods.

The deposition techniques such as laser ablation [75], sputtering [76] are some
of the physical method techniques. The chemical method employs techniques such
as DC [77], spin-coating [78], metal-organic chemical vapor deposition
(MOCVD) [79], spray pyrolysis [80], etc. Moreover, the method requires a
chemical precursor solution to obtain the films. Table 4.1 presents the main tech-
niques of deposition and their respective fields in industry or in scientific research
and technology.

The spray pyrolysis technique is a simple and low cost technique to obtain ce-
ramic thin films with a thickness from a few micrometers down to nanometric
sizes. In addition, it is possible to change the parameters of the technique to
produce nanostructured powders [80]. A disadvantage of this technique is the need
for a solution of precursor ions.

Table 4.1. Some techniques to deposit thin films.

Method Advantage Disadvantage Field of application

Sputtering [76] CMOS compatible Large capital expenditure, Semiconductor industry,
difficult to control with research and development
complex oxides

Spray pyrolysis Inexpensive Difficult to control the thick- Solar cells, sensors and
[80] ness for deposition on large optoelectronics

areas, requires a chemical

precursor solution

CVD [79] CMOS compatible Large capital expenditure ~ Semiconductor industry

Dip coating Inexpensive High cost of precursors, the Research and development
[77] thickness gradient on the
films.
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4.3 Concluding Remarks

According to the literature, carbon-based nanostructures have demonstrated great
potential for applications in optoeletronics in the last two decades and will proba-
bly be the base of next generation malleable optoeletronics. This will enable dif-
ferent designs and higher versatility than conventional optoeletronics devices. To
produce displays, touch screens, light-emitting diodes and solar cells with carbon-
based nanostructures, it is necessary to produce thin films, which can be produced
by in-situ growth (CVD) or post-synthesis techniques (spray-coating, spin-coating,
dip-coating, vacuum filtration method, electrophoretic deposition and transfer
method). Light and malleable optoeletronics that can be produced with these tech-
nologies have many advantages, such as devices that can be easy to carry and are
adjustable to clothes or that minimize the breakage of solar panels during their in-
stallation due to the fragility of the currently used materials (ITO), for example.

The wide range of properties offered by ferroelectric materials makes them
indispensable for nanotechnology. Potential applications can be visualized in the
areas of electronics with increasingly cheap and portable sensors and actuators.
Furthermore, photovoltaic properties observed in ferroelectric materials make
them interesting for alternative energy research. An area with so many possibili-
ties both from engineering and scientific perspective offers students a new field of
application of nanoscale engineering. It is important to emphasize that the proper
selection of the method of power synthesis and film deposition are important to
control the characteristics of the particles, like size and morphology, which have
direct effect in the obtainment of the films or bulk. This control will be decisive in
the final properties of the material studied.

Thus, the main tendency for both optoeletronic and ferroelectric applications is
the use of these nanometric structures as thin films, which can contribute to the
minituarization of devices like transistors, photovoltaics, liquid crystals, light
emitting diodes and sensors.
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Abstract. There is great interest in research related to alternative forms of elec-
tricity production in order to promote increased quantity and quality of the energy
system, maintaining and enhancing environmental sustainability, economic,
emphasizing efficient use of renewable energy resources. In this context, it is im-
portant to develop new technologies for energy generation, especially those from
renewable resources. Nanostructured materials have been extensively researched
in application like lithium ion batteries, supercapacitors, solar cells and fuel cells.
This chapter contains a brief overview of some companies that are already dealing
with nanostructured materials for lithium ion batteries, supercapacitors, solar cells
and fuel cells, followed by recent developments on research of nanostructured
materials for elements of Intermediate Temperature Solid Oxide Fuel Cell.

Keywords: lithium ion batteries, supercapacitors, solar cells and fuel cells.

5.1 Companies Engaged in the Development of Nanostructured
Materials for Batteries, Supercapacitors, Solar Cells and
Fuel Cells

Nanostructured materials have been extensively researched in application like
lithium ion batteries, supercapacitors, solar cells and fuel cells.

Companies like the north-american A123 Systems [1], the british Nanotecture
[2] and the japanese Toyota [3] are extensively researching new nanostructures for
devices in Lithium ion batteries. Lithium-ion batteries used in cell phones and
PCs, and in cordless power tools are proving the technology to power hybrid and
electric vehicles.
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A123Systems is one of the world’s leading suppliers of high-power lithium ion
batteries and their nano Li-lon battery is based on Nanophosphate™ [1] technology
developed at the Massachusetts Institute of Technology. Their batteries are claimed
to charge to "high capacity"” in 5 minutes and to offer 4 times higher thermal con-
ductivity than conventional Lithium-Ion cylindrical cells. This technology would
be used by the plug-in electric hybrid car from General Motors, the Chevrolet Volt.
This nanophosphate technology is also being used by Valence Technology Inc. [4]
together with different active materials than the traditionally used for Li-Ion batter-
ies (Saphion Li-Ion technology).

Nanostructured lithium titanate spinel oxide has been another alternative re-
cently investigated by AltairNano to obtain a one-minute recharge nanobattery
[5]. Another nanomaterial that has been extensively researched in this field is
carbon nanotubes (CNTs), as exemplified by the carbon nanotube battery devel-
oped by Next Alternative Inc [6] that would be extend the recharge life by at least
4 times with the new CNT lead/lead-acid battery (typically, a lead-acid battery
presents 200 cycles).

One of the investments of Toyota has lately been nanostructured lithium-ion
batteries, more specifically nanocomposite cathodes of lithium iron/manganese
phosphates (with olivine structure) reinforced with carbonaceous materials that
enabled large active material discharge capacity with high capacity retention rate
as 84% approximately after 500 cycles [7], and anodes composed by lithium-
alloying nanoparticles that are able to minimize overall volume expansion for are
some of the investments of in research [8]. One practical example of the invest-
ments in the field of batteries is the Plug-In Hybrid Electric Vehicles (PHEVs)
with the first-generation lithium-ion battery [3].

Researchers at the University of California (Los Angeles, USA) have success-
fully developed a "carbon nanotube ink" for manufacturing flexible batteries that
conduct more efficiently than a conventional battery using printed electronics
techniques [9]. The resultant zinc-carbon battery, with less than a millimeter thick,
is composed by carbon cathode and manganese oxide electrolyte components can
be printed as different layers on a surface, over which an anode layer of zinc foil
can be printed.

Nanotecture developments on nanoporous materials in different forms — thin-
film, monolithic, powder, discrete particles — obtained by a technique of liquid
crystal templating, enabled the design and production of high performance batter-
ies and supercapacitors [2]. This technology to obtain micron-sized particles with
defined and ordered pores penetrating all the way through the particle, thus with
high-surface-area, was discovered at the University of Southampton. It exploits
liquid crystal (surfactants in solution that align themselves) honeycomb structures
that act as ideal templates for the alignment and deposition of other materials such
as metal salts.

The korean company LG Chem together with Stanford University, Hanyang
University and Ulsan National Institute of Science & Technology developed Letter
Silicon Nanotube Battery Anodes [10]. They reported that the capacity in a Li-ion full
cell consisting of a cathode of LiCoO, and anode of Si nanotubes demonstrates a 10
times higher capacity than commercially available graphite even after 200 cycles.
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The japanese company Hitachi Maxell, one of the leading manufacturer of
battery products, developed technology for portable, high-energy-density, long-
life, small-scale (direct methanol and polymer electrolyte) fuel cell (DMFC and
PEFC, respectively) [11]. This technology is based on the high-activity of catalysts
made up of nanoparticles which can be as small as 2 nanometers in size and it
allows high oxygen-reduction reaction activity (Figure 5.1).

Fig. 5.1. Electron microscope image of platinum-ruthenium-phosphorous catalyst after reduc-
tion-separation on acetylene black (the white granular objects are the catalyst particles) [11].

More achievements on nanostructured materials have also enabled to obtain
more efficient supercapacitors by companies like Nanoener Inc. [12] and
Nanotecture [2]. Nanoener Inc. [12] specialty is development of active material
deposition technologies that combine the nanoparticles formation from liquid and
solid phases (like physical vapor deposition, chemical vapor deposition and other
methods of deposition). Their expertise enables the production of thin (10-40 um)
electrodes based on LiMn,0,4, LiCoO,, MnO,, C, Si with nanoparticles of active
material integrated into current collector with for applications that include fuel
cells and supercapacitors.

The benefits of nanotechnology in solar cells are (i) reduce costs of materials,
processing and instalation (by carbon nanotube technology or thin films) in com-
parison to traditional ones; (ii) reach higher efficiency levels (by quantum dots
technology) than conventional ones. Thus, these achievements in solar energy us-
ing nanostructured materials attracted companies like Cyrium Technologies [13],
Iluminex Corp. [14], Nanosolar [15] and Unidym [16].

Cyrium Technologies [13], e.g., offers solar cells (structure: AlGalnP—
Ga(In)As—Ge) with advanced quantum dot nanotechnology (Quantum Dot
Enhanced Cell, QDEC) in standard cell size products with efficiency levels of
~40% at >500-1000 suns and a minimum efficiency offering of 38% on a standard
10x10mm cell.
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INluminex Corp. [14] is developing a novel photovoltaic device architecture
based on a novel silicon nanowire processing technique that enables the produc-
tion of photovoltaic devices to be constructed on metallic threads for photovoltaic
textile applications, foils or applied layers for conformal fitting photovoltaic coat-
ings, or simply on glass sheets which would compete head-to-head with the estab-
lished and dominant Si wafer-based PV device market. The structure of the
nanowire array enables high conversion efficiency devices to be built at low cost.
Conformal silicon nanowire photovoltaic coatings could be applied to the body of
an electric or hybrid automobile, be used on buildings and houses with a minimal
aesthetic impact, integrated into the cases of portable electronic devices, used on
military installations and equipments.

Nanosolar [15] developed a generation of efficient and low-cost solar electric-
ity cells, which are light-weight, flexible, and easily adjustable in shape based on
flexible plastics, solution coating, and self-assembling nanostructures.

Unidym's [16] transparent conductive films based on carbon nanotubes could
offer a lower cost solution that is far more compatible with high volume produc-
tion techniques for new generation of solar cells. Unidym works with some thin
film solar manufacturers to incorporate its CNT technology into various thin film
lines. In dye-sensitized cells, CNTs can greatly enhance the conversion efficiency
by providing pathways for the current generated by the conversion of sunlight to
reach the cell’s electrodes, while in organic photovoltaic’s, functionalized
fullerenes substantially enhance current efficiency.

Fundamental research on nanotechnology is providing fuel cell manufacturers
the possibility to make fuel cells more durable, reliable and portable with a cost
competitive with traditional power sources. For example, three-dimensional nanos-
tructures improve current electrocatalysts (orders of magnitude) that have tradition-
ally been expressed on a flat surface. All these achievements enable to develop
small fuel cells that can be used to replace batteries in handheld devices such as
PDAs or laptop computers or even replace them in electric cars. Ceramatec [17],
Clean Technology International Corp. [18], Nanoener Inc. [12], NexTech [19],
Toyota [3], Unidym [16], USNanocorp [20] and Samsung [21,22] are some of the
companies that are already using nanostructured materials for fuel cells.

Nanocrystalline ceramic powders — single phase or two phase mixtures of
Y,0;, Ca0, TiO,, SnO,, Al,03, ZrO,, ZrO,, mol% Y,0;, Fe,03, and ZnO — for
fuel cells are being commercialized by Ceramatec [17].

According to Clean Technology International Corp. [18], their solid Carbon
NanoSphere Chains (CNSC) are nanostructured carbon materials with a spherical
morphology and a high electrical conductivity electrical that enhances efficiency
and are cost effective with applications in a variety of industries, including super-
capacitors, hydrogen fuel cells and composites for solar energy.

Nanoener Inc. [12] activities include the deposition of nanomaterials for the
production of super thin (10-40 pum) electrodes based on LiMn,O,4 LiCoO,,
MnO,, C, Si with nanoparticles of active material integrated into current collector
with possible applications in supercapacitors and fuel cells. Their technology is
based on high-pressure vapor flow, gas (vapor) flow with particles of initial mate-
rial in liquid state and gas (vapor) flow with particles of initial material in solid
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state. This allows them to deposit at high rate (more than 100 um /sec) ceramic or
ceramic-metal coatings of determined porosity on metal or ceramic substrates.

NexTech [19] investments in fitel cells include: fuel cells that converts hydro-
carbon fuels to electric power, fuel cell stacks in the 100-W to 5-kW power range,
high performance fuel cells including both tubular and planar cells for portable,
stationary, and transportation applications, catalysts for fuel processing. Their in-
novations include nanocrystalline electrolytes like Gadolinium/Samarium Doped
Ceria or Yttria-Stabilized Zirconia nanopowders.

Toyota [3] concerns on sustainable mobility and alternative-fuel vehicle tech-
nologies investments portfolio also includes polymer electrolyte fuel cells, as
demonstrated by the Toyota (Hydrogen) Fuel Cell Hybrid Vehicle, FCHV (and
FCHV-adv). Their systems consist of four hydrogen fuel tanks, an electric motor,
a nickel-metal hydride battery, and a power control unit.

Unidym [16] is developing CNT-based fuel cell electrodes for powering
portable electronics in collaboration with Johnson Matthey and Motorola.

USNanocorp [20] has successfully produced electrolyte and anode for solid
oxide fuel cell (SOFC) at intermediate temperatures based on the nanoparticles of
Lanthanum Strontium Gallate Magnesite (LSGM as electrolyte) and yttrium
doped strontium titanate (SYT as anode) that are obtained by wet chemical syn-
thesis and further atomized to a sprayable form capable of being fed into industrial
thermal spray equipment that produces dense LSGM electrolytes and porous SYT
anodes in a single sequential thermal spray operation.

Samsung’s fuel cell system contains Rotating Disk Electrodes with catalyst lay-
ers containing nanoparticles of Pt (and its alloy) on the carbon carrier (that could
be carbon nanotubes, carbon nanofibers, carbon nanowires, carbon nanohorns,
or carbon nanorings) and other on an inorganic oxide carrier [21,22]. They are
also testing a second-generation prototype of the direct methanol fuel cell pro-
duced by MTI MicroFuel Cells Inc. [23] that decreases cost by eliminating the
pumps and controls of the typical water-recirculation increasing performance with
reduction of size and costs to viable levels, using a sandwich of nano-engineered
hydrophilic and hydrophobic membrane layers that pull in methanol and push
back water.

The north-american PolyFuel [24] nanoengineered hydrocarbon membranes
(based on molecules that self-assemble to a film) specifically optimized for liquid
methanol prevents the problem of excess of methanol flowing through the PEM
without giving up its hydrogen electrons to generate electricity (thus, reacting in-
stead with oxygen from air to produce excess water that must be removed).
Their membranes have been introduced into UK-based Johnson Matthey’s
manufacturing process, a major fuel-cell component supplier.

Germany’s Smart Fuel Cell AG [25] has already taken advantage of the grow-
ing market of portable cells enabled by nanotechnology. Their portable direct
methanol fuel cells (under the name EFOY, or, Energy For You) is composed by a
nanoparticle catalyst and a nanostructured three-dimensional membrane elec-
trode assembly (MEA), increasing performance with reduction of size and costs to
viable levels.
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5.2 Fuel Cell

Nowadays, alternative energies that damage the environment minimally are
needed. In this sense, there are researches on dispositives that depend, in their ma-
jority, on natural factors such as wind, heat and water flow. A viable alternative
are the fuel cells, which do not depend on local factors like other types of alterna-
tive energy. A fuel cell is an electrochemical device consisting of an electrolyte,
an anode, and a cathode which continuously converts the chemical energy of a
fuel directly into electrical energy. Various types of fuel cells are available, in-
cluding direct methanol fuel cells, alkaline fuel cells (AFC), proton exchange
membrane fuel cells (PEMFC), phosphoric acid fuel cells (PAFC), molten
carbonate fuel cells (MCFC), and solid oxide fuel cells (SOFCs). With great en-
ergy availability and efficiency around 47%, this clean energy production technol-
ogy is becoming increasingly more attractive. The high efficiency of these devices
occurs due to the production of electricity directly from the chemical reactions
promoted by the fuel cells [26,27]. These reactions vary according to the catalysts
and to the electrolyte used in the fuel cell and its operating temperature, which are
the main factors that determine the cells efficiencies and fuels that can be used in
their supply [28]. They affect the reactions’ kinetics and the ionic transportation in
the cell [29]. Table 5.1 presents the fuel cells named after their electrolytes with
some of other characteristics of the different types of fuel cells.

Table 5.1. Fuel cells types and its characteristics adapted from Kirubakaran [28] and
Hoogers [29].

Fuel Cell Operation Tempera-

Type Electrolyte ture (°C) Potency / Application
AFC Potassium hydroxide 50120 SkW/spatial and
military devices
PAFC Orthophosphoric acid 180 - 210 200kW / portable
PEMFC Sulfo_nlc acid polymer 60— 110 5 —250Kw / automo-
fluoridated tive

Lithium and potassium 630 — 650 200kW — MW / sta-

MCFC carbonates tionary

2kW — MW / station-
ary

SOFC Ytria-stabilized zirconia 650 - 1000
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5.2.1 Intermediate Temperature Solid Oxide Fuel Cell

Among these cells, stands the solid oxide fuel cell (SOFC). Great improvements in
the materials used in this type of cell resulted in level of technological refinement
[30]. However, the large scale dissemination of these materials still depends on
some factors like lowering the costs of the materials, a more reliable sealing,
the probability of a flaw caused by the high operation temperatures, the anode
oxidation and complex processing of the ceramic components.

The researches in the area of SOFC started strongly in the 1960s. In 1962, a
revolution occurred in the energy research area. Scientists of Westinghouse Elec-
tric Corporation (nowadays known as Siemens Westinghouse) have demonstrated
for the first time the possibility of production and operation of these cells, called at
the time, “solid electrolyte fuel cell” [30]. The SOFCs are classified according to
the material in which the whole cell is supported: the first generation cells are
known to be supported in the electrolyte, made of ytria-stabilized zirconia. The
electrolyte thickness in these cells is in the range of 100 um -1 mm [31]. The
main disadvantages of these cells are their elevated cost and the need of high op-
eration temperatures to overcome the ohmic losses. The second generation of
SOFCs uses one of the electrodes as support [32,33]. Again, because both the an-
ode and the cathode are costly ceramic materials, these are also expensive cells.
Currently, the scientific community turns its efforts to research third generation of
SOFCs, where the cell is supported in the metallic interconnector. This progress
has been made by reducing the thickness of the electrolyte [34] and improving the
cathode electrolyte interface reaction (i.e. triple phases boundaries, TPB, to inter-
nal diffusion, ID, mechanism) [35]. The lower operating temperature authorizes
metallic alloys as possible candidates for interconnects [36,37]. Metallic materials
have higher electrical and thermal conductivities, are easier to fabricate,

4 Air (0xygen)

Water vapor and

Pr— —p Air excess
fuel excess

Fig. 5.2. Principle of operation and chemical reactions of a SOFC fuelled with hydrogen.
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and, in general, have lower cost compared to the ceramic interconnects [38]. This
kind of technology, arises with the advantage of being able to prepare the heart of
the cell in extremely thin layers, lowering spends with the materials and also al-
lowing smaller operation temperatures, i.e., the Intermediate Temperature Solid
Oxide Fuel Cell (ITSOFC).

The operating principle of SOFCs (Figure 5.2) is to convert chemical energy
from fuels (hydrogen, ethanol, gasoline, diesel, etc.) into electrical energy by the
natural tendency that the oxygen has to react with hydrogen, causing an explosion
with high efficiency and low emissions of pollutants in the atmosphere. Due to the
high temperature, materials used as electrodes are already reactive enough to dis-
pense the use of catalysts, which are expensive noble metals, such as platinum,
that do not present available reserves to meet a large demand. Another advantage
of SOFCs is the high theoretical efficiency and the co-generation (electricity/heat)
that allows the internal reforming of the gas, within the fuel cell body. Moreover,
as all cell components are solid, an easier fabrication is possible with more flexi-
ble configurations. Yet, even with all advances reached so far, there are still some
limitations in the use of this technology in industrial scale, like the high tempera-
ture of work. This high temperature can activate undesirable interfacial reactions
between the components, causing a rapid deterioration of the cell. These reactions
limit and difficult the choice of materials used in this technology.

The first Brazilian prototypes of the SOFCs are already in test. These prototypes
were built by researches from Institute for Energy and Nuclear Research (known as
IPEN). The first was built with electrolyte made of yttria-stabilized zirconia (YSZ).
These materials were extracted from minerals and industrially processed. The sec-
ond cell built and in testing has been developed with the electrolyte-based cerium
oxide and the third was developed with a base electrolyte of barium cerate and bar-
ium zirconate. These cells have been tested in Japanese institutions and now Brazil
enters this race in order to optimize these cells with the main objective of using fuel
more flexible in relation cells more classical [39].

State of the Art Electrolyte

Ytria-stabilized zirconia (YSZ) is classically used as SOFC’s electrolyte [40,41].
Zirconium oxide can present tree distinct crystalline phases: monoclinic, tetrago-
nal or cubic [42]. The last two, are stable phases when the ceramic is submitted to
high temperatures or when other oxides, such as Y,0;, CaO, among other rare-
earth oxides, are added to the zirconia. When doped with ions with smaller va-
lence, the zirconia has its number of vacancies raised and, owing to that, the ionic
conductivity also increases [43]. The incorporation of yttria in the zirconia crystal
lattice can be described by a reaction of defects using the notation of Kroger and
Vink: Y,0; —»2YZr’ +30% + Vo7 [44].

Electrolytes with better ionic conductivity then zirconia have been studied to
substitute it. LSGM [31,45] has been successfully when applied with a metallic Ni
anode, presenting ionic conductivity in temperatures around 400°C. The problem
with such material is its low chemical stability. This material reacts with Cr,O;
used in the interconnectors besides reacting with the Ni from the anode, limiting
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the use of this material [31]. Another exhaustly studied material for SOFC’s
electrolytes is gadolinium-doped ceria (CGO). This material has better ionic con-
ductivity than YSZ and can be used in lower temperatures. However, in 600°C the
reduction Ce™ —Ce™ occurs. This reduction confers electric conduction to the
material and the cell can suffer a short circuit [31,46].

The greatest challenge nowadays is to reach fuel cells operating around 700 °C
without efficiency losses. The operation temperature can be lowered when the elec-
trolyte thickness is reduced and the densification optimized. Several researches are
looking for this objective, the obtaining of thin and dense electrolytes [47].

A lot of techniques have been studied to obtain electrolytes as thin films.
Different methods are being tested, such as physical vapor deposition (PVD),
sputtering, chemical vapor depositions (CVD), tape casting, spray pyrolysis and
sol-gel [48,49]. However, the elevated cost of these processes is a barrier to the
development and large scale production of SOFCs.

In the few decades past, nanostructured materials called the attention of scien-
tific community. Earlier works suggested that the use of nanometrical particles can
change the electrical properties, especially when sizes are smaller than 10 nm [50].
However, it is difficult to process them for a high densification. This limitation
has hampered the obtaining and the characterization of these high density materi-
als with small crystal size (below 20 nm). For this reason, there is not much pub-
lished researches characterizing this type of material. In the last years, researches
have been developed at Federal University of Rio Grande do Sul, to obtain yttria-
stabilized zirconia thin films by spray pyrolysis. Depending on heat treatment, the
material was obtained with crystallite size between 7 nm (when the temperature of
heat treatment is 700 °C) and 70 nm (when the temperature of heat treatment is
1,200°C) as it was observed by transmission electronic microscopy (TEM)
(Figure 5.3). These studies revealed that it is possible to obtain YSZ nanoparticles
when zirconium cubic phase is stabilized at minor temperature.

Fig. 5.3. TEM of yttria-stabilized zirconia obtained by spray pyrolysis. (a) Heat treatment at
700°C for 2h. (b) Heat treatment at 1200°C for 2h.
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State of the Art Cathode

The cathode in a SOFC must transport the electrons to the reaction sites and perform
the catalysis of the oxygen molecule reduction, thus, properties like electronic conduc-
tivity and catalytic activity are very important. Besides, these components must exhibit
a porous (density around 70%) and homogeneous microstructure during the fuel cell
operation in order to promote gas exchange within the material [44]. When choosing
materials for such application it must be considered the fuel cell operation temperature,
its design and the electrolyte material since it must exist a physical and chemical com-
patibility between the fuel cell’s materials [51]. Therefore, for cells that operates at
high temperatures with YSZ electrolytes, strontium-doped lanthanum manganites
(LSM) are the most potential material for the cathode because of its thermal stability
and high compatibility with YSZ [52]. In these cells, the reduction reaction must occur
in the Triple Phase Boundary (TPB), formed by oxygen/electrolyte/cathode interface,
which means that the ion created in the cathode surface is already in contact with the
electrolyte and it is, hence, transported to the anode.

For IT-SOFC’s LSM no longer have good properties for the application due to
the poor catalytic activity of this material below 800°C. Instead, still using YSZ
electrolytes, materials with ionic conductivity are most suitable and these Mixed
Tonic and Electronic Conductor (MIEC’s) leaded to a new class of fuel cell’s cath-
odes, once the ion transportation can occur from the cathode to the electrolyte,
creating several more reactive sites [53].

Recently, materials with layered perovskite structure are also being studied for
application in SOFC, owing to its good ionic conduction. In fact, some composi-
tions of such structure, that do not exhibit electrical conductivity, are emerging as
potential electrolyte materials. Obviously, for a cathode, these materials are
MIECs with more adequate ionic conduction. In despite of these good characteris-
tics, in comparison with doped perovskites, double and layered perovskites are
less stable in the operation temperatures and present a small catalytic activity
which can lead to polarization losses [54].

Systems using other electrolytes besides YSZ are also being studied and thus new
compatible cathodes are being developed. For cerium oxide and lanthanum gallate-
based electrolytes doped barium and doped lanthanum cobaltites are promising ma-
terials for the cathode [55,56,57], however, the thermal stability of these systems has
not been well evaluated, which can drastically limit the fuel cell life time. Neverthe-
less, these are good candidates for alternative IT-SOFC’s systems.

Some good advantages emerge when a nanostructured cathode material is used.
The catalysis of O,, which is a limiting factor in the overall reaction of the fuel cell,
is improved due to a considerable increase in the specific surface area which in-
creases the reduction sites, leading to cathodes with better performance [58]. Also,
as nanopowders shows better sinterability, a class of so-called composite cathodes
aroused interest after some attempts to impregnate cathode material powders in elec-
trolyte material substrates, aiming to increase the amount of TPB zones. However, at
high sinterization temperatures, these materials tend to react forming undesirable
phases. Hence, nanosized powder inhibits the reactions between cathode and electro-
Iyte materials by allowing lower sinterization temperatures than regular powder [59].
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Independent of the operation temperature, all cathode materials are doped or
layered perovskites and, in order to obtain these materials, different methods can be
used. The chosen method must promote the obtaining of a single phase perovskite,
since almost all other phases formed are dielectrics, and also reach a high-specific
surface area, increasing the reduction sites. In this sense, sol-gel, co-precipitation
[60,61] and, combustion synthesis are the most useful methods conferring porous
characteristics to the obtained powders with fine and homogenous particles. Be-
sides, an effective doping of the perovskite [62,63] and the obtaining of nanoscale
particles and nanocrystalline pure phase materials are possible through these meth-
ods [64,65]. According to the combustion synthesis parameters used, it can
result in the formation of nanopores in the grain boundaries and within the parti-
cles, as demonstrates Figure 5.4, in which LSM powders were obtained using urea
as fuel in 1:2 (a) and 1:4 (b) stoichometric amounts. Comparing these TEM micro-
graphs, it is possible to observe how the over excess of fuel (1:4 ratio) in the
synthesis can promote the formation of nanopores. These nanopores, when in sig-
nificant amounts, not only increase the superficial surface area, but also they can
create an intricate path for the air flow, promoting a more intimate contact between
the cathode and the oxygen. Besides this, it is known that these open nanopores can
inhibit grain growth as well as pores prevent grain coarsening in ceramics with
ordinary grain size (>100 nm) [66].

50 nm

(a)

Fig. 5.4. TEM micrographs of LSM powders obtained by urea combustion synthesis in
stoichometric fuel ratios of 1:2 (a) and 1:4 (b), illustrating the influence the fuel amount in
the formation of nanopores.
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200 nm

(b)

Fig. 5.4. (Continued)

In the SOFC’s 3rd generation, with focus in both economical and technical is-
sues, the fuel cell components are thin films formed by processes that often start
with solid in suspension. As said, the cathode porosity must be around 30%, di-
verging from a very usual problem that comes along when the formation of a
nanosuspension is needed for processing these materials, which is the difficult
achievement of high density depositions [67]. Hence, it is likely that a more accu-
rate handling of the suspension is possible, enabling the use of greater amounts of
solids in the solution.

Art state of Anode

The anode is an important part of the heart cell since it is through it that the fuel
(hydrogen, methanol, ethanol, and others) will be provided. The anode must have
at least two requirements: (i) must have high catalytic activity in order to obtain
high current densities and (ii) must have controlled porosity. Nowadays, the scien-
tific community wants to build a cell that is compatible with the use of liquid fuels
such as ethanol, because it is easy handling and transport. However, the main
problem that hinders the oxidation of ethanol in the SOFC, is the fact that their
presence at high temperatures can lead to carbon deposition on the surface of the
anode. Ni-based catalysts are suitable for the cracking reaction of hydrocarbons,
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but are very susceptible to coating with carbon, resulting in rapid and irreversible
degradation of the cell [40]. Another problem in this type of material has been the
low compatibility of nickel with the electrolyte. According to Priyatham [68], this
issue can be solved by a mixture with anode materials and electrolyte materials.
Besides these problems, the SOFC anode side undergoes a sintering due to high
temperature, causing a closure of pores and irreversible decline the efficiency of
SOFC. To minimize it, several studies have been performed with the addition of
chromium in the cermet used as anode. This addition has given a very positive
outcome, besides the performance of the cell depended more of the performance
of the cathode than the anode [41].

5.3 Concluding Remarks

Tendency for medium and long term is increase the use of alternative and sustain-
able energy sources, saving the world of environmental catastrophe. Researches
on nanostructured materials broads the development of new ways to capture, store,
and transfer energy with high performance and low cost. It may be useful to view
this specific discipline more as a process-based technology that is redefining the
entire product landscape enabling smaller and more efficient devices. Inorganic
nanoparticles and nanocrystals, nanowire technology, carbon nanotube technology,
and nanoporous materials based on template technology are few examples of the
last advancements for highly efficient batteries, flexible solar cells and portable
fuel cells with low cost, for example.

Improving the efficiency of fuel cells through the use of nanotechnology
appears to be more plausible by using molecularly tailored catalysts, polymer
membranes, and improved fuel storage. In a long-term range, SOFC’s technology
may become the best alternative to obtain energy without damage to the
environmental.
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Abbreviations

CNTs - carbon nanotubes

PHEVs - Plug-In Hybrid Electric Vehicles
DMEFC - direct methanol fuel cell

PEFC - polymer electrolyte fuel cell

QDEC - Quantum Dot Enhanced Cell

CNSC - Carbon NanoSphere Chains

FCHYV - Fuel Cell Hybrid Vehicle

LSGM - Lanthanum Strontium Gallate Magnesite
SYT - yttrium doped strontium titanate

MEA- membrane electrode assembly

SOFC:s - solid oxide fuel cells

TPB - triple phases boundaries

ID - internal diffusion

ITSOFC - Intermediate Temperature Solid Oxide Fuel Cell
YSZ - yttria-stabilized zirconia

LSGM - Strontium and magnesium doped lanthanum galatte
CGO - gadolinium-doped ceria

PVD - physical vapor deposition

CVD - chemical vapor depositions

TEM - transmission electronic microscopy

LSM - strontium-doped lanthanum manganites
MIEC’s - Mixed lonic and Electronic Conductor
AFC - alkaline fuel cell

MCEFC - molten carbonate fuel cell

PAFC - phosphoric acid fuel cell

PEMEFC - proton exchange membrane fuel cell
SOFC - solid oxide fuel cell
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Abstract. The recent advances in nanomaterials have brought potential applica-
tions in several fields of medicine and health care, such as diagnosis, treatment of
diseases, tissue engineering, etc. This chapter introduces the main nanomaterials
used in bio-applications as well as potential materials for future applications in
biomedicine. Magnetic nanoparticles such as iron oxide are considered as one of
the most promising nanomaterials. Hydroxyapatite is the main bioceramic used in
orthopedics and dentistry, due to its chemical similarity to the inorganic fraction
of the human bone. Carbon nanotubes present great potential for bio-applications
such as biomaterials, drug delivery and tissue engineering. Metals like silver
nanoparticles are potential antimicrobial agent, mainly because of their large sur-
face area. Nanomaterials are being widely used and studied in bio-applications
because of their novel and unique physicochemical properties, compared to bulk
materials. Their unique properties, however, can present an unpredictable impact
on human health. Therefore, the toxicology of nanomaterials has attracted much
attention worldwide.

Keywords: Apatite, Nanohydroxyapatite, Wet chemical precipitation, Sol-gel,
Biomimetic deposition.NanoHydroxyapatite, Zinc oxide, Magnetic nanoparticles
(MNPs), Organic modified silica (Ormosil), Silver and gold nanoparticles, Carbon
nanotubes, Toxicity, Drug delivery.

Cells are the main constituent of the living organisms, with a typical size of
10 pm. They can be, however, much smaller even in the sub-micron size domain.
With a typical size of 5 nm, proteins are smaller than cells, with dimensions compa-
rable to the smallest nanoparticles that have been made by researchers. This
circumstance has led to the improvement of the health care and medical research
through the development of nanoproducts, as a result of private and public research
efforts.
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Nanomaterials have been used in bio-applications such as cosmetics, drug deliv-
ery, imaging and medical diagnosis, tissue engineering, etc. However, only few prod-
ucts have entered the marketplace. Some companies, e.g., have been working on the
development of nanomaterials for bio-applications in the pharmaceutical field, mainly
for drug delivery. Other companies are applying ceramic materials in the nanometric
size to tissue engineering and orthopedics.

Up-to-date nanomaterials are being used to improve the effectiveness of medical
diagnosis and therapeutics, such field was named nanomedicine. The potential use of
nanomaterials in bio-applications is enormous. However, there are still several ques-
tions about their long-term safety and the risk—benefit characteristics of their usage.

6.1 Ceramics

The class of ceramics used for bio-applications is referred to as bioceramics. Bioce-
ramics are mostly used as orthopedic implants and in dental applications to repair and
replace diseased and damaged parts of the musculoskeletal system. Nanostructured
bioceramics mainly studied and commercialized to date are hydroxyapatite, zinc ox-
ide and organic modified silica; these materials are therefore detailed below [1].

6.1.1 Hydroxyapatite

Hydroxyapatite (HA) is the main inorganic constituent of bones and teeth [2], [3]:
the inorganic fraction of the human bone consists of an amorphous phase of trical-
cium phosphate and a crystalline phase of HA with nanometer-sized and needle-
shaped crystals of approximately 5 - 20 nm [4]. The enamel of human teeth
contains about 95% of hydroxyapatite [5].

Due to the chemical similarity between HA and mineralized human bone, syn-
thetic HA exhibits strong affinity to host hard tissues. Also due to its chemical nature,
HA is capable to adsorb molecules of water and proteins, allowing strong chemical
bonding between HA and surrounding bone tissue under in vivo conditions [6].

Nanotechnology has opened up innovative techniques for producing bone-like
synthetic nanopowders and hydroxyapatite coatings. New developments have
brought new opportunities to design superior biocompatible coatings for implants,
and the development of high-strength dental and orthopedic nanocomposites for
medical applications [4].

Nanohydroxyapatite Characteristics

Natural apatite minerals are found in igneous, sedimentary and metamorphic
rocks, while biological nano-sized apatites are found in bones and teeth of verte-
brates [3]. Biological apatites, known as calcium hydroxyapatite, differ from pure
HA in characteristics such as stoichiometry, composition and mechanical proper-
ties. Pure hydroxyapatite is not found in biological environment. Biological hy-
droxyapatites are described as calcium-deficient and non-stoichiometric, as a
result of various substitutions at regular HA points [7].
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Hydroxyapatite is a compound with chemical formula of Ca;o(PO,)s(OH), and
a definite ratio Ca/P of 1.67. The term apatite describes a family of minerals with
general formula of M(Y¢X,, where M represents metals such as Na, K and Mg; Y
represents functional groups such as PO,, CO; and sulfates; and the X stands for
atoms or groups such as OH, F, and Cl. Therefore, apatite is a structural descrip-
tion, and not a composition [7], [8].

Hydroxyapatite belongs to the hexagonal system, with space group P6;/m (charac-
terized by a six fold c-axis perpendicular to three equivalent a-axes at angles 120° to
each other [8]), with cell dimensions of a = 9.423 and ¢ = 6.875 (valid for mineral or
pure HA sintered at 1100°C). There are six PO, groups and two OH groups, as well as
two chrystallographically independent Ca atoms in the HA unit cell [3].

Nanohydroxyapatite (Fig 6.1) has extremely high surface area. Because the
atoms in the surface layer have unsaturated atomic bond, nano-HA exhibit a high
bioactivity, which accelerates the early stage bone growth and tissue healing.

LR il

Fig. 6.1. Scanning Electron Microscopy (SEM) image of nanostructured spherical HA
powder.
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According to calculations made by Zhang and co-workers [9], for 10 nm grain
size, the surface atoms account for about 22%, while 50 nm grains have only 5%
atoms on the surface. If the grain size is larger than 100 nm, the surface atoms ac-
count for less than 2.5%. The smaller the grain size, the higher is the number of
surface atoms, resulting in quicker bone growth and faster dissolution rate. There-
fore, nano-HA is expected to induce different biological responses, due to higher
solubility when compared to micrometric synthetic HA.

Solubility is probably the most important property of calcium phosphates for in
vivo evaluation, since the in vivo behavior can be predicted to a large extent by its
solubility in water. If the solubility of the compound is lower than the mineral part
of the bone, degradation is extremely low. Under normal physiological conditions
(pH = 7.2), hydroxyapatite is the stable calcium phosphate [10]. Hydroxyapatite
is soluble in acidic solutions and poorly soluble in water, while insoluble in alka-
line solutions. However, the solubility of hydroxyapatite in water increases with
the addition of electrolytes. Furthermore, the solubility of hydroxyapatite is modi-
fied in the presence of amino acids, proteins, enzymes and other organic com-
pounds. Other factors such as method of preparation and density also affect the
solubility of HA [3].

Preparation Methods

There are various methodologies employed to produce nanostructured synthetic
HA, including wet chemical synthesis (such as wet precipitation [11], [12], [13],
and sol-gel techniques [14], [15], [16], [17], [18], [19]) and biomimetic deposition
[20]. It is important to note that each method is greatly dependent on the purity
and quality of reactants. Bernard et al. [21] investigated the effects of purity of the
precursors on the final HA product. They established that the purity of reactants,
in addition to proper stoichiometry and subsequent thermal treatment have direct
influence on the quality of the final product.

Synthesis via wet chemical precipitation

An HA nanocrystal suspension can be prepared by a wet chemical precipitation
reaction [6]. There are two most popular methods of precipitating HA. One is a
process involving an alkaline solution of Ca precursor and an acid solution of P
precursor. The chemical formula for this process is as follows:

10Ca(OH )2+ 6H PO+ — Cain(P0O41)s(OH )2+18H 20 6.1)

The other method was proposed by Hayek and Newesley in 1963 [22], and in-
volves calcium and phosphate salts. Ammonium hydroxide is added to ensure a
highly alkaline pH to the reaction, which induces the formation of stoichiometric
HA after sintering [8]. The Hayek and Newesley chemical formula is:

10Ca(NO3)2+ 6(NH 4)2HPO++8NH 1OH — Caio(P0O4)s(OH )2

(6.2)
+20NH 4sNO3+6H 20
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The shape, size and specific surface area of the HA nanoparticles obtained by
wet precipitation are very sensitive to the reactant addition rate, and to the reaction
temperature. Also, parameters of calcinations and ripening, such as, time and tem-
perature all have significant influence on the final quality of the HA, as
demonstrated by the studies of Pang and Bao [23].

Synthesis via sol-gel

The sol-gel process allows low-temperature formation of nanocrystalline HA.
While temperatures of about 1000°C are usually required to sinter apatite crystals
prepared from wet precipitation, the sol-gel route allows HA formation with tem-
perature as low as 600°C [14], [15]. The method also offers a molecular-level
mixing of precursors, improving the chemical homogeneity of the resulting HA to
a significant extent [18]. In addition, the sol-gel technique offers an option for
homogeneous HA coating on metal substrates such as stainless steel [24] and tita-
nium [25].

There are a number of Ca and P precursor combinations employed for sol-gel
synthesis. However, it is important to note that a major limitation in the sol-gel
technique is associated with the hydrolysis of the phosphorous precursors. Phos-
phorus alkoxides are frequently used as the phosphorus precursors for sol-gel HA
synthesis, such as triethyl phosphate and triethyl phosphite. The hydrolysis activ-
ity of these precursors is relatively poor and a prolonged time period (of several
days for triethyl phosphate) is needed to form the HA phase [26].

Biomimetic deposition

Metastable synthetic body fluids (SBF), with an inorganic salt composition similar
to that of human blood plasma, at physiological pH and temperature, allows the
spontaneous nucleation and growth of a nanosized carbonated HA [20]. The process
is very simple and low cost, and was first described by Kokubo [27]. In his studies,
Kokubo soaked a glass-ceramic sample in a SBF solution, coating the surface of the
sample with a thin layer of “bone-like” carbonated apatite. Since Kokubo’s reports,
this method has been proven to facilitate spontaneous generation and growth of
biomimetic HA on immersed silica-gels, bioglass and titanium samples [6].

Commercial Nanohydroxyapatite

HA has been used for a variety of biomedical applications since the 1970s, includ-
ing artificial bone grafts, coating for metallic prosthesis and matrices for drug re-
lease control. The major products used are coatings on metallic dental, hip, and
spine implants for the acceleration of early stage healing and decreasing the pain.
Other products such as nano-HA powders and porous blocks are used as bone fill-
ers [28]. Due to the chemical similarity between HA and mineralized bone the
synthesized nano-HA is expected to be recognized as belonging to the body. In
other words, the synthesized nano-HA could be directly involved in the natural
bone remodeling process. Formation of chemical bond with the host tissue offers
HA a greater advantage in clinical applications over most other bone substitutes.
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A number of companies have marketed hydroxyapatite for medical use since
1980s, but only recently nanometer HA has been introduced in the market. Some
nano-HA commercially available are listed on Table 6.1.

Table 6.1. Commercial Hydroxyapatites

Company Product name Specific Surface Area Average Particle Size
(m’/g) (nm)
BABI-HAP-N20-A 110 20-70
Berkeley Advanced
Biomaterials [29] BABI-HAP-N100 50-70 100
BABI-HAP-N550-D 10 -50 550
Fluidinova [30] nanoXIM — Hap100 > 100 <50
702153 Hydroxyapa- 14.3 <200
tite
677418 Hydroxyapa- > 9.4 <200
Sigma — Aldrich [31] tite
693863 Hydroxyapa- 10— 15 <200

tite

Hydroxyapatite is not yet commercialized as drug carrier. These systems are
still being improved for future release in the biomedical market. However, patents
describing HA as carrier for drug substances are available, such as US Patent
6558703 [32] and US Patent 6767550 [33].

6.1.2 Zinc Oxide

Ultraviolet inorganic filters in sunblocks

One of the main uses of zinc oxide (ZnO) as material with bio-application is as ultra-
violet inorganic filters in sunblocks. The increase in the popularity of zinc oxide as
inorganic filter is because of its insoluble particles that remain on the skin and is not
absorbed systematically [34] . In this case, the light is either absorbed into the sun-
block material or reflected away from the skin, similar to a mirror. Zinc oxide pro-
vides physical protection from damaging rays, absorbing primarily ultraviolet A
(UVA) light rather than scattering or reflecting it.

A sunblock that uses mineral inorganic particles as zinc oxide, nonetheless, pre-
sents the tendency to reflect the light and, therefore, turn the product into an opaque
and white sunblock, which makes its use as a cosmetic impossible [35]. One way to
avoid this undesired effect is by the use of a nanosized ZnO, with a particle size be-
tween 20 and 50 nm, thus avoiding the opacity and whitening of the sunblock [36] .

Several methods have been used to produce nanosized ZnO, such as thermal decom-
position, flame spray pyrolysis and precipitation method. Hydrothermal synthesis is
one of the main processes used to produce zinc oxide nanoparticles, it is used by com-
panies such as Nanostructured & Amorphous Materials [37], SB Chemical Co. Ltd.
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[38], NanophaseTechnologies Corp (Na.noArcTM) [39], Micronisers Pty Ltd (Micro-
sun™) [40] and Evonik Industries [41]. An alternative and cost-effective technique to
produce nanoparticles of zinc oxide comprises the use of a flame where an atomized
precursor solution is sprayed. After the chemical reactions, the ZnO powder is obtained
with a particle size close to 33 nm, as shows Fig 6.2 [42].

Fig. 6.2. Nanoparticles of zinc oxide prepared by the alternative method reported by
Trommer et al. [42].

Antibacterial treatment

Another important use of zinc oxide in bio-applications is as antibacterial agent. The
advantages of ZnO are the small amount required for the antibacterial activity as well
as the pH values between 7 and 8 that allows it to be used as water for washing and
drinking [43]. An example of the potential use of ZnO as a nanomaterial in industry is
the coating of fabrics. In this case, the antibacterial activity of ZnO can be increased
with the decrease of the particle size [44].
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6.1.3 Magnetic Nanoparticles (Fe;04and y-Fe;03)

Magnetic nanoparticles have been successfully used in medicine for pathogen detec-
tion, proteins separation, drug delivery and hyperthermia [45].

Imaging

Once the magnetic nanoparticles (MNPs) possess unique magnetic properties and the
ability to function at the cellular and molecular level of biological interactions, they
are attractive to be used as contrast agents for magnetic resonance imaging (MRI)
[46], [47]. The great feature of the MINPs is that they become a single magnetic do-
main independent of the size and, therefore, maintain one large magnetic moment.

The magnetic nanoparticles are the materials that can be manipulated under the in-
fluence of an external magnetic field. Magnetite Fe;0, and maghemite y-Fe,O; are
the main magnetic oxide nanoparticles because of their biocompatibility and stability,
which justifies their large use on biomedical applications. Commercial products such
as Feridex I.V.™, a liver-specific magnetic resonance imaging contrast agent, and
Endorem™ are examples of magnetic nanoparticles produced by the company Ad-
vanced Magnetic Industries, Inc [48].

Magnetite and maghemite nanoparticles have been produced by several processes
such as wet chemistry solution-based methods to more complex techniques such as
laser pyrolysis or chemical vapor deposition. Iron-oxide nanoparticles can also be
prepared by co-precipitation of Fe(IIl) and Fe(II) with ammonium hydroxide [49].

The wet chemical routes to magnetic nanoparticles are simpler, more tractable and
more efficient with appreciable control over size, composition and sometimes even
the shape of the nanoparticles [50].

Drug delivery

Magnetic nanoparticles may also be used to activate or release drugs to a desired site
by the use of an external magnetic field, as e.g., in novel cancer therapies. The mag-
netic nanoparticles can provide a mechanism for the guidance of drugs, which is be-
lieved to improve the safety and efficacy of the drug and reduce the side effects. The
drug delivery of magnetic nanoparticles comprises the guidance of the drug to the de-
sired locale of action, where a high dose of the drug is provided with a low systemic
concentration. Currently, the company Biophan [51] is developing nanomagnetic car-
riers designed to attach to and precisely deliver a drug to a target site and activate the
drug only in that area. This can provide a high local dose with low systemic concen-
tration and enable improved safety profiles, reduced toxic side effects, and deliver
clinical doses higher than what is currently possible.

6.1.4 Organic Modified Silica (Ormosil)

The photodynamic cancer therapy destroys the cancer cells by laser-generated atomic
oxygen, which is cytotoxic. However, during the treatment the remaining dye mole-
cules can migrate to the skin and eyes, which makes the patient very sensitive to the
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daylight exposure. An alternative to avoid this side effect is the use o porous nanopar-
ticle (~ 30 nm) where the hydrophobic version of the dye molecule is enclosed inside
this nanoparticle [52]. One way to achieve such condition is the use of silica gels
chemically modified by organic precursors, named Ormosil [53], [54]. This organi-
cally modified silica keeps the dye trapped inside the material and prevents the spread
of the dye to other parts of the body while the oxygen is allowed to diffuse through
the small pore size of about 1 nm [55].

6.2 Metals

Metallic biomaterials are used for load bearing applications and present sufficient
fatigue strength to endure the rigors of daily activity such as walking, chewing,
etc. Metallic materials are normally used as pins and plates and femoral stems,
orthopedic implants, etc. Currently, the only nanostructured metals seen in the
marketplace are nanoparticles.

The enhanced resonance absorption and scattering properties as well as strong
Raman scattering of metallic nanoparticles such as silver, gold and copper, make
them especially useful for applications such as photothermal therapy, optical imaging
and Raman probe [45] .

Silver nanoparticles have been considered as a potential antimicrobial agent,
mainly because of their large surface area, which allows a better contact with the mi-
croorganism [56]. The bacterial effect of silver is size dependent due to the electronic
effects that enhance the reactivity of nanoparticles that will interact with the bacteria.

Due to their surface Plasmon resonance (SPR), which enhances light scattering
and absorption, gold nanoparticles have enormous potential for diagnosis and therapy
of cancer [57]. Moreover, gold nanoparticles provide non-toxic carriers for drug and
gene delivery applications [58].

Gold nanoparticles are usually produced by the reduction method, such as the re-
duction of AuCl(PPh;) with diborane or sodium borohydride, biphasic reduction of
HAuCl, by sodium borohydride in the presence of thiol capping agents or by the re-
duction of HAuCl, with sodium citrate in water.

6.3 Composites

Biomedical composites are used as an alternative to obtain specific properties
through the combination of two or more materials. To date, they are mainly used
for drug delivery, tissue engineering applications and cosmetic orthodontics. They
tend to mimic the structures of the living materials involved in the process in addi-
tion to the strengthening properties of the matrix, but still providing biocompati-
bility, e.g., scaffolds in bone tissue engineering. Up to now there has little research
on nanostructured biomedical composites, carbon nanotubes is on the top of the
list of researches on such field.
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6.3.1 Carbon Nanotubes

Carbon nanotubes (CNTs) have recently emerged in the field of biomedical mate-
rials and devices, it consists of one or more cylindrical layers of graphene with a
diameter in the order of nanometers. Some of the applications that CNTs present
great potential are novel biomaterials, drug delivery and tissue engineering.

The usage of CNTs in medicine can be mainly related to three of their proper-
ties: (i) mechanical resistance, where CNTs are used as reinforcement or structural
support; (ii) chemical property, due to their ability to be funcionalized; and (iii)
electrical conductivity.

For applications such as novel biomaterials and scaffolds the main role played
by CNTs is related to their unique mechanical properties. Nanotubes are believed
to be very promising in the enhancement of ceramic and polymeric matrices. They
implement toughness to brittle bioceramics as well as mechanical strength to bio-
polymers. Synthetic hydroxyapatite (HA), e.g., is a biocompatible ceramic mate-
rial usually used to coat hip prosthesis. Its poor resistance and toughness added to
poor inter-laminar shear strength between coating layer and implant surface led
researchers to use CNTs as reinforcement to HA. Chen and co-workers [58],
e.g., deposited CNTs reinforced-HA film on Ti-6Al-4V substrate (material
used to manufacture hip prosthesis) by laser surface alloying and obtained a re-
markable increase in the hardness and slightly increase in the elastic modulus of
the coating.

Kaya [59] also evaluated CNTs-reinforced HA film deposited by means of
electrophoretic deposition. The researcher concluded, therefore, that hardness,
elastic modulus and inter-laminar shear strength increased when CNTs are added
to the ceramic matrix.

Other researchers such as Balani [60] and Hahn and co-workers [62] also stud-
ied the performance of this coating and obtained similar results. From the re-
searches and results published to date, one can conclude that CNTs-reinforced HA
coating is a promising material for high load-bearing metal implants.

In addition, some researchers envisaged the manufacture of a product com-
pletely made of HA reinforced with CNTs to be used as biomaterial [62], [64];
they obtained effective dispersed CNTs in HA and concluded that bending
strength and fracture toughness are improved considerably.

Moreover, Xu and co-workers [65] proved the efficiency of CNTs reinforcing
HA to biomedical applications by the evaluation of the population of osteoblast
cells on the pure HA and CNTs-reinforced HA. Researchers showed that the pres-
ence of CNTs in HA promoted growth and adhesion of osteoblast cells.

Another field of applications of CNTs is into scaffolds as an attempt to pro-
vide structural reinforcement as well as impart novel properties such as electrical
conductivity into the scaffolds. Harrison and Atala [66] reviewed the work done
on CNTs reinforcing scaffolds and documented that beside structural reinforce-
ment, CNTs may impart, accelerate and direct cell growth throughout their elec-
trical conductivity. On top of that, for such application, CNTs can also provide
great support for nucleation and growth of ceramics such as HA and/or other
materials [66].
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The ability of CNTs to be functionalized has raised this material as a possible
alternative to improve properties of biocomposites [68], [69]. This process con-
sists in the adsorption of functional groups or molecules onto CNTs sidewalls
without further changing on the structure of the nanotubes. According to Lacerda
and co-workers [70], pristine CNTs are insoluble in most solvents and become cy-
totoxic due to this insolubility. The chemical process of functionalization makes
them soluble improving their biocompatibility properties. In addition, bioactive
agents can be conjugated to CNTs throughout functionalization and therefore can
act as carriers for drugs, antigens and gene delivery.

The development of new and efficient drug delivery systems is of fundamental
importance to improve the pharmacological field. The ability to carry one or more
therapeutic agents with recognition capacity, optical signals for imaging and/or
specific targeting is of fundamental advantage, e.g., in the treatment of cancer and
different types of infectious diseases. The possibility to functionalize CNTs with
bioactive agents and drugs has hence raised CNTs as a promising and efficient
tool for transporting and translocating therapeutic molecules [71], [72].

Bianco and co-workers [71] studied and confirmed the solubility of functional-
ized CNTs in physiological media. Besides, they discovered that properly function-
alized CNTs seem to have a high propensity to cross cell membranes. In addition,
the chemistry of CNTs offers the possibility to introduce more than one function on
the same tube wall, so that targeting molecules, contrast agents, drugs, or reporter
molecules can be used at the same time. Although not yet commercialized,
CNTs-based drug delivery systems are patented at the United States [73], [74].

Another reason for the use of functionalized instead of pristine CNTs is scaf-
folds. The presence of functional groups, e.g., may attract calcium cations to nu-
cleate crystals of biocompatible materials, like HA [66].

Another recently important application of CNTs is in the manufacture of bio-
sensors. A biosensor is a device that incorporates a biological sensing element,
such as an enzyme, antibody, antigen, etc. which is associated with a physio-
chemical transducer. When an analyte is presented to the transducer, a chemical
reaction takes place and provides an electrical signal that is proportional to the
concentration of the analyte.

Up to date biosensors can be acquired in the marketplace by several companies,
such as Biosensors International [75], BioDot Inc [76], Ercon Inc [77], etc. Their
biosensors are produced with carbon, silver, platinum, etc. materials. Recently, the
usage of nanomaterials, nonetheless, has developed a great interest on such field
of applications; in particular one can cite CNTs as an alternative due to their
chemical, electrical properties and mechanical strength.

The electrical property of CNTs prompts the electron transfer improving
the sensitivity of the sensor. The ability to be functionalized also plays an impor-
tant role in biosensors given that a wide range of drugs and molecules can be
adsorbed onto their walls. Thus, CNTs-based biosensors are being studied for
monitoring total cholesterol [78] and glucose [79], [80]. Most of researchers sug-
gest that the glucose biosensor is the most prevalent biosensor in the marketplace
today.
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CNTs-based biosensors are not yet commercialized, although these materials
are in research stage, one can find patents where CNTs are used in glucose sensors
[81], [82].

6.3.2 Others

Another application of composites with great biomedical potential is the use of
HA in combination with some polymers and other compounds as composites. Al-
though these composites are not yet commercialized, the possibility of biomate-
rials with enhanced mechanical and biological proprieties is of great interest to
scientists and biomaterials companies.

Many researchers have developed different types of nanocomposites involving
HA. Among various combinations, some nanocomposites of great relevance are
listed below:

HA / chitosan [83];

HA / polyanhydride [84];
HA / poly(L-lactide) [85];
HA / gelatin [86];

HA / TiO, [87];

HA / carbon nanotube [88].

6.4 Polymers

Some polymers are also studied and applied in the field of biomedicine, among them
one can mention their usage as nanocarriers in the current antiretroviral drugs
(ARVs), as e.g., to effectively reduce the Human Immunodeficiency Virus (HIV)
viral load in the brain [89]. Polymeric nanoparticles such as Poly (butyl cyanoacrya-
late) (PBCA), methylmethacrylate-sulfopropylmethacrylate (MMASPM), poly (D, L-
lactide-co-glycolide) (PLGA) and polylactide (PLA) increase the local drug concen-
tration gradients, facilitating the drug transport into the brain.

6.5 Toxicity

Despite the properties that make engineered nanomaterials unique and beneficial, the
idea that they may be harmful to humans has given rise to doubts about their risk-
benefit [90]. Following this idea, it is increasingly recognized that the development of
a nanomaterial to be used in future bio-applications should be accompanied by paral-
lel studies to evaluate and understand their potential risk to the human health [91].
The European Agency for Safety and Health at Work has published a series of expert
forecasts providing an overview of the potential emerging risks (physical, biological,
psychosocial and chemical) of nanomaterials.

As previously mentioned, nanoparticles used in bio-applications can be similar in
size to proteins, and are considerably smaller than many cells in the body. Thus, the
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human contact with nanoparticles can take place by several ways. Nanomaterials can
be inhaled with air, swallowed, and may possibly enter the body via the skin. Due to
the different ways of contact with nanoparticles, an exhaustive knowledge of the pos-
sible entry routes into the human body is necessary.

Once in contact with human body, nanoparticles can affect the lungs, circulation,
genotoxic, and possible carcinogenic effects as well as some brief remarks on the
brain can also occur. It is also possible that in some cases, nanoparticles can disrupt
the biological processes, causing impairments, €.g., to structural or metabolic proc-
esses [90]. The communication between neighboring cells can also be influenced, be-
cause the nanoparticles can intercept or interrupt the exchange between enzymes.
Another important risk of nanoparticles is the release of this material during the prod-
ucts’ life cycle, which can affect the health of the consumer.

The report “Workplace exposure to nanoparticles”, commissioned by The Euro-
pean Agency for Safety and Health at Work, concludes that there are many informa-
tion deficits requiring research activities [92]. Moreover, at present there is limited
data on the genotoxic potential of nanomaterials and their possible long-term impact
on human health [93].

One of the major concerns of the use of CNTs-based biomaterials is the lack of
knowledge on their effect to human health. The majority of papers published have
suggested that pristine CNTs are cytotoxic. Toxicological studies of CNTs have
proved, however, that this issue can be bypassed by the functionalization of nano-
tubes, as mentioned above. Nevertheless, some researchers claim that insufficient
research was carried out so as to exclude the cytotoxicity of funcionalized CNTs
[94]. Moreover, the chemical process of functionalization is not a solution when
CNTs are inhaled. Up to date, several researcher are studying and exploring the
toxic potential of CNTs to the lungs, and they claim that further evaluation of
risk/benefit ratio is required [95], [96].

Furthermore, research results need to be further transcribed into standards and
guidelines in different areas, such as exposure measurement or toxicological testing.
At the moment, there are no promulgated government occupational exposure stan-
dards for nanomaterials. To cover the lack of standards, several government organiza-
tions have been working to fund and assemble toxicology information on these mate-
rials. The scientific community, government, companies, etc have discussed
nanotoxicology issues as the need for detailed materials characterization; need for re-
alistic exposure scenarios as well the need for methods to track nanomaterials in
biological experiments.
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Abstract. Catalysts are typical nanomaterials, perhaps the first nanomaterials in
wide applications. Catalysis is a nanoscale phenomenon that has been the subject
of research and development for many years, but only recently has it become a
nanoscale science of materials and chemistry involving more investigations on the
molecular level. Nanomaterial-based catalysts are usually heterogeneous catalysts.
The extremely small size of the particles maximizes surface area exposed to the
reactant, allowing more reactions to occur. However, thermal stability of these
nanomaterials is limited by their critical sizes; the smaller the crystallite size, the
lower the thermal stability. In this chapter the characterization of metal oxides
such as CeO,, TiO,, and ZnO and some of their applications as catalysts for meth-
ane combustion and photocatalysis is described. The effects of mixed oxides, and
mixed phases were investigated.

Keywords: catalytic combustion, photocatalysis, cerium oxide, titanium oxide,
zinc oxide.

7.1 Introduction

Catalysts are typical nanomaterials, perhaps the first nanomaterials in wide ap-
plications. Catalysis is a nanoscale phenomenon that has been the subject of
research and development for many years, but only recently has it become a
nanoscale science of materials and chemistry involving more investigations on
the molecular level.

Nanomaterial-based catalysts are usually heterogeneous catalysts. The ex-
tremely small size of the particles maximizes surface area exposed to the reactant,
allowing more reactions to occur. However, thermal stability of these nanomateri-
als is limited by their critical sizes; the smaller the crystallite size, the lower the
thermal stability.
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Here, the characterization of metal oxides such as CeO,, TiO,, and ZnO and
some of their applications as catalysts for methane combustion and photocatalysis
is described. The effects of mixed oxides and mixed phases were investigated.

7.2 Catalytic Combustion

Ceria has been included in automotive emissions-control catalysts for many years
and ceria-supported metals are finding new applications in hydrocarbon-reforming
and in hydrocarbonoxidation catalysis [1].

In these applications, the ability of cerium to change its valence between Ce*
and Ce™ is decisive; however, the mechanisms by which ceria promotes reactions
are not fully comprehended [2]. The prominent role of ceria has been recognized
in three-way catalysis, catalytic wet oxidation, water-gas-shift reaction,
oxidation/combustion catalysis and solid oxide fuel cells [3].

Ceria can be employed as an oxide carrier or a mixed oxide carrier with a tran-
sition metal oxide providing unique catalytic properties. Ceria is also believed to
help in preserving the catalyst surface area, pore size distribution and catalytic ac-
tivity. Several CeO,-based systems such as Ce0,-ZrO,, CeO,-Al,0;,
CuO/Ce0,/Al,05, Ce0,-Si0,, Pd/CeO, and Au/CeO, have been examined for
their catalytic properties. Recently, efforts have also been made to synthesize
nanostructured ceria particles with better physicochemical properties for diverse
applications.

7.2.1 Structural Features of CeO;

The structural properties of CeO, have been investigated by several authors pro-
viding valuable information on redox properties and oxygen mobility in the ceria
lattice [4-6].

Ceria is a pale yellow color solid known to crystallize in fluorite structure
(CaF,) with a space group of Fm3m [7]. The unit cell of ceria is shown in
Figure 7.1. In the face centered cubic (FCC) structure of ceria, Ce*" ions form a
cubic close packed arrangement and all the tetrahedral sites are occupied by the
oxide ions whereas the octahedral sites remain vacant.

The fluorite structure of ceria is retained up to 900 K under reducing atmos-
phere. However, the lattice parameter is found to increase with reduction tempera-
ture, indicating an expansion in the FCC lattice [4]. The increase in the lattice
parameter is attributed to the reduction of Ce** ions to Ce®*. The radius of Ce™* is
larger than the radius of Ce** resulting in the lattice expansion. The ability of the
cerium ion to switch between the Ce** and Ce™ oxidation states depending on the
ambient oxygen partial pressure is represented as:

CeO, < CeO,  +0, (7.1)
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The amount of oxygen released in this reaction and the oxygen consumed in the
reverse reaction is generally referred to as the oxygen storage capacity (OSC) of
ceria material.

Under reducing atmosphere, ceria is known to form nonstoichiometric oxides
of composition CeO,, where 0<x<0.5. The oxidation of CeO, occurs at room
temperature, while the reduction of CeO, starts at 473K. Pure CeQO, deactivates its
OSC usually at 1123K due to its sintering [8].

Fig. 7.1. Fluorite structure of CeQO,.

High OSC is believed to be dependent on a high surface area and the phase
formed during synthesis. Ceria materials with high OSC are also obtained by
cation doping, which produces oxygen vacancies [9].

Ceria in Three Way Catalyst (TWC)

The main application of the OSC of ceria-based materials is in exhaust
catalysis, extensively reviewed in the literature [10-15]. The three-way cata-
lysts are designed to convert automobile exhaust pollutants such as uncom-
busted hydrocarbons (HC), carbon monoxide (CO) and nitrogen oxides (NOx),
to environmentally acceptable products such as carbon dioxide, water and
nitrogen.
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The TWC formulation usually contains metals (Pt, Rh, and Pd) dispersed on the
surface of alumina. High surface area y-alumina is used as support because of its
higher thermal stability under hydrothermal conditions. Ceria and ceria-based
mixed oxides are used as oxygen storage promoters in TWC. An optimum per-
formance of the TWC is possible if the stoichiometric air—fuel ratio (A/F) is
maintained at about 14.6 [16].

If the air—fuel ratio is close to the stoichiometric value of 14.6, the catalyst con-
verts all the pollutants to CO,, H,O and N, gases with high efficiency. Under fuel
lean periods the conversion of NO is affected whereas under fuel-rich conditions
the oxidation of CO and hydrocarbons remains incomplete. The role of ceria and
ceria-based materials in TWC is to widen the A/F window and help maintaining
the conversion efficiency of the catalyst.

Application of CeO, Nanostructured Fibers as Catalyst

Due to more restrictive environmental regulations, nowadays the majority of
automobiles with internal combustion engines have a system that controls the
emission of exhaust gases: carbon monoxide (CO), hydrocarbon compounds
(CxHy) and nitrogen oxides (NOXx), called a catalytic converter.

The catalytic converter was invented by Eugene Houdry around 1950, when the
results of early studies of smog in Los Angeles were published [17]. Houdry
founded a company, Oxy-Catalyst, to develop catalytic converters for gasoline
engines [18]. The catalytic converter was further developed by John J.
Mooney and Carl D. Keith at the Engelhard Corporation, bought by BASF in
2006, creating the first three-way catalytic converter in 1979/80 [19].

A typical catalytic converter is based on CeO, doped with noble metals such
as Pt and Pd. The efficiency of this converter depends on the activity of
the catalyst. There are several industrial applications of nanostructured CeO,
catalysts and almost every car manufacturer develops its own CeO, catalytic
system [20-23].

In this chapter the development of catalysis tests, using nanostructured cerium
oxide doped with copper fibers, is discussed. The fibers were obtained using the
electrospinning process. To summarize, the electrospinning process uses a high
power supply to generate an electrical field on which a polymer solution contain-
ing ions is accelerated and elongated, forming fibers of micro to nanoscale
diameters. More details on the electrospinning process can be found in the
literature [24-26].

The structure of the fibers produced using this technique can be seen in
Figure 7.2a and b.
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Fig. 7.2. (a) Photography of the CeO, fiber-mat obtained using the electrospinning process.
(b) SEM image of the fiber mat showing the microstructure of the fibers.

The average size of the crystallites of the electrospun CeO, fibers is 25nm.
Figure 7.3 presents a TEM showing a nanostructured fiber. One can notice that a
single fiber contains several crystallites in nanoscale.

This fibrous material was used as a catalyst in the combustion of methane in air
under different temperatures. The apparatus built to analyze the catalytic activity
of the fibers consists of a vertical tubular furnace, a quartz tube reactor, a set of
methane and air flow controllers, and a thermocouple for measuring the tempera-
ture of the reaction. The air and methane flow was kept constant at 0.9 L/min and
0.1 L/min, respectively. The amount of sample used was approximately 0.2 g.
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Fig. 7.3. TEM image of the nanostructured CeO, fibers obtained by electrospinning.

In a typical catalytic combustion test the sample is loaded into the quartz reactor,
and set into the furnace. The gas mixture inlet is connected to the quartz reactor.
The temperature of the furnace is set to reach 600°C in 60 minutes with a dwell
time at 600°C of 5 minutes. A gas analyzer ECOLINE 4000 was used to analyze
the quantities of O,, CO, CO,, NO, NOx and CxHy, consumed or generated dur-
ing the reaction time.

The results of the catalysis tests using cerium oxide doped with 0.5, 1 and 2,5%
are presented in Figure 7.4 in terms of the conversion of methane. The ignition
temperature and the total methane conversion using the different amounts of
copper are presented in Table 7.1.

Table 7.1. Composition of the catalyst ignition temperature and methane conversion.

Catalyst Ignition Methane
Temperature (°C) Conversion (%)

CeO, 594 85.4

CeO, + 0.5% Cu 559 100.0

CeO, + 1.0% Cu 576 91.0

CeO, +2.5% Cu 593 71.2
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Fig. 7.4. Conversion of methane during the catalysis tests using cerium oxide doped with
0.5, 1 and 2,5%.

One can observe that the addition of more than 1% of copper has no beneficial
effects over the reaction conversion. The presence of a metal such as copper over
cerium oxide promotes the catalytic effect of the combustion reaction, but this
effect is apparently limited to 1% of copper.

7.3 Photocatalysis

7.3.1 Introduction

Photocatalysis is a process where a chemical reaction is accelerated in the pres-
ence of a catalyst that is only active in the presence of light (ultraviolet or visible
light). The oxidation of most hydrocarbons proceeds slowly in the absence of a
catalytic active substance. A photocatalyst decreases the activation energy, mak-
ing photoinduced processes occur.

A photocatalytic system usually consists of a semiconductor particle (photo-
catalyst) which is in close contact with a liquid or a gaseous reaction medium.
When a semiconductor is exposed to UV light for example, redox reaction will
occur at the surface of the catalyst generating hydroxyl radicals (*OH)
and superoxide ions (O). These oxidizing agents are able to decompose organic
compounds into CO, and H,O [27].

The most common photocatalysis applications are: conversion of water to hy-
drogen gas by photocatalytic water splitting; self-cleaning glasses, textiles and
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surfaces; disinfection of water; oxidation of organic contaminants using magnetic
particles that are coated with photocatalyst nanoparticles; conversion of carbon di-
oxide into gaseous hydrocarbons; as an UV light absorber; sterilization of surgical
instruments; among many other applications [28].

7.3.2 Titanium Oxide

Nanocrystalline photocatalytic materials are a potentially lucrative area of nano-
materials development [20]. Industrial utilization of the photocatalytic effect of
nanomaterials is already seen in applications such as self-cleaning tiles, windows
and textiles, anti-fogging car mirrors, and anti-microbial coatings [29-32]. For the
photocatalysis market, nanostructured titanium dioxide (TiO,) is the most suitable
material for industrial use at present and promises innovative products in the
future.

The commercial potential of nanoscale TiO, coatings is enormous, including
applications in medicine, architecture (cultural heritage protective/recuperation
purposes, facade paints, indoor, wall paper, tiles, etc.), the automotive and food
industries (cleaner technologies, non-fogging glass and mirrors, product safety),
the textile and glass industries, and in environmental protection (water and air pu-
rification and disinfection) [33-38].

Titanium dioxide nanoparticles (anatase and/or rutile phases) are able to gener-
ate excited ions by promoting electrons across theirs band gaps. The electrons and
holes react with the surrounding water molecules to produce hydroxyl radicals and
protons. These radicals mineralize organic compounds to CO, and H,0O. For pure
titanium dioxide this effect only occurs under UV illuminating, while Visible light
may produce this effect in doped titanium dioxide.

Application of TiO, Nanostructured Fibers as Photocatalyst

Commercial nanostructured TiO, photocatalysts are made by several different
companies around the world. The most studied and published photocatalyst is
made by Evonik Industries using the high-temperature flame hydrolysis; it is
known as AEROXIDE® TiO, P25 [24]. P25 is commonly used as a standard pho-
tocatalyst and many researches are developing new materials to achieve its high
photocatalysis efficiency.

In this chapter the photocatalysis tests were made with nanostructured titanium
dioxide fibers and the results compared with TiO, P25. The fibers were obtained
using the electrospinning process. To summarize, the electrospinning process uses
a high power supply to generate an electrical field on which a polymer solution
containing ions is accelerated and elongated, forming fibers of micro to nanoscale
diameters. More details on the electrospinning process can be found in the litera-
ture [24-26].

The structure of the titanium dioxide fibers produced using this technique can
be seen in Figure 7.5a, b and c.
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(b) (©

Fig. 7.5. (a) Photography of the TiO, fiber-mat obtained using the electrospinning process.
(b) SEM image of the fiber mat showing the microstructure of the fibers. (c) High resolu-
tion FESEM image showing details of the microstructure of a single fiber.
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The average size of the crystallites of the electrospun TiO, fibers is 20nm.
Figure 7.6 presents a TEM showing a nanostructured fiber. One can notice that a
single fiber contains several crystallites in nanoscale.

Fig. 7.6. TEM image of the nanostructured TiO, fibers obtained by electrospinning.

This fibrous material was used as a model photocatalyst in the decomposition
of organic dyes, such as methylene blue (MB) and methyl orange (MO). The ap-
paratus built to analyze the photocatalytic activity of the fibers consists of a Dre-
schel glass flask of 130mL equipped with a rubber septum to collect samples. This
flask is located between two half cylinders, each with a set of 12 Ultra-Violet
(black light) or Visible T8 type lamps. The system also contains a magnetic stirrer,
an air bubbler and a thermostatic bath to keep the reaction temperature constant at
30°C. More construction details of this equipment can be found in the work of
Alves, et al. [39].
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A typical photocatalysis experiment consists of mixing 50mg of the catalyst
with 125mL of a 20ppm dye solution. This mixture is homogenized with the help
of an ultrasound finger for about 15 minutes. After this period a 4 mL sample of
this solution is taken and poured into a PMMA spectrophotometer cuvette. The so-
lution is transferred to the Dreschel flask and the air bubbler and the UV or visible
lights are turned on. Samples are then taken every 5 minutes to follow the photo-
decomposition of the dye. After about 60 minutes of irradiation the samples are
analyzed using a Uv—vis spectrophotometry.

The results of the photoactivity of the fiber in comparison with P25 are
depicted in Figure 7.7 for the decomposition of methylene blue under UV
illumination.
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Fig. 7.7. Decomposition of methylene blue under UV light using TiO, nanostructured fibers
and P25.

It is well known that the pH of the medium strongly influences the photocata-
Iytic reactions. An analysis of the effect of the pH on the photoactivity of the
nanostructured fibers was made using methyl orange as a dye model. Methyl or-
ange was the selected model dye because of its high stability in the entire pH
range. The results of these experiments are depicted in Figure 7.8.
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Fig. 7.8. Decomposition of methyl orange under UV light using (a) TiO, nanostructured fi-
bers and (b) P25, under different pH condition.

Doping TiO, with other metals can promote the photocatalytic effect in visible
light. During the preparation of the TiO, nanostructured fibers using electrospin-
ning, different amounts of tin were added to study the contribution of this metal in
the UV and Visible photoactivity of TiO,. The results of these experiments under
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UV light are depicted in Figure 7.9 and the results of the experiments under Visi-
ble light are depicted in Figure 7.10.
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Fig. 7.9. Photodecomposition of methyl orange under UV light using TiO, nanostructured
fibers doped with tin.
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Fig. 7.10. Photodecomposition of methyl orange under Visible light using TiO, nanostruc-
tured fibers doped with tin.
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Nanostructured fibers of TiO, with and without tin, obtained using the electro-
spinning technology was highly active in UV and Visible light.

7.3.3 Zinc Oxide

Zinc oxide is an inorganic compound with ZnO as chemical formulation. In high
purity levels it is a white powdery substance, which is nearly insoluble in both
water and alcohol, but soluble in most of the acids including hydrochloric acid.
Due to its variety of interactive properties in distinct kinds of combined systems or
compositions, zinc oxide has an extensive gamma of profitable uses in a wide
range of industrial applications in different technological fields. Some well known
and significant industrial applications of this versatile material are described
below:

* Rubber Industry: The chemical reactivity of zinc oxide contributes to activate
the organic accelerator, to speed up rubber cure rate. It is also useful to protect
latex plantation because it reacts with the enzyme responsible for its
decomposition. Due to its dielectric properties, zinc oxide improves the resistance
to corona effects since its dielectric strength maintains a series of physical
properties of rubber compounds at high operating temperatures and, similarly,
because it retards devulcanization of many types of rubber compositions operating
at elevated temperatures. Through its high brightness, refractive index, and
optimum particle size, zinc oxide provides a high degree of whiteness and tinting
strength for such rubber products as tire side walls, sheeting and surgical gloves.

» Ceramic Industry: Some of its newer applications are as electronic glass, low-
melting glass for metal-to-glass seals, thermistors for use as lighting arresters and
devitrified glasses of low thermal expansion. Zinc oxide plays an important role in
semiconductor ceramic elements for operation at elevated temperatures or high
voltages. Thermoelements such as varistors are composed of zinc oxide
semiconductors modified or doped by other elements and can be produced to
cover a broad range of thermal and electrical needs.

* Pharmaceutical and cosmetic Industries: Zinc oxide is mainly used in zinc
soap, ointment, dental inlays, food powders, etc. Its optical and biochemical
properties impart special features to a variety of cosmetic preparations for hair and
skin care. In powders and creams it protects the skin by absorbing the ultraviolet
sunlight rays and in burn ointments it aids healing.

* Plastics Industry: In plastics manufacturing, zinc oxide offers a large range of
advantages such as mechanical and thermal resistance and it increases the lifetime
of some polymer products by stabilizing them against aging and UV radiation as
well.

* Paint Industry: Zinc oxide in organic coatings provides a broad spectrum of
optical, chemical, biochemical and physical properties. Over the past century the
paint industry, in its constant development of improved products, has utilized
various aspects of those properties to a high degree.

* Adhesives Industry: Zinc oxide has long been a major constituent of surgical
and industrial tapes based on natural or synthetic rubber as it is outstanding in
retention of tack during shelf aging.
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* Foods and Food-Packaging Industries: Zinc oxide and its derivatives
contribute specially as fungistatic element and because of its chemical properties
to the processing and packaging of various animal and vegetable products. It has
long been incorporated into the varnish linings of the metal containers to prevent
formation of black sulfides which discolor the food.

Other zinc oxide applications include its use in industrial lubrificants
composition, in the photocopying process, in cigarette filters, for sulfur removal in
fluids, in Portland cement composition and as a component of batteries, fuel cells
and photocells.

This oxide occurs in the Earth's crust as a mineral, known as zincite and can be
found in a few deposits all over the world. However, industrial production of zinc
oxide is basically obtained by three general methods [40]:

* The French process: Also known as the indirect process, this technique starts
by heating pure metallic zinc in an appropriate crucible until the boiling point
(temperatures above 907 °C). The zinc vapor obtained naturally reacts with the
oxygen in the air, resulting in a white, zinc oxide powder due to an oxidation
reaction. The particles are transported into a cooling duct and collected in an
adequate particle trap system. This indirect method was popularized by LeClaire
(France) in 1844 and therefore is commonly known as the French process. Its
product normally consists of agglomerated zinc oxide particles with an average
size of 0.1 to a few micrometers. By weight, most of the world's zinc oxide is
manufactured via the French process.

* The direct (American) process: In the direct process, the starting materials are
various contaminated zinc composites, such as zinc ores or smelter by-products. It
is reduced by heating with a carbon additive (e.g. anthracite) to produce zinc
vapor. The generation of carbon monoxide reduces the oxidic zinc and the zinc is
expelled as vapor. The zinc is reoxidized when it comes into contact with lower
temperature air, forming zinc oxide particulate. The combination of the reduction
reaction and the zinc vapor pressure combine to purify the zinc which is then
oxidized as in the indirect process. Because of the lower purity of the source
material, the final product is of lower quality in the direct process as compared to
the indirect one.

e Wet chemical processes: These routes usually start with purified zinc
solutions from which zinc carbonate or zinc hydroxide are precipitated. Before the
final product is obtained, some stages are required, such as, filtration, washing,
drying and calcination (mild temperatures ~ 800°C). For example, this zinc oxide
is produced as a co-product with sodium hydrosulfite, a bleaching agent used
primarily in the Paper Industry. Sulfur is present as zinc sulfide and other sulfur
containing compounds, with total sulfur content reaching up to 2% and producing
a lemon-yellow colored powder. Grades which are manufactured from
precipitated zinc hydroxide or basic zinc carbonate intermediates are often termed
as active zinc oxide. Mild heat treatment decomposes the materials into zinc
oxide. This oxide is relatively reactive, due to its very high surface area which
can be above 50 m¥g. Such products are useful in catalysts and latex rubber
applications.
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Other controlled thermal treatments make possible the generation of suitable
products for different markets. There is a very wide range of specifications for
different end uses and geographical locations, how these are met depends on the
practices of the individual zinc oxide manufacturer.

Zinc oxide production occupies an important place in the structure of the global
zinc market. The annual global consumption of zinc is 10.5-11 million tons, and
about 8% of it is used in the zinc oxide production. The largest consumption
sector of this product is the Rubber Industry for the manufacture of tires and
mechanical rubber goods [41].

Zinc oxide is a semiconductor with a large exciton binding energy (60 meV),
direct band-gap (E, = 3.37 eV) exhibiting near UV emission, transparent
conductivity and piezoelectricity. Moreover, it is biosafe and biocompatible, and
may be used for biomedical applications without coating.

Intensive research has been focused on the fabrication of zinc oxide
nanostructures and on correlating their morphologies with their size-related optical
and electrical properties [42-46]. Various kinds of zinc oxide nanostructures have
been realized, such as nanobelts, nanodots, nanorods, nanowires, nanotubes,
nanobridges, nanonails, nanowalls, nanohelixes and seamless nanorings among
other varieties [47-49].

Strict parameter controls of conventional zinc oxide processes as well as some
adaptations in the ordinary techniques are the key in the development of zinc
oxide nanostructured powders, which will be referred to from this point as “nano-
ZnO”. Two different techniques are being developed by the authors and will be
further detailed in this chapter.

The European Commission has listed nano-ZnO as one of the major
nanomaterials to be intensely commercialized between 2006 and 2014. Nano-ZnO
has attracted lots of basic research funding due to its highly versatile and
promising applications in biotechnology (antibacterial, antifungal and antifouling),
UV protection (sunscreens, paints, polymer nanocomposites and rubber),
optoelectronics (LEDs, hydrogen fuel, toner, sensors), among other exposed
applications [50].

The global production of zinc oxide equals over 1 million tons of zinc oxide per
year [51], less than 1% of this, however, is nano-ZnO. Currently, the major
production of nano-ZnO is mainly to supply the Sunscreen Industry where nano
ZnO (together with TiO2) serves as the UV absorber. Around 30% of sunscreen
lotion uses nano ZnO particles [52] as the photocatalysts that protects the human
skin from dangerous UV rays of sunlight.

Due to the remarkable photochemical reactivity of nano-ZnQO, it can match the
reactivity of micrometric ZnO with far smaller amounts of nano-ZnO, and this
approach, in turn, can greatly reduce the release of toxic zinc metal into the
environment.

Most of the work on nano-ZnO is still at the basic research stage [50]. It is
expected that by 2015, ZnO nanomaterials will be mass produced in a much larger
tonnage for various applications in automotive catalysis, sunscreens, antibacterial
products, rubber vulcanization, fungicides, pigments, nano-textiles, high-
performance coatings, water treatment, dental fillings, hydrogen fuel systems,



7 Nanomaterials and Catalysis 109

chemical sensors, pollutant filters, toner photoconductor, and optoelectronics
[50, 53-54]. In any case, it is possible to find several industries spread around the
world that are producing different kinds of nanostructurated zinc oxides on a large
scale [55-61].

Photocatalytic Activity Applications of Nanostructured Zinc Oxide

Semiconductor materials such as zinc oxide show a vast number of interesting
properties, which are maximized when these belong to the nanostructured
materials as has already been discussed previously. However, one of the emerging
and intensively explored properties of this nanostructured oxide is its
photocatalytic activity mainly for the treatment of environmental pollution.

The Environmental Protection Agency (USA) has listed several volatile organic
compounds as contaminants in ground water. The list includes several chlorinated
aromatic and aliphatic compounds such as 4-chlorophenol, pentachlorophenol,
chlorobenzene, dichlorobenzene, carbon tetrachloride, chloroform, dichloroethylene,
trichloroethylene and dichloromethane, and other common organic solvents such as
phenols, toluene, benzene and xylenes [62].

Established waste water treatments such as activated carbon adsorption,
membrane filtration, ion exchange on synthetic adsorbent resins, chemical
coagulation, etc., also generate wastes during the water treatment process, which
requires additional steps and consequently more investment. In recent years, the
heterogeneous photocatalytic oxidation (HPO) process employing ZnO and UV
light has emerged as a promising new route for the degradation of persistent
organic pollutants, and produces more biologically degradable and less toxic
substances [63-64].

The photocatalytic phenomena of zinc oxide occur due to the presence of a
large number of defects in the crystalline structure such as oxygen vacancies,
interstitial zinc atom from the donor states, zinc vacancies and intestinal oxygen
atoms from the acceptor states. The electronic condition created in this structural
arrangement produces a band-gap, an intrinsic characteristic of semiconductor
materials, by the existence of a forbidden gap between the valence and the
conduction band. The photocatalytic activity of zinc oxide occurs only when
photons with energies greater than the band-gap energy can result in the excitation
of valence band electrons, which can then promote a reaction. The absorption of
photons with lower energy than the band-gap energy or longer wavelengths,
usually causes energy dissipation in the form of heat. The illumination of the
photocatalytic surface with sufficient energy leads to the formation of a positive
hole in the valence band and an electron in the conduction band [65]. After the
light excitation the pair electron-hole created could have an electronic
recombination releasing heat or could be involved in electronic transfer with other
species and interact directly or through some photosensitizers with organic
substrates. The positive hole oxidizes either pollutant directly or water to produce
hydroxyl radicals (*OH), whereas the electron in the conduction band reduces the
oxygen adsorbed on the catalyst [66]. Based on this principle zinc oxide and more
recently nano-ZnO have received attention in research on the degradation of
different organic specimens that are environmental pollutant.
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An important feature in the environmental photocatalysis is the selection of
semiconductor materials such as ZnO and TiO,, which are close to being two of
the ideal photocatalysts in several research proposals. These oxides are relatively
inexpensive, and they provide photogenerated holes with high oxidizing power
due to their wide band gap energy [67]. Since ZnO has almost the same band-gap
energy as TiO,, its photocatalytic capacity is anticipated to be similar to that of
TiO,. However, in the case of ZnO, photocorrosion frequently occurs with the
illumination of UV light, and this phenomenon is considered one of the main
reasons for the decrease of ZnO photocatalytic activity in aqueous solutions
[68,69]. However, some studies have confirmed that ZnO exhibits a better
efficiency than TiO, in photocatalytic degradation of some dyes, even in aqueous
solution [70,71]. ZnO has sometimes been reported to be more efficient than TiO,.
Nevertheless, the biggest advantage of ZnO is that it absorbs over a larger fraction
of the solar spectrum than TiO, [72]. For this reason, ZnO is quite suitable
photocatalyst for photocatalytic removal in the presence of sunlight [73].

As was previously mentioned in this chapter, two researches that are being
developed by the authors focused on the production of nano-ZnO powders will be
described. This nanostructured material is being produced, on the one hand, by a
suitable adaptation of the extensively used industrial technique (French process)
and, on the other hand, based on a flame synthesis process.

The first nano-ZnO process mentioned is based on the thermal evaporation of
pure metallic zinc in an oxidative atmosphere and is in development as an
industrial prototype. It consists basically of a horizontal tube furnace with strict
control of parameters such as temperature of the reactional environment, gas flow
and the position of the injection points of the gases. The apparatus that was newly
developed is passing through a patent request process. The methodology
employed appears to be an interesting alternative for producing nano-ZnO on a
large scale without any residual pollutants. Depending on the procedural
conditions, the nano-ZnO produced can be either shaped as nanowires or
nanotetrapods, with a white, agglomerated powder aspect.

The second technique developed for obtaining nano-ZnO consists of a flame
synthesis. This flame-based equipment was also completely assembled in the
laboratory. This method, basically, consists of forming a spray from a liquid
combustible solution as the precursor, which is then burnt at the high temperatures
of the flame, producing the nano-ZnO product, which is later collected in a
powder collector system [74]. The nano-ZnO produced is composed of espherical
primary nanoparticles that remain in an aggregated state. Flame-based techniques
are a continuous and well-established method and are considered cost-effective
processes that have the potential for large scale nanoparticles production [75,76].

The wide range of morphologies of nano-ZnO are well illustrated in the
literature as well as the considerable amount of processes and applications that are
being developed. It is also clear that each nanostructure created proves to have
great effects on their widely varying properties and corresponding potential
applications [77-80].

An interesting approach at this point is to compare the photocatalytic activity of
both nano-ZnO materials synthesized by the authors through the mentionated
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procedural techniques and have an evident distinct morphology. Figure 7.11 shows
micrographies produced by scanning electron and transmission electron microscopic
techniques of both nano-ZnO powders. The thermal evaporation-based nano-ZnO
(ZnO TEDb) reveals a structural shape of tetrapods with an acicular edge diameter of
30-50 nm and a core diameter of a few micrometes. The flame synthesis-based
nano-ZnO (ZnO-FSb) shows the primary particles with a spherical shape with 2040
nm of diameter. The specific surface area of the nano-ZnO powders, measured by
Brunauer-Emmett-Telle (BET) N, sorption technique, results in significantly
different values corresponding to 8.35m?/g for ZnO-TEb and 17.34 m?/g for the
ZnO-FSb. The discrepancy of the measurements can be attributed to the powder
agglomeration that the nanotetrapod shaped ZnO acquired after being processed as
well as to some metallic zinc that could remain after processing, which is being
investigated.

Y
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Fig. 7.11. Scanning electron migrographies of nano-ZnO obtained via the French process
(a) and the Flame process (b). Transmission electron micrographies of nano ZnO obtained
via the French process (c) and Flame process (d).

The photocatalyitic activity of the nano-ZnO was measured by the evaluation of
a standard solution of methyl orange (MO) in a photochemical reactor using the
same methodology as described in the work of Trommer R. M. et al [74]. Figure
7.12 shows the photocatalytic degradation of MO by the nano-ZnO obtained. One
can observe that in a period of 20 min the ZnO-TEb reaches almost 80% of MO
degradation while the ZnO-FSb achieves 10% of degradation.
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Fig. 7.12. Photocatalytic activity of nano-ZnO with different morphology described by a
Transmittance versus time in the degradation of methyl orange dye.

The different behavior of the nano ZnO materials can be attributed to the
morphology of the nanoparticles and not to the specific surface area. Some research
discusses the improvement of the photocatalytic activity of particulate systems
through the decrease of particle size at nanometric scale [81-83]. Decreasing the
average particle size increases the specific surface area and consequently increases
the number of active surface sites where photogenerated charge carriers are able to
react with adsorbed molecules to form free radicals. Decreasing the particle size of
a photocatalysts, though, also increases the rate of surface charge recombination
[84]. As a consequence the activity of photocatalyst nanoparticles does not increase
with decreasing particle size inferring that some alternatives to inhibiting charge
carrier recombination are required to verify this behavior [85].

An argument proposed by Y. Wang et al [86] indicated that the differences in
the photocatalytic activity of distinct nanostructures of zinc oxide could be
associated with the number of oxygen vacancy sites present. These vacancies act
as active center and are the main reason for causing the difference in
photocatalytic activities for varied morphologic nano-ZnO.

7.4 Concluding Remarks

Summarizing: it is strictly necessary to understand the physiochemical principles
involved and correlated with the photocatalytic behavior of species such as TiO,
and ZnO. Comprehending the behavior of these materials in different
environments such as water or air, as well as the radiation used to stimulate the
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photocatalytic activity and correlating these systems with the morphology and
particle size of the material to be used, are fundamental to develop a guide for the
treatment of organic pollutants and consequently to find other uses for such
potential photocalatysts semiconductor nanomaterials.
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Abstract. The range of materials currently available as fillers for nanocomposites
include nanoparticles, nanoplatelets, carbon nanotubes, nanofibers, and, more re-
cently, graphenes or even a combination of these unique materials. Several com-
panies already supply a variety of ceramic, metal and polymer nanocomposite
products that reach into many industrial sectors, such as aerospace, energy and
sporting goods. Polymer nanocomposites attract most of the research and devel-
opment effort and, as a result, more traditional microreinforced materials are
already being substituted. Indeed, the combination of nanomaterials with thermo-
plastic or thermoset polymers may lead to very interesting mechanical or physical
properties. As shown in this chapter, these nanofillers are slowly finding their way
into mainstream commercial use and their even wider application can be foreseen
when difficulties regarding cost, homogeneous dispersion and poor adhesion to
the host matrix are further minimized.

Keywords: nanofillers, nanoreinforcements, polymers, industrial applications.

8.1 Introduction

Nanocomposites, broadly defined as nanofillers bonded to a matrix, have been re-
ported for years but are recently gaining momentum in mainstream commercial
use. Research focusing on nanotechnology has allowed several companies to pro-
duce ceramic, metal and polymer nanocomposites with outstanding properties in
comparison with microstructured composites. The benefits encompass improved
mechanical properties, scratch resistance, barrier properties, fire resistance, di-
mensional stability and, in some cases, faster processing. Besides, a small amount
of nanofillers can cut weight and cost compared with the usual loading of
conventional fillers.
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Carbon-based nanomaterials as vapor-grown carbon fiber (VGCF) [1], Carbon
NanoSphere Chain™ [2], fullerenes [3] and carbon nanotubes (CNTs) [3,4,5,6]
have been industrialized as fillers or nanoreinforcements due to their low density,
high strength, high electrical and thermal conductivities. More recently, graphene
has also been investigated as nanoreinforcement [7,8,9,10].

Highly thermally conductive nanocomposites (carbon, silicon carbide, copper,
aluminum or epoxy matrices) reinforced by Pyrograf®-I VGCF are being commer-
cialized by Nanographite Materials [1], a joint venture between Applied Sciences,
Inc., (in USA) and GSI Creos Corporation (in Japan). The reported thermal con-
ductivity varied from 310 W m™ K (20 vol.% of Pyrograf®-I VGCF in SiC ma-
trix) to 910 W m™' K (70 vol.% of Pyrograf®—I VGCEF in carbon matrix) [1],
enabling thermal management in aerospace applications, for example.

Nanocomposites with Carbon NanoSphere Chain™ (CNSC) [2] have been
investigated for applications such as super capacitors, protective armor, radar
cross-sectional absorption and electrical anti-icing. Fullerenes [3] can be used as
reinforcement in nanocomposites with applications that can vary from solar cells
[11] to proton exchange membranes of fuel cells [12] or electrocatalytic [13] ap-
plications. Nanoscale graphene platelets (NGP), which are composed of one or
more layers of graphene planes with platelet thickness from 0.34 to 100 nm [14],
have been used for nanocomposite applications including solar cells [7], biosen-
sors [8], supercapacitors [9] and electrodes for lithium ion batteries [10].

CNTs are among the most popular nanofillers. The number of publications fo-
cusing on CNTs grows exponentially and more than 60000 publications in the last
19 years may be found in the ISI (Science Citation Index) database [15]. CNTs are
considered as nearly one-dimensional structures due to their very high aspect ratio
(up to 10°-10%), i.e. the ratio between length (usually in the order of micrometers
[16]) and diameter (usually between 1 and 20 nm [16]). CNTs can be composed of
one, two or many concentric tubes, known as single-walled (SWCNTs), double-
walled (DWCNTs) and multi-walled (MWCNTs) CNTs, respectively [16]. Their
unique properties allow the production of nanocomposites with applications in the
energy and (opto-) electronic fields, and also as heating or structural elements [16].

Not surprisingly, this new generation of composites is already being produced
and commercialized by companies such as Nanocyl [4], Nanotech [5] and Nanolab
[6]. Nanocyl’s CNTs composite technology [4] focuses on polymer-based prod-
ucts, such as EPOCYL™ Epoxy Resins, SIZICYL™ Sizing Agent and
PREGCYL™ Pre-preg Materials, whereas the Korean Nanotech [5] manufactures
WC-Co nanocomposite powder (through a spray conversion method) and sinters
nanocomposites with excellent hardness, toughness and wear resistance. The latter
[6] developed hot pressing and pressureless sintering protocols to produce a high
toughness (fracture toughness of ~5 MPa m at 4 wt.% CNTs) boron carbide
composite containing CNTs (B,C-CNT composite).

The global consumption of nanocomposites was estimated in 64,570 metric
tons with a value of nearly $460 million in 2009. By 2014, the market should ex-
ceed 214,000 metric tons and $1.38 billion, a compound annual growth rate of ca.
27%. The major part of this market corresponds to clay-based nanocomposites
with a consumption of approximately 44,930 metric tons and $227 million in



8 Nanoreinforcements for Nanocomposite Materials 121

2009, which is expected to increase to 181,000 metric tons and $692 million by
2014, a compound annual growth rate of c.a. 32% The overall world market for
ceramic-containing nanocomposites was approximately 10,662 metric tons with a
value of $49.8 million in 2008 and is expected to grow to 17,388 metric tons and
$145.2 million in 2014, a compound annual growth rate of 12.5% [17]. A large
part of this market and most research works found in the literature are devoted to
polymer-matrix nanocomposites, on which this chapter will focus.

8.2 Nanoreinforcements for Polymer Composites

The most widely employed composites nowadays are those with micron-sized par-
ticles/fibers as reinforcement. It should be emphasized that, in these composites, a
large filler content is required and this can adversely affect some properties of the
neat matrix. In fact, traditional microcomposites may already have reached their
limit regarding the optimization of properties, e.g. in some cases, stiffness and/or
strength are achieved at the expense of fracture toughness.

About twenty years ago, researchers showed that novel materials could be pro-
duced with tailored properties using nanofillers. In this scenario, two questions
were raised: (i) What is the difference between nanofillers and microsized fillers?
(ii)) How do microcomposites compare to nanocomposites? It should be noted that
smaller sizes combined with homogeneous dispersion decrease the likelihood of
finding large stress concentration sites within the material. In addition, nanofillers
can provide exceptionally large interfacial area in composites. Wu et al. [18]
pointed out that an interphase 1-nm thick represents roughly 0.3% of the volume
of polymer in microcomposites, whereas it can reach 30% of the total volume in
nanocomposites. Indeed, this huge interfacial area can reach 1000 m%g filler
[11,18,19,20,21,22]. Because of that and the unique properties of nanoreinforce-
ments, the incorporation of a small amount of CNTs in polymers, generally be-
tween 0.1 and 5 wt.%, can potentially yield structural materials with exceptionally
high stiffness and strength [23,24].

Polymer-matrix nanocomposites can be classified as structural or functional
depending on the role of the nanofiller in each situation. For structural composites,
the mechanical properties of the nanoparticle, such as high Young’s modulus, ten-
sile strength and elongation at break, and the ability to resist compression and dis-
tortion can be used to produce lightweight structural materials. On the other hand,
in functional composites, other interesting properties are exploited, such as high
electrical and thermal conductivity, required in the development of thermal resis-
tant materials, sensors, electrical conductors, photoemitters, electromagnetic
shields or energy accumulators [25,26].

8.2.1 Nanoreinforcements in Thermoplastic Polymers

The main goal when reinforcing thermoplastics is usually to develop a material
which combines high toughness and large plastic elongation to break with high
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stiffness and strength. The general types of nanofillers used in these nanocompo-
sites may be classified into layered, particulated and fibrous materials [20], which
are briefly detailed below.

(i) Nanoplatelet-reinforced composites

The most common nanofillers in this class are layered silicates. A layer of silicate
clay is about 1-nm thick with platelets of around 100-200 nm in width. According
to Yu et al. [27], clays have been extensively studied because they are naturally
occurring minerals that are readily commercially available, exhibit a layered mor-
phology with high aspect ratio and large specific surface area, and also due to their
significant cation exchange capacity. More recently, attention has been drawn to
the exfoliation of graphite sheets to obtain graphene which can also be used to
reinforce polymeric materials [21,22].

Perhaps the first successful thermoplastic nanocomposite was a polyamide 6
(nylon® 6 or PA 6)/clay hybrid developed at Toyota Central Research & Devel-
opment Co. Inc. in 1994 and used as a timing belt cover for the Toyota Camry
automobile. This composite with 4.2 wt.% clay had twice the modulus, 50%
higher strength and 80 °C higher heat distortion temperature compared to neat PA
6. It should be pointed out that they had been working on this subject since the be-
ginning of the previous decade [28]. After that, polymer/clay nanocomposites
attracted much interest from the academic and industrial sectors worldwide.

It is common sense that exfoliated clays yield better mechanical properties such
as elastic modulus and tensile strength than intercalated ones. Fornes et al. [29]
showed that when higher molecular weight PA 6 was used, the elastic modulus of
its nanocomposite with montmorrilonite (MMT) increased, even though the stiff-
ness of the neat matrix remained nearly constant. A trend towards an increase in
tensile strength of the nanocomposites was also observed and the authors argued
that a high molecular weight matrix is more effective in exfoliating clays. Never-
theless, some reports in the literature indicate that intercalated clays are able to
yield higher fracture toughness than exfoliated structures [27].

Other thermoplastics have also been investigated. For instance, neat poly-
methylmethacrylate (PMMA) showed an increase in Young’s modulus from 3.0 to
4.6 GPa when 10 wt.% intercalated sodium modified montmorillonite clays (MMT-
Na®) was added. For neat polystyrene (PS), the respective increase was from 1.2 to
1.9 GPa. Regarding tensile strength, the increase for PMMA was from 53.9 to 62.0
MPa, whereas for PS a decrease from 28.7 to 23.4 MPa was reported [30,31].

(ii) Nanoparticle-reinforced composites

Most studies in this class focus on semi-crystalline polymers and inorganic
nanoparticles, usually showing an embrittling effect. Different particles have been
employed to prepare nanocomposites, such as: metallic (Al, Fe, Au, and Ag),
metal oxides (ZnO, Al,O3. CaCOs;, and TiO,) and nonmetal oxide (SiO,). There are
companies such as Degussa and Nanophase which supply nanoparticles of various
sizes for different applications. In addition, there are numerous surface treatments
available, either due to physical interaction or due to chemical reaction [32,33].
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Kausch and Michler [34] investigated the effect of the size and size-distribution
of the nanoparticle on the mechanical behaviour of nanocomposites produced with
several polymers (PS, PMMA and polycarbonate - PC) and alumina or SiO,. In
PMMA/SiO, nanocomposites, K;. increased from 30 for neat PMMA to 67

MPa.mm'” for a composite with 5 vol.% SiO,.

(iii) Nanofiber-reinforced composites and Carbon nanotube-reinforced
composites

Frogley et al. [35] doped a silicone-based elastomer with both SWNT and carbon
nanofibre. An increase of 200% and 120% in elastic modulus was achieved for
SWCNT and nanofibres, respectively, in comparison to the neat material.
Coleman et al. [36] reported that when polyvinyl alcohol (PVA) crystallizes
around carbon nanotubes there is an increase in interfacial stress transfer. For PP,
functionalization of the interface was carried out by adding covalently chlorinated
polypropylene chains to the nanotubes. For PVA, increase of 370% was observed
in Young’s modulus, 430% in tensile strength and 170% in toughness, whereas for
PP the increase reached 310%, 390% and 440%, respectively, using less than 1
wt.% of carbon nanotubes in both cases.

8.2.2 Nanoreinforcements in Thermoset Polymers

Many different nanoparticles have been used to reinforce thermoset polymers,
such as alumina, silica, whiskers and nanocarbon black. However, this section will
focus on nanoclays, carbon nanotubes and graphene, which are amongst the most
researched nanoreinforcements in the last few years.

Regarding thermoset polymers, epoxy resins are the common choice for nano-
composites used for high performance applications in structures, coatings and ad-
hesives. Highly crosslinked epoxies exhibit high modulus, excellent resistance to
solvents and to corrosion, good adhesion, dimensional stability, good performance
at high temperatures, relatively low cost and easy processing. On the other hand,
these resins are quite brittle after curing [37]. A large variety of epoxy resins are
available in the market with final characteristics that depend on the particular ep-
oxy monomer, the curing agent, the additives in the composition and the curing
process itself. Many research groups worldwide have been studying epoxy-matrix
composites reinforced with nanoparticles [26,32,38]. Nevertheless, it is important
to add that unsaturated polyester may become the primary choice of thermoset
resin for nanocomposites in the future if these nanofillers are increasingly used to
enhance or replace glass fibers as reinforcement in a wider range of less expensive
applications.

(i) Nanoplatelet-reinforced composites

This class of nanocomposite is well established and a number of commercial
products are already available. Polymer/nanoclay materials can be broadly divided
into three categories: conventional (flocculated), intercalated and exfoliated, the
latter usually showing better properties [39,40,41]. The combination of organic
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functionalities from the polymers with inorganic materials, especially clays, can
yield several singular properties to the composites, such as flexibility, durability,
toughness, as well as wear resistance and high thermal stability and hardness
[21,40,42,43].

The most important group of layered clay minerals for nanocomposites is smec-
tites, negatively charged silicate layers and exchangeable interlayer cations that
are very convenient as host structures for intercalation. Montmorillonites
and hectorites are two typical examples of this clay group [22]. Sodium modified
montmorillonite clays (MMT-Na") can be easily intercalated or exfoliated [44] and
are worldwide supplied by a number of companies, including Southern Clay
(Cloisite™ and Garamite™ lines), Nanocor (Nanomer™ line) and Elementis Special-
ties (Bentone and hectorite lines). One of their interesting applications is in sheet
molding compound (SMC) of glass-reinforced thermosets, in which the addition of
0.5% of Cloisite® clay can reduce in more than 20% the composite density. There are
many studies on the replacement of interlayer metal cations by organoammonium
cations. This procedure turns the interlayer space strongly organophilic, producing
the so-called organoclays [22], and can greatly enhance the interfacial adhesion
between exfoliated organoclays and the polymer matrix.

In situ intercalative polymerization is a viable technique for the preparation of
thermoset-based nanocomposites [22]. In such process, exfoliation of the organo-
clays is determined by several factors such as their nature, catalytic effect on the
curing reaction and miscibility with the curing agent. There is a competition dur-
ing curing between the resin that is intercalated in the clay and the bulk resin and,
if polymerization occurs at similar rates in both processes, the curing heat is
enough to overcome the attractive forces between silicate layers and, as a
result, an exfoliated nanocomposite structure can be obtained.

Another layered reinforcement that has been the focus of various recent studies
is graphene. The great interest in this material is perhaps a consequence of its ex-
pected large scale production [45,46]. A number of methods for the production of
graphene have been reported in the literature, including the use of epitaxial growth
and chemical vapour deposition (CVD) [47,48]. A low-cost and potentially up-
scalable method comprises the production of functionalized graphene sheets
(FGS) in relatively large amount via thermal expansion of graphite oxide (GO),
which is produced by the oxidation of graphite with strong oxidizers or from
intercalation compounds [48].

Some work has been done on the preparation of epoxy/graphene composites,
usually comprising the production of films by casting [27,49]. Dispersion is
probably the most fundamental issue in the development of epoxy/graphene nano-
composites. The exfoliation of graphite is an alternative route for the separation of
graphene layers [46], but the lack of functional groups in graphene sheets leads to
reaggregation in micrometric “clusters”.

A great effort has been devoted to the dispersion of these nanometric particles in
polymer matrices using a variety of techniques [50]. A common method to disperse
graphene sheets (GS) in epoxy resins is via sonication. High-power ultrasound pulses
can separate graphene sheets and disperse them in the uncured resin, yielding GS
metastable suspensions [51]. The optimal sonication conditions (i.e. time and power)
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are yet to be determined and will certainly vary according to concentration and initial
graphene exfoliation, as well as the presence of solvents and surfactants.

The use of FGS, a strategy to increase interfacial adhesion, represents an impor-
tant research field in nanocomposites reinforced with graphene. Functionalization
can also assist the dispersion of graphene sheets in polymer matrices, considering
that the graphene layers can be separated during the process. Moreover, the intro-
duction of “tailor-made” functional groups (e.g. amino-, carboxyl- or glycidil-) may
lead to covalent bonds between graphene and the resin, enhancing the stress
transfer at the interface [51].

(ii) Carbon nanotube-reinforced composites

Carbon nanotubes (CNTs) have been extensively investigated as fillers for polymer
nanocomposites since their “discovery” in 1991 [52] and a number of reviews can be
found on this subject [23,24,26,38,53]. Obtaining nanocomposites with superior
properties depends on the CNT dispersion (without compromising their integrity)
and the nanotube/polymer matrix adhesion at the interface [54,55]. Companies like
the north-american NanoSperse [56] are developing technologies for the uniform
dispersion of nanomaterials used for advanced thermoset composites.

Despite the enormous research effort already carried out, the expected signifi-
cant mechanical reinforcement of polymer matrices by CNTs is still to be
achieved. It is well-known that the addition of a small amount of CNTs in highly
crystalline thermoplastic polymers can increase the Young’s modulus in more than
100% [23]. For thermosets, however, the scenario is quite controversial. The most
significant enhancement in Young’s modulus of epoxy matrices appears to have
been 88%, using 0.25 wt.% of carboxylated SWCNTs [23,57]. Nevertheless, it
must be pointed out that CNTs do increase the electrical conductivity of thermoset
polymers. For epoxy resins, for instance, an enhancement of 10*— 10’ S. cm™ can
be achieved. There is also evidence that MWCNTs may yield percolating
networks, being therefore suitable for applications requiring higher electrical con-
ductivity [58]. This makes epoxy/CNT nanocomposites strong candidates for elec-
trostatic discharge (ESD) materials, which are used in various fields, including the
aeronautic sector.

(iii) Other nanoreinforced composites

Nanocomposites combining nanoclays and carbon nanotubes in polymer matrices
have been recently studied. These materials can be divided into two categories:
i) carbon nanotubes synthesized (usually by chemical vapor deposition) on clay
surfaces and later incorporated into a polymer matrix [59,60]; ii) clays and carbon
nanotubes separately introduced in the same polymer matrix [40,42,44]. Lan
and Lin [61] reported that the mixture of MMT-Na* and CNTs enhances the dis-
persion of nanotubes and concluded that clay dimensions and ionic interactions
between clays and CNTs are the most important factors to influence dispersion.
An increase of 100% in impact strength and 70% in Vickers hardness was recently
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reported for epoxy/clays/CNTs nanocomposites [60], and Zhang and Wang [44]
found 50% enhancement in Young’s modulus and better clay exfoliation in the
presence of CNTs.

8.2.3 Examples of Commercial Applications

A variety of nanocomposites using clays are currently available. For instance, Ny-
lon nanocomposites produced by Bayer, Honeywell Polymer and Toyota Com-
pany have been applied to timing belt cover and engine cover in cars. Polyolefin
nanocomposite applications can also be found in products of General Motors and
Southern Clay Products. The latter produces Cloisite, which is an organophilic
clay that lead to 23% increase in tensile strength, 69% in tensile modulus and 56%
in flexural modulus for a loading of 5 wt.% in PA 6 [62]. Sud-Chemie developed
Nanofil, which was designed to improve mechanical and thermal properties of
thermoplastics. For example, tensile modulus is improved by 25% and tensile
strength by 14% when 2% of Nanofil® is added to PA 6 [63].

Bentone, produced by Elementis Specialties, is employed to improve the me-
chanical properties of thermosets and thermoplastics (e.g. polyester, polystyrene
and polyamides) [64]. A product developed by Noble Polymer, called Forte nano-
composite, with improved stiffness and impact properties, was applied to the seat
back of cars [65].

Although great commercial interest in polymer nanocomposites focuses on ther-
moplastic, there are several thermoset nanocomposite products available on the mar-
ket. Graphistrength® [66], developed by Zyvex Performance Materials and Arkema,
is a liquid epoxy dispersion designed to enhance the mechanical strength of epoxy
composites. These epoxy resin masterbatches (based on either diglycidyl ether of
bisphenol-A, DGEBA, or diglycidyl ether of bisphenol-F, DGEBF) with 3.0 wt.%
MWCNT can be used to produce high strength composites, coatings and adhesives
for wind turbine blades, tennis rackets, baseball bats, skis and bicycle frames.

Nanocor® [67] supplies Nanomer® Nanoclays, which are microfine powders
that can be directly incorporated into epoxy or urethane resin systems, and Aard-
vark Polymers supplies epoxy masterbatches with a number of nanofillers, includ-
ing carbon nanotubes (both SWCNT and MWCNT) and nanoclays. Hyperion [68]
offers a series of MWCNTSs masterbatches (Fibril®), typically 15-20 wt.%, dis-
persed into polymers, including DGEBA epoxy. NanoLok = PT, commercialized
by InMat Inc. [69], is an environmentally friendly aqueous suspension of mont-
morillonite clay in sulfonated polyester resin that may be used as a gas barrier
coating when applied to polymer films.

The University of Cincinnati developed a multifunctional hydrophobic electri-
cally conductive and magnetic CNSC-polymer (epoxy or polyurethane) nanoskin
that can be used to produce anti-icing heating film, low impedance piezoresistivity
sensors, erosion resistant coatings, electronic storage devices and to build artificial
organs [70].

Nanocyl’s CNTs composite technology [4] has marketed a variety of polymer-
based nanocomposites, including the products named BIOCYL™ and
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THERMOCYL™ (barriers against fouling and flame, respectively) and
PREGCYL™ Pre-preg Materials. The NanoComposites Inc. company [71] is also
working on potential applications of composites with CNTs to increase mechani-
cal strength, abrasion resistance, elongation and fatigue time, and also to enhance
pressure maintenance and thermal stability. A new generation of CNT-polymer
nanocomposite textiles with electrical and thermal conductivity was patented by
Australia's national science agency - CSIRO [72], in collaboration with the
NanoTech Institute of the University of Texas, who developed the technology of
CNT yarns [73].

Finally, Vorbeck Materials Corp. [74] has recently launched graphene disper-
sions in a wide range of thermoplastics, rubbers and thermosets. These composites
are intended to have superior mechanical and electrical properties in comparison
with CNT nanocomposites, along with barrier and thermal properties similar to
nanoclay composites.

8.3 Concluding Remarks

The examples shown here illustrate the multiplicity of applications that are already
a reality for nanocomposites. However, it has to be pointed out that microcompo-
sites are still, by far, the primary materials for structural applications for high me-
chanical performance. Nevertheless, many applications which rely on the physical
or even mechanical characteristics of the part are already benefiting from the
unique behavior that a given material can achieve at a significantly low content of
nanoreinforcement.

The nanofillers available, including nanoparticles, nanoplatelets, carbon nanotubes,
nanofibers, and more recently graphenes or even a combination of these materials, are
indeed finding their way into mainstream commercial use. Several companies are
already supplying a variety of ceramic, metal and mainly polymer nanocomposite
products that reach into many industrial sectors, from solar cells, fuel cells or electro-
catalytic applications to super capacitors, biosensors and (opto-)electronics, to name a
few.
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VGCEF - vapor-grown carbon fiber

CNTs - carbon nanotubes

CNSC - Carbon NanoSphere Chain™

NGP - nanoscale graphene platelets
SWCNTs - single-walled carbon nanotubes
DWCNTs - double-walled carbon nanotubes
MWCNTs - multi-walled carbon nanotubes
PA 6 - polyamide 6

MMT - montimorrilonite

PMMA - polymethylmethacrylate
MMT-Na" - Sodium modified montmorillonite clays
PS — polystyrene

PC — polycarbonate

PVA - polyvinyl alcohol

SMC - sheet molding compound

CVD - chemical vapour deposition

FGS - functionalized graphene sheets

GO - graphite oxide

GS - graphene sheets

ESD - electrostatic discharge



9 Nanomaterials for Applications in Refractory
Materiais

Alvaro Niedersberg Correia Lima and Diogo Kramer Topolski

Departamento de Engenharia de Materiais, Universidade Federal do Rio Grande do Sul,
90035190, Porto Alegre, Brazil
E-mail: topolski@gmail.com

Abstract. Refractories based on nanostructured materials are emergent techno-
logical products in several applications in the steel and cement industries. To bet-
ter understand the nanostructured materials in refractories applications this chapter
shows a general perspective of the use of these materials in industrial refractories.
Refractories research and development based on conventional technical concepts
and techniques seem to have been conducted exhaustively. If refinement of refrac-
tory technology is to be expected, the introduction of new technologies is indis-
pensable. Nanostructured materials improve several properties of refractory
materials like mechanical resistance, thermal conductive, carbon oxidation
protection.

Keywords: refractory, cement castables, nanostructured.

9.1 Introduction

Refractory materials are inorganic chemical substances, single or polyphase in
nature, which are processed at high temperature and/or are intended for high-
temperature applications. They are employed wherever a process involves treat-
ment or exposure to elevated temperatures, e.g. the melting of metals, the sintering
of ceramics, the melting of glass, the processing of hydrocarbons and other chemi-
cals, etc [1]. These ceramics are the raw materials of the industrial refractories.
With the exception of certain types of fusion-cast refractories, almost all refrac-
tories involve an aggregate of small particles. They are made from a formed
material, which has a very wide particle-size distribution, from several microme-
ters (fine particles) to several millimeters (coarse particles) across. Unlike fine
ceramics, which are made by subjecting a formed material consisting of particles
of almost uniform size to an extremely large firing shrinkage for densification of
30 — to 50 wt% (because of this large change in volume, it is difficult to
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manufacture large ceramic products in bulk), refractories, which effectively utilize
the wide particle-size distribution, are free from such large firing shrinkage even
when the formed material is subjected to high-temperature firing/hysteresis for the
densest packing or pore-shape control. In addition, the structure of a refractory has
a greater effect on the properties of the refractory than composition control [2, 3].

Ordinarily, in the field of conventional refractories, it is fine particles several
micrometers in size that are routinely subjected to blending control. This paper de-
scribes the development of a “nano structural matrix”— an original technology
whereby a nano region is established in an ordinary matrix. For the purpose of this
development, nanotechnology was positively applied [4].

9.2 Industrial Application

9.2.1 Nanostructured Oxides

9.2.1.1 Sintering Aid

The nanostructured materials have a very high sintering activity. This is caused
because a great part of the atoms are on the particle surface [5]. These characteris-
tics turn nanostructured materials into a good sintering aid, decreasing the
refractories firing temperature.

Tontrup [6] used Aeroxide ® TiO, P25 (properties shown in Table 9.1) as
sintering aid in 99% alumina refractory bricks. Using just 0.4% of it, the firing
temperature was reduced by more than 200°C (1730°C to 1500°C), increasing al-
most 30% of the cold crushing strength (CCS) — 8.5 MPa to 13.8MPa — compared
to a conventional brick.

Table 9.1. Properties of Aeroxide ® TiO, P25.

Properties Aeroxide ® TiO, P25
Specific surface area (BET) 90 m’/g

Primary particle size 14 nm

Crystal structure > 95% Anatase

9.2.1.2 Reinforcing Additive

Tontrup [6] also used Aeroxide ® AluC (properties shown in Table 9.2) in indus-
trial corundum sliding gates formulation. The CCS increased 27% with an
addition of 0.25%.

Table 9.2. Properties of Aeroxide ® AluC.

Properties Aeroxide ® Alu C
Specific surface area (BET) 100 m’/g
Primary particle size 13 nm

Crystal structure 2/3yand 1/3 §
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The same material also improved the hot crushing strength (HCS) of the shaped
corundum material. The HCS increased 17% at 1400°C while the addition of clay
decreases HCS by 15%.

Aeroxide ® AluC showed good qualities in carbon bonded alumina bricks too.
The reinforcement on the carbon matrix cooked at 1000°C is so great that the CCS
increased 64%with 0.4%.

Aeroxide ® AluC also increases the matrix adhesion of industrial magnesia-spinel
refractories, one of the most promising products in the refractory industry. Table 9.3
shows the thermal shock resistance of some specimens of these refractories.

Table 9.3. Thermo shock resistance of magnesia-spinel refractories.

Additive CCS (MPa) Thermo shock resistance Cracks after number of cycles
(cycles)

0.00% 63.1 14 4

0.1% Aeroxide ® AluC  66.0 18 8

0.4% Aeroxide ® AluC 67 14

With the addition of 0.1% of Aeroxide ® AluC, the thermal resistance showed
great improvement. This effect is also found in magnesia-chrome refractories with
combination of nanostructured TiO, and Al,Os.

Aeroxide ® AluC not only improves the properties of solid bricks. Trontup [6]
also tested the strength of dried alumina castables. With an addition of 0.3% of
this material, the CCS increased 41%. This has a potential to reduce cement
content, because the nanostructured oxides provide strong adhesion in dried re-
fractories because of their high surface area. In fired refractories, the major effect
is reinforcing the binding matrix.

9.2.2 Utilization of Nanostructured Materials in Castable Cement

Calcium aluminate cement (CAC) is the most used hydraulic binder in refractory
castables. However, the presence of CaO in the composition can be deleterious to
the refractoriness of some ceramic systems, such as those containing microsilica.
Moreover, CAC-based castables impose some special requirements concerning
their curing and drying condition that could extend the processing time [7]. In this
context, colloidal silica has been pointed out as an alternative for a calcium-free
binder agent for refractory castables [8] and [9].

Colloidal silica is a stable dispersion of nanosized particles of amorphous silica.
The different production routes available can lead to sols with distinct solids con-
centration, particle size and shape, and pH [10]. Colloidal silica particles can be
linked together using different setting mechanisms, such as gelling and coagula-
tion, providing initial strength when applied to ceramic systems. Concerned to gel-
ling, the interaction of silica particles triggers the siloxane bonding (Si—~O-Si) and
the build-up of a three-dimensional network. With regard to coagulation, an additive
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(usually electrolytes) bridges the particles causing close-packed clumps. Both
setting mechanisms are influenced by pH change, particle size and its concentra-
tion, the presence of electrolytes and organic liquids, and temperature [10]. Be-
sides its binder effect, colloidal silica is also reported as a dispersant for ceramic
powders [10] and [11].

Anderson [12] compared two similar cement (70% alumina) and colloidal silica
bonded castables to Magnec/Metrel Inc. The porosity of the colloidal silica
bonded remained constant (14.5%) with the increase of firing temperature (from
50°C to 1400°C). In water bonded, the porosity increased more than 4% in the
same temperature range. The lower porosity at intermediate temperatures leaves
the colloidal silica bonded refractory more resistant to oxidation, gas attack and
slag attack.

Cement bonded materials often have greater initial strengths than colloidal
silica bonded materials due to the hydraulic bond. However, CAC materials lose
this strength as dehydration takes place. A cold modulus of rupture test showed a
dip in the strength curve at about 500°C for a cement bonded material due to a hy-
dration phase loss and the associated bonding loss. Although the colloidal silica
bonded product showed a lower initial strength, it showed a good progression in
strength development and quickly equaled the cement bonded material at
moderate temperatures (< 500°C).

At elevated temperatures, the strength differences become more dramatic. Low-
melting-temperature CaO-Al,0;3-Si0O, phases associated with CAC castables are
responsible for liquid phase formation at the indicated temperatures and results in
lower hot strengths. Because the colloidal silica bonded materials are CaO-free,
they do not generate these low melting phases and typically exhibit higher hot
strengths which results in better in-service erosion resistance for these materials.

Glassy phase formation and volume instability associated with CAC castables
often cause degradation of properties upon thermal cycling. In most systems, col-
loidal silica bonded products have been shown to be superior in cycling applica-
tions. Anderson shows the strength loss of a CAC castable and a similar colloidal
silica bonded pumpable material. After only five cycles, the CAC material shows
a loss of over 85% of its initial strength, while the colloidal silica bonded material
loses strength much more slowly and at a steady, predictable rate (after 15 cycles
loss 50%) [12].

Colloidal silica bonded refractories have exhibited excellent flow behavior, hot
strength, thermal shock resistance, oxidation and acid resistance, and bond
strength in a variety of applications [13].

9.2.3 Carbon Black Utilization in MgO-C Refractories

In terms of the added nanocarbon particles, there are two types of carbon black —
the single-sphere and aggregate types (with large grain-size distribution). The sin-
gle sphere provides bigger densification and improves the erosion resistance. The
aggregate type decreases the elasticity, promotes stress relaxation, pore segmen-
talization and improves thermal shock resistance and insulation [14].
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Tamura et al.[14] manufactured a ultra extra-low carbon MgO-C refractory
with a nanostructural matrix aiming for 3% total carbon, including the carbon con-
tained in the organic binder used. Refractory specimens with the mixing ratios of
single-sphere and aggregate varied as shown in Table 9.4 and added to a suitable
amount of binder were prepared. The principal characteristics of the types of

carbon black utilized are shown in Table 9.5.

Table 9.4. Experimental condition of experimental brick (%)

Specimen CB1 CB2 CB3 CB4 CB5
MgO 95 95 95 95 95
Single spheres 2 1.5 1 0.5 0
Aggregate 0 0.5 1 1.5 2

Table 9.5. Characteristics of carbon black

Single sphere  Aggregate

Specific surface area (BET) (m’/g) 19
Oil absorption (ml/100g) 30

Component particle diameter (nm) 90

60
130
40

The addition of single-sphere alone (2%) shows a marked tendency to increase
both strength and elasticity. When the mixing ratio of the aggregate is 0.5% or
more, the modulus of elasticity decreases to about half, although the strength de-
clines slightly. In this case, therefore, it can be expected that the thermal shock

resistance (spalling resistance) will improve.

On the basis of the above results, Tamura et al made some experimental bricks

(X and Y in Table 9.6).

Table 9.6. Effect addition of agregate types (%).

Specimen (MgO-C(3%)) X Y

Z. (conventional)

MgO 96 96
Single sphere 1.0 O
Aggregate 0.5 0
Aggregate B 0 1.5
Flake graphite 0 0
Resine binder 2.5 32

Spalling test (*1) cycle 12 15

78
0
0
18
18
2.8
15

(1#) cycles until peeling occurs by repetition of dipping specimen in molten iron at 1400°C
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Specimen X was prepared by adding single-sphere type carbon black, which
effectively increases the refractory’s density, and aggregate carbon black—which
improves the thermal shock resistance of the refractory. Carbon black b used in
Specimen Y is a hybrid of single sphere and aggregate. Specimen Z, a conven-
tional brick available on the market, was used for comparison. The total carbon in
X and Y, respectively, is 3% (flaky graphite 0%, carbon black 1.5%), whereas that
of Z is 20% (flaky graphite 18%), more than six times greater.

In a spalling test, specimens X and Y showed spalling resistance comparable to
that of Specimen Z, despite the fact that the carbon content of X and Y was only
about one-sixth that of Z. Thus, using carbon black appropriately, it is possible to
impart excellent spalling resistance to the brick. The heat conductivity of Speci-
mens X and Y, which contain no graphite, is about one-seventh that of Specimen
Z and hence, X and Y display high thermal insulation performance [15].

The results of a corrosion resistance test of the specimens carried out on the
slag line of an actual ladle. The wear rates of Specimens X and Y containing 3%
carbon are low when compared with that of Specimen Z.

All these results show the improvement caused by nanostructural carbon black
in the matrix. Besides the improvement on the bricks properties, the lower use of
carbon generates other benefits. Using a refractory which contains a considerable
proportion of carbon in a converter is problematic because of the large amounts of
oxygen blown into the converter. Also, with an eye on the necessity of energy sav-
ing, conserving natural resources and tackling environmental problems in the fu-
ture, it is considered absolutely imperative to reduce the amount of graphite added
and to develop low-carbon refractories [16].
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Abstract. Nanoscience and Nanotechnology suggest that many of the current prob-
lems involving energy storage and industrial effluents could be solved or greatly ame-
liorated using the nano-scale adsorbents, called nanoadsorbents. Innovations in the
development of novel materials, such as dendrimers, zeolites, nanocomposites based
on metal hydrides and carbonaceous structures like carbon nanotubes are among the
most exciting and promising. This chapter provides an overview of the use of nano-
materials as adsorbents. We highlight recent advances in the development of new
nano-scale materials and processes for H, adsorption and adsorption of toxic metal
ions, synthetic dyes, biological contaminants and acids in aqueous solutions.

Keywords: adsorption, nanomaterials, nanoadsorbents, carbon nanotubes, den-
drimers, zeolite.

10.1 Introduction

Nanoscience and Nanotechnology have aroused considerable interest, not only
because of the expectation of the impact nanomaterials may have on improving
the quality of life, but also for the preservation of the environment. In recent years,
nanotechnology has provided different types of nanomaterials that are being
evaluated as possible nanoadsorbent materials, for example, dendrimers, zeolites,
nanocomposites based on metal hydrides and carbonaceous structures like carbon
nanotubes (CNT) [1,2] (see Figure 10.1). These have a range of physical and
chemical properties that make them fascinating for the development of devices for
energy storage (for example, adsorption of H,) [3,4,5,6,7,8,9] and the develop-
ment of absorbent devices with high sensitivity, selectivity and high efficiency for
removal of heavy metals [10,11,12,13,14,15,16,17], synthetic dyes [18,19,20,21],
biological contaminants [22,23] and acids [24] in aqueous solutions.

This chapter provides an overview of the H, storage and removal of contami-
nants from water using nanomaterials as adsorbents. The chapter discusses briefly
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the peculiar properties of each of these materials that contribute to their being used
in such applications, followed by examples of studies on nanoadsorbents available
in the literature at the moment.

Fig. 10.1. Typical structures of nanomaterials with potential applications for adsorption:
(A) dendrimer, (B) zeolite and (C) carbon nanotube.

10.2 Adsorption

The adsorption phenomenon is the mass transfer of a solute (adsorbate) present in
a fluid phase to the porous surface of a solid phase (adsorbent) through the inter-
molecular attraction between them. If there is no kind of attraction, the molecules
of adsorbate incident will collide elastically with the solid one and will return to
the medium with the initial speed [25,26]. Adsorption is a process of interfaces in
which a film of adsorbates is created on the surface of the adsorbent material.
Analogous to surface tension, adsorption is a consequence of surface energy. In-
side the adsorbent material, all connections required (whether covalent, ionic or
metallic) of the constituent atoms of the material are filled by other neighboring
atoms. However, the atoms of the adsorbent surface are not completely sur-
rounded by other adsorbent atoms, i.e., they are associated with a smaller number
of neighboring atoms. As the binding energy decreases the potential energy of the
system, the surface has extra energy, called surface energy. Thus, the surface at-
oms are more reactive and therefore can attract adsorbates. This effect is more
pronounced in nanostructured materials due to the large fraction of atoms on the
surface.

The exact nature of the connection of the adsorbent—adsorbate depends on the
species involved, but the adsorption process is generally classified as physical ad-
sorption (physisorption) and chemical adsorption (chemisorption) [27]. In chemi-
sorption, the forces of chemical attraction, typically covalent bonds, act between
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the surface of the adsorbent and adsorbate. Thus, there is a chemical combination
between the surface of the adsorbent material and adsorbate, where electrons are
shared and/or transferred and new electronic configurations can be formed through
this process. On the other hand, in physisorption, physical adsorption forces, weak
van der Waals or electrostatic forces, are the ones that work without there occur-
ing any sharing or transferring electrons and with the adsorbate maintaining its
identity, although it may be deformed by the presence of surface force fields.

10.3 Morphology of Nanostructured Particles

The nanostructured materials exhibit a very large number of atoms, or chemical
species in general, likely to reduce the free energy of the system that is inserted
through chemical bonds or physical interactions with other chemical species pre-
sent in their vicinity. The morphology of these particles can vary significantly by
modifying the ability to serve as adsorbent for chemical species in the reduction of
free energy of the system. Examples of materials with such typical morphologies
are dendrimers, zeolites and carbon nanotubes.

10.3.1 Dendrimers

Dendrimers are formed by polymer molecules, i.e., by units (monomers) that are
repeated, which form branches like trees in a process of self-aggregation. The
dendritic architectural class can be divided into four subclasses: random hyper-
branched polymers, dendrigraft polymers, dendrons and dendrimers [28]. Cur-
rently, more than 100 different dendrimers and 1,000 chemical surfaces are
known. The dendritic structure resulting is highly branched, symmetrical and has a
large number of functional groups on the surface. This structure consists of three
basic components (Figure 10.1(A)) [29]: a multifunctional core (©) where other
molecules can be trapped [30], branching units (Y) that emanate from the central
nucleus and external-capping groups (E) [31]. Their unique structure and small
size (between 10 and 20 nm) make them particularly attractive for use as high ca-
pacity nanoadsorbents for water purification. Dendrimers can trap, for example,
toxic metal ions in their structure, which can be subsequently removed by proc-
esses of ultrafiltration (UF) [32].

10.3.2 Zeolites

A zeolite is a crystalline aluminosilicate with a structural frame including large
cavities occupied by cations and water molecules, both having considerable free-
dom of movement, permitting ion exchange and reversible dehydration (see
Figure 10.1(B)) [33]. The removal of water molecules and the replacement of
exchangeable cations do not alter the basic structure of zeolites.

Although conventional approaches report the synthesis of zeolite production on
a micro-scale, highly uniform crystals of zeolites on the nano-scale can be
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synthesized with dimensions ranging from 10 to 500 nm [34,35,36]. Zeolite on the
nano-scale has great mechanical and chemical resistance [37] and high surface
area (400-1000 m*/g) [1,38,39] and high density of adsorption sites. Studies have
reported that zeolites on the nano-scale present higher adsorption capacity than
those on the traditional micro-scale [38], which make them attractive to immobi-
lize in its structure, for example, heavy metals from acid mine effluent [17] and
pollutant molecules, such as toluene and nitrogen dioxide [38,39].

10.3.3 Carbon Nanotubes

CNT is an allotrope composite of carbon, consisting of sp” hybridized carbon at-
oms with bonds, distorted due to the curvature of the structure, which can be
found in the form of a single wall (single-walled carbon nanotube - SWNT)
(Figure 10.1(C)) [40,41] or multiple walls (multi-walled carbon nanotube -
MWNT) [42]. These can be considered as one-dimensional nanostructures (1-D)
because of their small diameter and their large length/diameter ratio. The CNTs
produced are unfortunately insoluble in many liquids, for example, in aqueous so-
lutions, and polymer resins in most solvents [43,44]. To facilitate and uniform the
dispersion of CNTs in liquid it is necessary to attach functional groups or
molecules to their walls, without significantly altering their properties as desired.

With regard to the adsorptive properties of CNTs, one must consider their
internal and external surfaces. Moreover, the curvature of the graphene sheet can
result in a lower heat of adsorption compared to that of a flat sheet. In fact, the
rolling up of the graphene sheet to form the nanotube causes a rehybridization of
carbon orbital (non-planar sp® configuration), thus leading to changes of the
n-density of the graphene sheet [45].

Diverse studies highlight the porous nature of the CNT [45,46,47,48,49]. Pores
in aggregated MWCNTSs can be mainly divided into inner hollow cavities of small
diameter (ranging from 3 to 6 nm in a narrow distribution of sizes) and aggregated
pores (widely distributed, 20 to 40 nm in), formed by the interaction between iso-
lated MWCNTs [49]. The aggregated pores are formed by entanglement of tens
and hundreds of isolated MWCNTSs, which are adhered to each other as a result of
van der Waals forces.

Many methods of characterization have shown the microporous nature of
SWCNTs and the mesoporous nature of MWCNTs [45]. Thus, the former often
exhibit a specific surface area higher than the others. Experimentally, it is reported
that the surface area of as-grown SWCNTs ranges between 400 and 900 m?/g
(micropore volume of 0.15-0.3 cm’/g) and as-grown MWCNT has a surface area
between 200 and 400 m*g (mesopore volume of 0.5-2) [45]. For SWCNT, the di-
ameter of the tubes and the number of tubes in the bundle will affect mainly the
surface area value [45].

As seen in Figure 10.2, adsorption in SWCNT can occur at four different sites,
these being: the grooves formed at the contact between adjacent tubes, on the out-
side of the bundles, the interstitial channels between the tubes in bundles, the in-
side of the nanotubes (pores) with open ends [45, 50, 51].



10 Materials for Adsorbent Applications 145

@
@@
| @n
‘ >

Fig. 10.2. TEM image of the SWCNT bundle (left) and schematic model for the possible
adsorption sites of the SWCNT bundle (right).

External nanotube walls
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The interstitial channels formed between the nanotubes have good potential for
the adsorption of small adsorbates, for example, gases [51].

In MWCNTs the adsorption sites consist of pores aggregated (Figure 10.3), in
the inner region in MWCNT with open ends and on the external walls [49]. In this
last case, the presence of defects, such as an incomplete graphene sheet, should be
considered. The pores aggregated play a more significant role in the adsorption of
large biological contaminants such as bacteria and viruses [22].

MWCNT

Aggregated pores

Fig. 10.3. TEM image of the aggregated MWCNTs (left) and schematic model for the pores
aggregated of MWCNT (right).
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10.4 Hydrogen Storage

Hydrogen adsorption on carbon-based materials is the amount of hydrogen that
remains near the surface of the solid carbon due only to physical forces — van der
Waals interactions — of the carbon atoms on the hydrogen molecules (process of
physisorption) [8,52].

Carbon is known as one of the best adsorbents for gases [53]. This property is
based on: (i) morphology of carbonaceous structures in the form of a fine powder
with high porosity and (ii) the existence of specific interactions between the car-
bon atoms and the gas molecules. As examples of carbon-based materials, as the
leading candidates for H,-absorbent materials, the following could be cited: acti-
vated carbon, fibers (nano) and carbon nanotubes. A survey of State of the Art H,
adsorption shows that the values of adsorption obtained by different authors are
divergent [54,55]. The storage of H, in carbon structures has generated contro-
versy in terms of efficiency, reproducibility of experiments and theories to explain
the phenomena involved. However, the National Renewable Energy Laboratory -
NREL, USA, works with the expectation of up to 10% by weight for technologies
based on hydrogen adsorption by carbon-based materials. H, adsorption on acti-
vated carbons was one of the first possibilities investigated. This is due to the high
specific area of these materials, allowing the gas adsorption in microporous
(mesoporous and macroporous do not influence the amount of adsorbed gas).
However, the adsorption of H, in this type of carbonaceous structure was not fea-
sible for practical application: at room temperature, the gravimetric energy density
of the system is very small. The most interesting results for commercial activated
carbons ranged around 0.5% by mass, at a pressure of 60 bar, although the litera-
ture shows values of up to 8% by mass with 50 bar at 165 K. Graphite also has the
capacity to adsorb H, on its surface. When ground below 200 microns, kept in the
presence of H, for 80 hours, it was able to adsorb 7.4 wt.% at a pressure of 10 bar
and a temperature of 300 K. The explanation for this surprising performance was
the generation of metastable structures, including new forms of carbon structures,
like — onions (nanonions).

Exfoliated graphite arises from chemical treatment and subsequent heating of the
graphite. The exfoliated structure of carbon blades generates an increase in volume
of the material. The highest adsorption capacity of H, by exfoliated graphite when
compared to conventional graphite, would reside in that lamellar separation. Figure
10.4 shows SEM images of samples of conventional and exfoliated graphite. The
term carbon nanofibers (CNF) summarizes a large family of carbon nanofilaments.
These can be differentiated according to the arrangement of the layers of graphite
or the morphologies and growth modes. Regarding the possibility of H, adsorption,
the spatial structure of CNFs has advantages due to the accessibility of the entire
outer blade and diffusion for short trips inside the nano structure.

CNTs have also been investigated for use in H, storing [3,4,5,6,7,8]. The
adsorption of hydrogen can occur in sites located both on the inside as on the out-
side walls of the CNTs [8]. Through Raman spectroscopy it is possible to detect
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Fig. 10.4. SEM image of conventional (a) and exfoliated (b) graphite.

hydrogen in the empty space of CNTs in the form of H,, which was confirmed by
molecular dynamics simulations. In the case of long SWCNTs closed with fullere-
nes in the end, hydrogen can only access the inner tube through the formation of
hexagonal carbon atoms in the tube wall. An open tube without the presence of
fullerene on the tip, allows easier access of the H, molecule inside the tube [8].
The adsorption of H atoms in MWCNTs is favored in the outer walls of concentric
tubes, where the storage capacity is independent of diameter. For this conception
of adsorption, the SWCNTs are better means of storage of H, than MWCNTs [8].
The hydrogen adsorption capacity of CNTs can be increased by milling, which
promotes the opening tip and surface defects [56].

Regarding the importance of the adsorption capacity of CNTs for a reliable
storage, their volume density must be taken into consideration. The amount of H,
stored is directly proportional to the adsorption expressed in weight% and, conse-
quently, the volume density of the adsorbent. For CNT, the volume density is
about 20 kg/m3, while for other conventional, carbon-based adsorbents it is of the
order of 500-1000 kg/m’. Mathematical simulations of hydrogen—carbon interac-
tion [52,57] have given rise to the expectation that the adsorption of H, can be op-
timized by changing the diameters of CNTs and the space between the bundles, as
well as by its functionalization or doping, using metals like titanium [7,58]. These
results are important indicators for further development of the CNT-making proc-
ess. Figure 10.5 shows curves of H, adsorption of different materials based on
carbon, investigated comparatively.

Although they have different structures, the adsorption curves of carbon-based
materials are very similar. Apart from the higher adsorption capacity of CNTs, the
results of H, adsorption on activated carbon and exfoliated graphite, with signifi-
cant values of H, adsorption, are interesting because of the low cost of those ab-
sorbers. In the comparative H, adsorption, one must consider sources of error such
as quantity, purity and homogeneity of the adsorbent and techniques for the de-
termination of adsorption. These factors lead to low reproducibility of results. The
experimental errors can be associated with leakage of H, or pressure change due
to varying temperatures and the return to thermal equilibrium after pressurization.

Another possible form of hydrogen storage is the use of metal hydrides [9],
since these compounds can store a relatively large amount of H, in solid state at
room temperature and pressure [59], providing easy and safe handling. Mg-based
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Fig. 10.5. H, adsorption of different materials based on carbon.

alloys are relatively lightweight, inexpensive, and are promising materials for hydro-
gen storage due mainly to high gravimetric and volumetric capacities of their hy-
drides [60]. Among these alloys, Mg,FeHg has the highest storage density by volume
(150 g Hy/l, which is 9.1x10* atoms H/cm”), i.e., twice the storage density of liquid,
and its hydrogenation reaction is reversible and has a high cyclic stability [61] while
MgH, has the highest gravimetric storage capacity (7.6 wt.% H). In the latter case, if
MgH, is nanostructured, the kinetics of absorption/desorption are improved [62].

As seen above, hydrogen storage is a key issue for success and achievement of
hydrogen economy and technology. At the moment, it appears that the stage of
development of most of these technologies is very embryonic, but it can eventu-
ally lead to advances in storage of H, in the coming years, mainly for the use in
fuel cells for automotive, mobile phones and laptop applications.

10.5 Adsorbents for Wastewater

It is estimated that today about 1.1 billion people lack access to potable water and
approximately 35% of the inhabitants of the "Third World" die of diseases linked
to water quality. If today only a few countries have a shortage of drinking water
supply, it is estimated that by 2025, based on extrapolation of current data, more
than half the countries of the world will be in such a crisis [2]. Although unpleas-
ant, scientific studies strongly indicate that many of today's water quality prob-
lems can be solved with the use of nanotechnology [2].

Due to its characteristic structure on the nano-scale (see Figure 10.1 (A)), den-
drimer as nanoadsorbent has been tested in water purification [63].This material
can trap toxic metal ions present in aqueous solutions on its nanostructure [32,64]
which are then removed by UF process, called dendrimer-enhanced ultrafiltration
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- DEUF [32]. This technique was first tested successfully using dendrimers poly
(amide-amine) PAMAM dendrimers with an ethylenediamine (EDA) core and
terminal NH, groups to remove Cu(Il) from aqueous solutions [32].

On a mass basis, the binding capacity of Cu(Il) with PAMAM dendrimers is
much larger and more sensitive to solution pH than those of linear polymers with
amine groups. The separation of the whole dendrimer/Cu(Il) solution can be
achieved by UF with the appropriate molecular weight cut-off MWCO. Dendrimers
loaded with metal ions can be regenerated simply by decreasing the solution pH to
4, thus allowing the recovery of Cu(Il) and recycling of dendrimers [32].

Zeolites have been shown to be effective adsorbent for a range of adsorbates [1].
Zeolite, such as the type NAP1 (NagAlgSi;0O3,, 12H,0) has a high density of sites of
ion exchange of Na and they can be synthesized by hydrothermal activation of fly
ash with low Si/Al ratio at 150°C in 1-2 M NaOH solutions [17]. Zeolite NAP1
was evaluated as a medium of ionic exchange for removing heavy metals from acid
mine effluent [17]. Studies also reported the successful use of synthetic zeolites
NAPI1 with adsorbents of Cr(IIl), Cd(II), Ni(II), Zn(II) and Cu(Il) wastewater of
galvanized metal [65]. Self-assembled monolayers on mesoporous supports
(SAMMS) are providing opportunities for developing more effective adsorbents for
toxic metal ions [66] and anions [67]. These materials are produced by surfactant-
templated synthesis of mesoporous ceramics. This produces nanoporous ceramic
oxides with a surface area of approximately 1000 m*/g and high density of adsorp-
tion sites, which can be functionalized to increase their selectivity.

Among the nanomaterials with potential applications in adsorption processes of
contaminants in aqueous effluents, CNTs are those that have gained greater prom-
inence. They have attracted growing interest as a new nanoadsorbent for water
treatment and wastewater containing heavy metal ions such as Zn(II) [10], Ni(Il)
[11], CdD) [12], PbdI) [13], Cr(VI) [14,15] and Cu (I)[16], synthetic dyes such
as Direct Yellow 86 and Direct Red 224 [18], methylene blue [19] and Procion
Red MX -5B [20], biological contaminants [22,23] and acids [24]. They are an
attractive alternative for removal of organic and inorganic contaminants from wa-
ter, due to their high aspect ratio, large surface area that can still be modified. Re-
cently, CNTs have proven to be efficient adsorbents with a capacity that exceeds
that of activated carbon [10,15,68].

For divalent metal ions (Cd(II), Cu(Il), Ni(I), Pb(Il), Zn(Il)), parameters such as
total surface oxidized, the pH and temperature play a fundamental role in CNT sorp-
tion [69]. Research shows that the adsorption capacity increases remarkably in CNT
after oxidation [10,12,16]. The ability of adsorption is also dependent on the pH of
the solution. For the Cu(Il) adsorption, for example, adsorption on oxidized
MWCNTs increases significantly at pH = 6 [16]. As for the ions Zn(II) and Ni(Il) ad-
sorption capacity increases with increasing pH in the range between 1 and 8, reaching
a maximum adsorption at pH between 8 and 11, decreasing from pH=12 [10,11].

The temperature at which the adsorption process is carried out will influence
both the rate of sorption as the degree in which sorption occurs. The adsorption
capacity, for example, of Zn(II) and Pb(II) increases considerably with an increase
in temperature [10,13], indicating an endothermic reaction. The time required for
the adsorption of about 50% of maximum sorption capacity of Zn(II) is reached
faster at higher temperatures [10]. The mechanisms by which metal ions are
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adsorbed on CNT prove to be quite complex and can be attributed to: electrostatic
attraction, precipitation, adsorption and chemical interaction between metal ions
and functional groups anchored to the surface of CNTs [69]. It is believed that the
chemical interaction between metal ions and functional groups of the surface of
CNT is the major mechanism of adsorption [10,11].

The recovery of metal ions and regeneration of carbon nanotubes can be easily
achieved by changing, with the aid of acids or bases, the pH of the solution, with-
out significantly harming the performance of the CNTs, indicating that CNTs are
promising adsorbents for the treatment of effluent [10,13].

The removal of hexavalent chromium (Cr(VI)) from aqueous solutions using
functionalized (oxidized) and non-functionalized MWCNTSs has also been studied
[14,15]. The removal of Cr(VI) on oxidized MWCNTs is favored in solutions
with low pH (with maximum removal at pH <2 [14]). The main removal mecha-
nisms of Cr(IV) are identified as: intraparticle diffusion, electrostatic interactions
and ion exchange mechanism (redox reactions) [14]. The latter appears as the
main mechanism for adsorption of chromium by MWCNTSs. The redox reaction
between the adsorption of Cr(VI) and the surface of oxidized MWCNTs leads to
the formation of Cr(Ill), and subsequently, the sorption of Cr(III) on MWCNTs
(MWCNT exists on the surface of both Cr(VI) and Cr(III)). Removal of Cr(VI) is
effective and without significant release of Cr(IIl) to the environment. The
non-functionalized MWCNTSs show a higher adsorption capacity than the func-
tionalized MWCNTSs [15]. This is due to the fact that the functionalized MWCNTSs
contain electron-rich atoms in their functional groups which repel the negatively
charged dichromate ions that inhibit the adsorption process. Both functionalized
and non-functionalized MWCNT possess an adsorption capacity higher than that
of activated carbon [15].

CNTs have proven to be an alternative for the adsorption of direct dyes, for ex-
ample, and Direct Yellow 86, Direct Red 224 [18] and cationic dyes such as methyl-
ene blue [19]. Based on the average free energy of adsorption, the suggestion is that
adsorption of direct dyes in CNTs can be characterized as an ion exchange process
[18]. The analysis indicated that the thermodynamics of adsorption of both direct
dyes and the cationic dyes were endothermic and spontaneous [18,19]. In addition,
the adsorption of both dyes occurs through the physisorption process [18,19]. The
adsorption of reactive dyes like Procion RED MX-5B (CI Reactive Red 2) in
MWCNTSs has also been considered [20]. The results suggest that the adsorption of
reactive dye in MWCNT decreases with increasing pH, but increases with increas-
ing temperature. As with direct and reactive dyes, the adsorption of Procion RED
MX-5B is given through the physisorption process and spontaneously.

CNTs show high adsorption capacity for removal of a wide variety of biologi-
cal contaminants like bacteria, viruses, natural organic matter (NOM) and cyano-
bacteria from aquatic systems [22,23]. The high capacity of adsorption of CNTs in
comparison with other adsorbents is mainly attributed to its fibrous form with high
aspect ratios and large surface area that can be easily accessed by biological
contaminants, and to the presence of well-developed mesopores [23].

Adsorption of fulvic acid by CNT has been the subject of studies since [24].
Adsorption of fulvic acid depends on both the surface area of the adsorbent and
solution pH. Fulvic acid was more susceptible to adsorption by SWCNTSs and
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MWCNTs than by activated carbon. The mechanisms of interplay between the
apparent fulvic acid and the surface of CNT are quite complex and involve hydro-
gen bonding, electrostatic interaction, hydrophobic interaction (van der Waals
forces) and m—m interactions. The adsorption of fulvic acid was reduced signifi-
cantly with increasing pH due to increased electrostatic repulsion and the decrease
of hydrophobic interactions and hydrogen bonds.

10.6 Concluding Remarks

As shown in this chapter, Nanotechnology can play an important role in this con-
text and therefore an active area of emerging research is the development of new
nanomaterials with elevated affinity, capacity and selectivity for adsorption. These
nanomaterials, such as dendrimers, zeolites, nanocomposites based on metal hy-
drides and CNTs, have extremely interesting properties that relate to many appli-
cations. In fact, many potential applications of these nanostructured materials are
being proposed, including obtaining devices for storage and energy conversion,
sensors, nano-scale adsorbent devices, among others. Some of these applications
are currently in the commercial phase, while others are still undergoing tests. In
particular, the use of CNTs for hydrogen storage is still controversial [70].

Currently, the cost of these nanomaterials is highlighted as a major obstacle
impeding its large-scale application in, for example, water treatment and energy
storage. However, efficient and continuous production using low-cost resources
will reduce, probably, the costs of production in the coming years [71].
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Abstract. The use of natural nanomaterials is environmentally friendly, socially
responsible and cost effective. Hence, several industries are investing in cheap
ways to explore and process natural resources to make natural nanomaterials
available. Natural nanomaterials are abundant; however, certain drawbacks such
as incompatibility and extraction are a challenge to make their use more advanta-
geous. Montmorillonite is the most common natural nanomineral used in industry
and nanocellulose could be extracted from the most important skeletal component
in plants, cellulose. In this chapter a brief overview is given of natural and modi-
fied natural nanostructured materials, with emphasis on layered silicates (clays)
and cellulose-based materials, followed by some industrial examples.

Keywords: clays, cellulose, natural stamps, halloysite nanotubes, amyloids.

11.1 Introduction

There are many natural (animal, vegetal and mineral) nanomaterials around us and
their properties are directly connected to their molecular supra-organization.

Natural nanomaterials are materials with at least one dimension in nanoscale
that is a result of natural processes. Some particles arising from aerosols of ma-
rine, mineral, volcanic, biogenic and cosmic origins could be considered natural
nanomaterials. Aerosols originated from natural sources can be directly emitted as
particles (primary aerosols) or they can also be the result of chemical reactions
(secondary aerosols).

Natural and modified natural nanostructured materials can have many advan-
tages in comparison to synthetic nanomaterials, like having fewer safety concerns,
being socially responsible, combining functionality with an eco-friendly approach
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and, in certain cases, demonstrating economic advantages. However, certain draw-
backs such as incompatibility with the hydrophobic polymer matrix, the tendency
to form aggregates during processing, and poor resistance to moisture greatly
reduce the potential of natural fibers to be used as reinforcement in polymers [1].

The top—down approach, which starts with the modification (like breaking or
separating) of large structures and proceeds to smaller structures, has been widely
used to create nanostructured materials for various industrial applications. In order
to prepare these nanostructured materials (like nanoparticles and nanocomposites)
there are many methods such as ball milling, ultrasonication, reverse micelles,
chemical reduction, chemical and physical vapor depositions, solid state reaction,
hydrothermal and microwave. Their applications can be as wide as refractories,
textiles, energy, biomedicals, functional barriers and environmental fields [2,3].

According to Gao et al. [4], natural materials such as bone, tooth, and nacre are
nanocomposites of proteins and minerals with superior strength. According to
Doktycz and Simpson [5], these biological system assembly efforts are particu-
larly instructive, as we gain command over the directed synthesis and assembly of
synthetic nanoscale structures. This field is most likely to advance through the
transfer of biological principles of organization into the bottom—up synthesis of
complex synthetic nanoscale material systems. Attention to principles of systems
biology can lead to the practical development of nanoscale technologies with pos-
sible realization of synthetic systems with cell-like complexity.

Gao et al. [4] show that the nanocomposites in nature exhibit a generic me-
chanical structure in which the nanometer size of mineral particles is selected to
ensure optimum strength and maximum tolerance of flaws (robustness). They fur-
ther show that the widely used engineering concept of stress concentration at flaws
is no longer valid for nanomaterial design.

11.2 Natural Layered Silicates — Bentonite Clays

Clays are an earthy and naturally occurring material with a fine grain size and cer-
tain plasticity when mixed with a suitable liquid, like water. Clays are essentially
composed of crystalline particles from a small group of minerals, referred to as the
clay minerals, which are a class of hydrated phyllosilicates making up the fine-
grained fraction of rocks, sediments, and soils. Chemically, clays are formed by
the mixture of aluminum and iron silicates, further containing, usually, certain
amounts of alkaline and alkaline-earthy elements [6,7].

Because the group of clay minerals is vast, they can be classified by different
aspects of interest like: chemical composition, interlayer material content and mor-
phological structure. The Association Internationale pour I’Etude des Argiles
recommends the following sub-division of clay minerals in two general classes [8]:

1) crystalline silicates with layered structure;
2) crystalline silicates with fibrous structure.
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In industrial applications of clays one distinguishes four types of clays [7]:

1) bentonites, with montmorillonite as the principal clay mineral constituent;

2) kaolins containing kaolinite;

3) palygorskite and sepiolite;

4) ‘common clays’ which often contain illite/smectite mixed-layer minerals, and
are largely used for traditional ceramics manufacture.

Montmorillonite is the most common clay mineral used in polymer-matrix clay rein-
forced nanocomposites (PCN) and is composed of an octahedral alumina sheet sand-
wiched between two tetrahedral silica sheets. The anionically charged sheets, or clay
platelets, are strongly held together by cations, such as Na*, Li*, Ca*, Fe** and Mg™".
The thickness of a single clay sheet is about 1 nm. The tightly bound stacks of clay
sheets may be separated by a simple dispersion in a polar solvent, such as water.
Natural clay is also miscible with polar polymers in which the platelets are readily
dispersed. However, the natural separation of clay sheets in non-polar polymer such
as polyolefins is quite difficult [7].

In general, bentonite is any clay composed predominantly of montmorillonite clay
mineral of the smectite group whose main properties are: particles of colloidal size,
high degree of layer stacking disorder, high specific surface area, moderate layer
charge, large cation exchange capacity, variable interlayer separation, depending on
ambient humidity, propensity for intercalating extraneous substances, including or-
ganic compounds and macromolecules, and ability of some members (e.g., Li* and
Na* exchanged forms) to show extensive interlayer swelling in water; under optimum
conditions, the layers can completely dissociate. It is also referred to as exfoliated
clay [7].

In the development of new nanotechnological materials, bentonite clays have been
extensively employed as a “nanofiller” in several polymeric matrixes and it has been
demonstrated that by using small amounts of it (less than 5 wt. %), it is possible to in-
crease polymer properties regarding the mechanical and thermal resistance and,
mainly, the flame retardant and gas barrier behavior [9,10,11,12,13,14,15,16,17,18].

Three main types of (nano)composites can be obtained when layered clays like
bentonites are associated with polymers. When the polymer chains cannot be mixed
well among the clay layers, the structure obtained shows tactoids dispersed with im-
miscibility in the polymer matrix and with properties that do not present relevant im-
provements in the material, which is normally classified as a conventional composite
or microcomposite. On the other hand PCN can be obtained when the polymer chains
are intercalated between swollen clay layers with their regular alteration of galleries
and laminates (intercalated PCN) or when the layered clay is totally delami-
nated/exfoliated and dispersed in the polymer matrix (exfoliated PCN). Intercalated
PCN has a layer distance of a few nanometers; that is, the space occupied by the
polymer chain and exfoliated PCN loses its ordered structure and the distance
between the layers is about the size of the gyration radius of the polymer. Both
classes of PCN are schematically compared with an immiscible system, denominated
as a microcomposite, as shown in Figure 11.1. It can be said that an intercalated PCN
displays limited miscibility and that exfoliated PCN is totally miscible. Both of these
hybrid structures can co-exist in the polymer matrix [7].
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Fig. 11.1. Schematic representation of composites and nanocomposites obtained by the use
of layered clays.

The mixing of a typical petroleum-based polymer and natural bentonite leads to
the formation of a microcomposite, as this process leads to the dispersion of mi-
cron-size stacked sheets. This behavior is due to the poor physical interaction of
the polar surfaces of layered silicates with the apolar macromolecules. If these in-
teractions become stronger, then the layered silicates can be dispersed in the
polymer matrix at nanometer scale. The layered silicates like montmorillonite pre-
sent a very high aspect ratio (10~1000) and a large surface area (above 700 m*/g).
Hence, for PCN containing low concentrations of layered silicates, the total inter-
face between polymer and layered silicates is much greater than that of conven-
tional composites for the same concentration [19,20,21].

The layered silicates are only compatible with water soluble polymers, such as
poly(vinyl alcohol) [22]. To satisfy wetting criteria, layered silicates like bentonite
are exfoliated in hot water under high shear stress, and then functionalized by ion
exchange reactions with cationic surfactants including quaternary alkylammonium
cations or phosphonium cations, where at least one of these substituents must be a
long carbon chain (12-18 carbon atoms) in order to make the silicate layer
compatible with the polymer matrix [23]. This material is commonly named
organoclay or nanoclay.

The surfactant molecules attached to the surface of the silicate layer lowers the
surface energy, improves the wetting characteristics of the silicate and causes an
increase in the basal spacing d(001), enabling the macromolecules to enter the
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interlayer spacing. In some cases, the alkylammonium cations could provide
functional groups that can react with the polymer or initiate polymerization of
monomers to improve the strength of the interface between the inorganic and the
polymer, as developed by Toyota researchers in the mid-80s [21,24].

For complete exfoliation to occur, the interfacial tension between the organo-
clay and the polymer matrix must be low enough to permit particle wetting. How-
ever, this condition is not expected to be sufficient to promote exfoliation, and a
high motional disorder of the surfactant chains is also required [25].

PCN and other polymer-layered silicates are typically synthesized by three
methods referred as:

(1) In-situ polymerization method:

In this process, mechanical mixing of a clay mineral in a monomer solution is re-
quired. With an appropriated mixing system the monomer is intercalated within
the interlayer of the clay, promoting a delamination. The polymerization initiated
by a number of ways follows to yield linear or cross-linked polymer matrices. In
some cases it is necessary that clays be pretreated by a pre-intercalation step of
long chain alkyl ammonium ion intercalation to aid exfoliation [19-21].

(2) Solution method:

The intercalation of the polymer from the solution involves a solvent system in
which polymers are soluble and the silicate layers are swellable. When the poly-
mer and a layered clay solution are mixed, the polymer chains dissolved in the
solvent intercalate into the interlayer of the clays with the solvent. An intercalated
structure remains, resulting in PCN after the solvent evaporation occur [19-21].

(3) Direct melt mixing method:

As indicated by the name, in this process a direct intercalation of the molten
polymer into the layered clays takes place. It is a method where solvents are not
used. The polymer is heated above the glass transition temperature in either static
or flow condition and mixed, normally in a twin screw extrusion system, with the
layered silicates directly. Modified layered clays are usually employed to promote
intercalation. The polymer chains from the molten mass spread into the silicate
galleries to form either intercalated or exfoliated PCNs according to the degree of
penetration [19-21].

Polymer nanocomposites enable substantial improvements in material properties
such as shear and bulk modulus, yield strength, toughness, scratch resistance, optical
properties, electrical conductivity, gas and solvent transport, with a small loading of
clay dispersed in the polymer matrix [19]. There are several excellent reviews about
the properties of polymer nanocomposites [19,23,26,27,28,29,30,31], to name a few.
For example, the addition of only 2%wt of clay in Nylon-6 improves strength,
modulus, and, in particular, heat distortion temperature (HDT); and these properties
are saturated at just 5 wt.% of clay [21]. In olefinic polymers like polypropylene, the
Young modulus, tensile and impact strength, flammability and HDT are improved
with the addition of organoclay [26]. Also, thermoset polymers and elastomer can be
reinforced using small amounts of organoclays.
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Because of its morphology, montmorillonites will develop similar increases in
modulus and tensile strength at a 3-5 wt.% loading compared to 20-60 wt.% load-
ing of conventional reinforcing agents such as kaolin, silica, talc, and carbon
black. Implicit advantages include lighter plastic parts with greater transparency.

Its particle shape also benefits polymers in terms of an increase of barrier prop-
erties to moisture, solvents, chemical vapors, gases such as O, and flavors. It is
this morphology that leads to the improved permeation barrier through a tortuous
path mechanism. With montmorillonites, polymers will have increased dimen-
sional stability at low reinforcement loadings. Dramatic decreases in the
coefficient of linear thermal expansion values have been reported.

Polymers can achieve a higher HDT, with a load of a few percent of mont-
morillonite. These nanofillers will increase the temperature at which the polymer
will start to acquire a softened state. This property is critical, for example, in
under-hood automotive applications.

Also important is that the thermoplastic polymer will be more recyclable.
Montmorillonite performance actually improves upon recycling.

Moreover, PCN offers a synergistic flame-retardant approach. The improved
flame retardancy, as measured by Cone Calorimetry, shows a decrease in the Peak
Heat Release Rate. A decrease in smoke and an increase in char formation are
observed. Combination with traditional flame retardants can enable the passing of
specified flame tests.

Furthermore, the polymer also will be easily colored due to the colloidal nature,
high surface area, and surface treatability of montmorillonite (it can serve as an
active site to fix dyes into polymers). The appearance of painted parts is improved
compared to conventional reinforced parts. The nanocomposite particles are much
smaller than traditional reinforcing agents so the polymer surface is much
smoother. There is even a reduced static cling in films containing nanocomposites.
This property was observed in some work being done by Southern Clay Products
personnel.

11.3 Cellulose-Based Nanostructured Materials

As the most important skeletal component in plants, polysaccharide cellulose is an
almost inexhaustible polymeric raw material with fascinating structure and proper-
ties. Formed by the repeated connection of d-glucose building blocks, the
highly functionalized, linear stiff-chain homopolymer is characterized by its hy-
drophilicity, chirality, biodegradability, broad chemical-modifying capacity, and
its formation of versatile semicrystalline fiber morphologies [32].

The supramolecular structure of cellulose includes amorphous and crystalline re-
gions. The crystalline regions are up to several microns long and a few nanometers
wide. Because of their dimensions, i.e., their high aspect ratio they can be regarded as
nano-whiskers. It is further possible to isolate these nano-crystals in the form of inde-
pendent particles. The size of the cellulose nano-whiskers is controlled by the size of
the crystalline regions in the cellulose and therefore by the biomass sources.

Development of nanocomposites based on nanocellulosic materials is a
rather new, but rapidly evolving research area. Cellulose is abundant in nature,
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biodegradable and relatively cheap, and it is a promising nano-scale reinforcement
material for polymers [33].

Based on a review by Sir6é and Plackett [33], nano-scale cellulose fiber materi-
als (e.g., microfibrillated cellulose and bacterial cellulose) serve as promising can-
didates for bio-nanocomposite production since cellulose is abundant, has high
strength and stiffness, low weight, and biodegradability.

According to Nakagaito and Yano [34] it is possible to manufacture a compos-
ite of high-strength using microfibrillated cellulose (MFC) derived from kraft
pulp. Because of the unique structure of nano-order-scale interconnected fibrils
and microfibrils greatly expanded in the surface area that characterizes MFC, it
was possible to produce composites that exploit the extremely high strength of mi-
crofibrils. The Young modulus (E) and bending strength (c,) of composites using
phenolic resin as binder achieved values up to 19 GPa and 370 MPa, respectively,
with a density of 1.45 g/cm’, exhibiting outstanding mechanical properties for a
plant-fiber-based composite.

Nakagaito, Iwamoto and Yano [35] produced high-strength composites using
bacterial cellulose (BC) sheets impregnated with phenolic resin and compressed at
100 MPa. By utilizing this unique material synthesized by bacteria, it was possible
to improve the mechanical properties over the previously reported high-strength
composites based on fibrillated kraft pulp of plant origin. BC-based composites
were stronger, and in particular the Young modulus was significantly higher, at-
taining 28 GPa versus 19 GPa of fibrillated pulp composites. The superior
modulus value was attributed to the uniform, continuous, and straight nano-scalar
network of cellulosic elements oriented in-plane via the compression of BC pelli-
cles. With a sulfuric acid concentration of 63.5% (w/w), it was possible to produce
cellulose whiskers with a length between 200 and 400 nm and a width less than 10
nm in approximately 2 h and with a yield of 30% (of initial weight). Disintegra-
tion of amorphous regions and degradation of crystalline parts during hydrolysis is
probably the explanation for the low yield. The whiskers produced under these
treatment conditions would be well suited for incorporation into a polymer using
an extrusion process where nanobiocomposites are produced.

Cellulose is hydrophilic, naturally abundant and finds a great number of appli-
cations. Cellulose is a polymer naturally synthesized by plants and the most
important component of their cell walls. Cellulose owes its importance to the me-
chanical strength of its fibrils (in particular due to the high level of intermolecular
hydrogen bonding), as well as to its chemical properties that allows for a great
amount of chemicals to derive from it.

The use of agricultural residues for isolation of cellulose nanofibers and subse-
quently making nanocomposites is a prospective commercial application that
would unlock the potential of these underutilized renewable materials and provide
a non-food based market for the agricultural industry.

An example to obtain nanocellulose is the method of Acid Hydrolysis that fol-
lows this sequence: (i) Bleached softwood kraft pulp; (ii) 8% Cellulose + 64%
H,SOy; (iii) Stirred at 45 °C, 45 min to ~ 1 hour; (iv) Diluted with water; (v) Cen-
trifuged, washed and neutralized; (vi) Re-dispersed with ultrasonication; (vii) Al-
lowed to stand over a mixed bed resin for 48 h; (viii) The mixture is centrifuged
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and the supernatant is filtered through filter paper. The filtrate is a colloidal
nanowhisker suspension. With a sulfuric acid concentration of 63.5% (w/w), it is
possible to produce cellulose whiskers with a length between 200 and 400 nm and
a width of less than 10 nm in approximately 2 h and with a yield of around 30%
(of initial weight). Disintegration of amorphous regions and degradation of crys-
talline parts during hydrolysis is probably the explanation for the low yield. The
whiskers produced under these treatment conditions would be well suited for in-
corporation into a polymer using an extrusion process where nanobiocomposites
are produced.

11.4 Others

11.4.1 Natural Stamps

In the work of Zhang et al. [36], the direct use of natural nanostructures as stamps
for nanoimprint lithography is reported. With these natural stamps, nanowell ar-
rays (negative structures of cicada wings) have been fabricated on a polymer sup-
port. Furthermore, the nanowell arrays can be transferred to the silicon substrate
by reactive ion etching, and thus exhibit an antireflective property. With patterned
poly(methyl methacrylate) as a mold, hexagonal gold-pillar arrays similar to the
surface of cicada (Cryptympana atrata Fabricius) wings can also be obtained by
thermodeposition.

As shown in Figure 11.2, the microscopic structures of the cicada wings consist
of ordered hexagonal close-packed arrays of pillars with a spacing of about 190
nm [36].

Fig. 11.2. (a) Photograph of Cryptympana atrata Fabricius. (b) Scanning electron micros-
copy (SEM) image of the surface of cicada wings. The space between each pillar is about
190 nm. The pillars are arranged in a hexagonal array. Inset: SEM image showing a tilt of
about 30° [36]. (Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)
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11.4.2 Halloysite Nanotubes

Naturally formed in the earth over millions of years, halloysite nanotubes are
unique and versatile nanomaterials that are formed by surface weathering of alu-
minosilicate minerals and are composed of aluminum, silicon, hydrogen and oxy-
gen [37]. Halloysite nanotubes are ultra-tiny hollow tubes with diameters typically
smaller than 100 nanometers (range from about 40 nm to 200 nm), with lengths
typically ranging from about 500 nm to over 1.2 um.

The functional characteristics desired for specific applications can be controlled
through selection of nanotube diameter and length. Furthermore, halloysite nano-
tubes can be coated with metallic and other substances to achieve a wide variety of
electrical, chemical, and physical properties. Their applications include additives
in polymers and plastics, electronic components, cosmetics, and home and per-
sonal care products. For example, they can be filled with such things as active in-
gredients including many that are used for cosmetics, household and personal care
products, pesticides, pest repellents, pharmaceuticals and other agents that could
benefit from extended release [37].

11.4.3 Amyloids

Amyloids are insoluble fibrous protein aggregates sharing specific structural traits.
Amyloid fibers constitute one of the most abundant and important naturally occur-
ring self-associated assemblies. A variety of protein and peptide molecules with
various amino acid sequences form these highly stable and well-organized assem-
blies under diverse conditions. These assemblies display phase states ranging from
liquid crystals to rigid nanotubes. A range of potential technological applications
rely on amyloid-fiber-based materials. According to Cherny and Gazit [38], amy-
loids are excellent candidates for the fabrication of molecular nanobiomaterials
(e.g., wires, layers, gels, scaffolds, templates, and liquid crystals) using the “bot-
tom-up” strategy - method to produce nanoparticles from atoms or molecules.
This is because of their structural compatibility, nanoscale dimensions, efficient
assembly into well-defined ultrastructures, ease of production, and low cost.
Furthermore, the building blocks may be varied extensively by rather simple
protein-engineering techniques [38].

11.5 Industrial Examples of the Use of Modified and
Non-modified Natural Nanostructured Materials

Nanocellulose, nanostructured minerals (like clay halloysite nanotubes, modified
bentonites and montmorillonites), organic—inorganic hybrid nanomaterials and
PCN are some of the examples of nanostructured natural materials that are being
commercialized and used by different companies around the world, as will be
shown below [39-53].

Nanocellulose, for example, is described as being as strong and light as Kevlar,
environmentally compatible and renewable. Thus, nanocellulose applications include
[39,40]: moldable light weight and high strength materials, medical implants,
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electrodes for fuel cells, barrier film for packaging applications (keeping oxygen from
spoiling food), composites for construction, vehicles and furniture. For example,
Sony Corporation, in conjunction with Ajinomoto and the Japanese Agency of Indus-
trial Science and Technology developed the first audio speaker diaphragms using mi-
crobial cellulose [41]. The unique dimensional stability of microbial cellulose gives
rise to a sound transducing membrane which maintains high sonic velocity over a
wide range of frequencies, therefore being the best material to meet the rigid re-
quirements for optimal sound transduction. In the near future it is expected that larger
speaker diaphragms will be made of microbial cellulose. Sony Corporation and
TOPPAN Printing Co., announced the successful development of 25 GB paper disc
based on Blue-ray Disc technology, the recording layer on which the data is stored
lies under a protective layer [42].

Recently, the French Imerys [43], global leader in the supply of high-quality
white pigments for the world's paper industry, also patented spherical and rod-
shaped proppants and anti-flowback agents based on nanostructured minerals from
the group consisting of kyanite, sillimanite, and andalusite (may be used alone or
in combination with other materials, such as bauxite, kaolin, meta-kaolin, pure or
technical-grade alumina) which also possess high strength and high conductivity.

Studies have shown that organic—inorganic hybrid nanostructured materials not
only increase mechanical, thermal and gas-barrier properties of polymers, but also
are useful for pollution control and water treatment [3,44]. Indeed, the growing
market of nanostructured natural inorganic materials for nanocomposite applica-
tions can be visualized through the many achievements (patents and products) of
companies like NaturalNano Inc. [45], Nanocor [47] and Nanoclay [48], for
example.

NaturalNano Inc. [45] is a nanomaterials company developing technologies and
processes with a focus on the fast-growing market of PCN (mostly with halloysite
and kaolin clays) for a wide range of applications: automotive (lighter parts to al-
low for increased transportation loads), military (make vehicles lighter, so they
will be cheaper to transport), packaging (stronger or thinner, e.g., storage bags,
food packaging), aerospace, and electronics applications. The company holds over
twenty issued or pending patents and proprietary know-how for extraction and
separation processes, of halloysite and other nanotubes, in combination with other
materials. For example, Pleximer™ is a PCN with clay halloysite nanotubes, a
naturally occurring two-layered aluminosilicate, non-toxic and environmentally-
friendly nano material. According to them, future opportunities lie in the ability to
fill halloysite nanotubes with active ingredients that will allow its use in cosmet-
ics, odor masking, agriculture, medicine, and many other applications requiring
extended release patents available for licensing.

Sigma-Aldrich [46] also commercializes some natural nanomaterials like hallo-
ysite nanotubes and montmorillonite nanoclays for polymer composites. Their hal-
loysite nanotubes have dimensions varying within 1-15 pm of length and 10-150
nm of inner diameter (depending on the deposits) and their product applications
include: (i) controlled release of anticorrosion agents; (ii) sustained
release of herbicides, insecticides, fungicides and anti-microbials; (iii) sustained
release of drugs, food additives, and fragrances; (iv) templating synthesis of
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rod-like nanoparticles; (v) uses as catalytic supports and molecular sieves; (vi)
specific ion adsorption; (vii) use as plastic fillers for strength reinforcement
and scratch protection; (viii) use in advanced ceramic materials, especially
biocompatible implants. Polymer-clay nanocomposites based on plate-like mont-
morillonite (which consists of ~ 1 nm thick aluminosilicate layers surface-
substituted with metal cations and stacked in ~ 10 um-sized multilayer stacks) can
increase mechanical strength, decrease gas permeability, superior flame-
resistance, and even enhance transparency (dispersed nanoclay plates suppress
polymer crystallization) compared to the pure polymer.

Nanocor [47] is a new operating subsidiary of AMCOL International Corporation
and is the largest global supplier of Nanomer® clays (registered trademark of Nano-
cor Corp) specifically designed for PCN. Some of their clay products are modified
bentonite and montmorillonite. Their product can speed up cure time, improve proc-
essing, decrease gas permeability, improve modulus, enhance chemical resistance,
improve flame retardancy and increase the HDT when incorporated to different
polymers when compared to pure polymers. To enhance the compatibility with hy-
drophobic polymers, the mineral’s surface is exchanged with alkylammonium
cations, for example. Some of their commercialized products can be used to reinforce
polymers like epoxy, polyurethane, polypropylene, polyethylene, ethylene vinyl
acetate, polyamides and hydrophilic polymers like polyvinyl alcohol).

Nanoclay fabricates Cloisite® additives (Figure 12.3), which consist of organically
modified nanometer scale, layered magnesium aluminum silicate platelets. The sili-
cate platelets that Cloisite® additives are derived from, are 1 nm thick and 70 — 150
nm across [48].

Fig. 11.3. Micrograph of Cloisite.



168 A. Zimmer et al.

The North-American AlliedSignal Inc. (aerospace, automotive and engineering
company) patented a nanocomposite material comprising a polymer as matrix hav-
ing dispersed therein platelet clay mineral particles of montmorillonite that act as
nanoscale barrier layers, which impart lower permeability to polymers than do
comparable loadings of conventional barrier fillers [49]. Ford also patented similar
polymeric thermoplastic nanocomposites reinforced by layered silicate clay
(montmorillonite or kaolin) and a second filler material selected from the group
consisting of calcium carbonate, titanium dioxide, talc, zirconium dioxide, zinc
oxide, calcium silicate, aluminum silicate, calcium sulfate, alumina trihydrate,
glass fibers, carbon fibers, and mixtures thereof [50].

Rheox, Inc., a leader in rheological additive products, patented hybrid organo-
clay (smectite clays) chemical compositions useful as additives to polymer, plastic
and resin matrices to produce nanocomposites and nanocomposites containing
such compositions [51]. One year later, Elementis Specialties Inc., another North-
American chemicals manufacturing company, specialized in chromium and
rheological additives, got the patent for a thermoplastic polymer blended with or-
ganoclay composition containing smectite [52] that resulted in nanocomposites
with enhanced structural and flame-retardant properties [53].

This trend is also observed in final users, especially in the automotive industry.
Some examples of automotive companies that are already making use of natural
modified nanostructured materials are: the Italian Fiat [54], the German Mercedes
Benz [55], the German Volkswagen [56], the French PSA Peugeot Citréen [57],
the North-American Ford Motor Company [58], the North-American General Mo-
tors Company [59], the Japanese Mitsubishi Motors Corp. [60] and the Japanese
Toyota Motor Corp. [61]. These companies are using from wood powder to vege-
tal fibers (like Ananas erectifolius, Cocos nucifera L., Agave sp and Corchorus sp)
in components of the seats or doors inserts or panels or under-hoods or car trunks.
One example is the Mercedes-Benz A-Class, which contains 27 components
containing vegetal fibers [55].

11.6 Concluding Remarks

The industry is currently exploring cheap ways to mass-produce nanomaterials.
Consequently, we will undoubtedly see more "natural" nanomaterials being used
in commercial applications. Natural and modified natural nanomaterials would be
good reference points for comparison of the functionality, cost, and potential eco-
logical implications of synthetic nanomaterials. While natural nanomaterials are
found in large quantity in the Earth, the process of extraction and separating them
is technically challenging. Today, most natural nanocomposites used in the
industry are very difficult and expensive to process.

For example, platy clays, such as the kaolin clay, contain layered two-
dimensional lamellaes held together by an intercalation (or intermediary) layer.
Thus, the lamellaes must first be exfoliated, or chemically separated, so they can
function as nanofillers and be dispersed in the polymer matrix. In today’s platy
nanoclay production process, these multiple steps lead to complexity, cost, and
dispersion quality challenges. In addition, most manufacturers do not have the
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specialized equipment needed to produce composites with platy nanoclays; this
required investment is the biggest market barrier for nanoclays.

The same occurs for the use of nanocellulose-based materials since after a
sequence of steps for the extraction of nanocellulose, a yield of around 30 wt.% of
nanocellulose is achieved. The whiskers produced after the extraction treatment
have great potential in nanobiocomposites applications.

As has been shown, many companies, especially in North- America, Europe
and Asia, are commercializing not only processed/modified natural nanomaterials,
but also additives and resins reinforced with nanostructured natural materials. This
concern with eco-friendly materials is also observed in final users, like the
examples cited in the automotive industry.
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