*andbook of

Nanocomposites

P__

T




Handbook of
Nanocomposites

Edited by Rich Falcon

NYRresearcH

P R E S S

New York



Published by NY Research Press,
23 West, 55th Street, Suite 816,
New York, NY 10019, USA
www.nyresearchpress.com

Handbook of Nanocomposites
Edited by Rich Falcon

© 2015 NY Research Press

International Standard Book Number: 978-1-63238-257-3 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Copy-
right for all individual chapters remain with the respective authors as indicated. A wide
variety of references are listed. Permission and sources are indicated; for detailed attribu-
tions, please refer to the permissions page. Reasonable efforts have been made to publish
reliable data and information, but the authors, editors and publisher cannot assume any
responsibility for the validity of all materials or the consequences of their use.

The publisher’s policy is to use permanent paper from mills that operate a sustainable forestry
policy. Furthermore, the publisher ensures that the text paper and cover boards used have
met acceptable environmental accreditation standards.

Trademark Notice: Registered trademark of products or corporate names are used only for
explanation and identification without intent to infringe.

Printed in China.



Handbook of Nanocomposites



HeoyRse, 75258 #EPDEIE Vi IA] : www. ertongbook. com



Preface

This book brings forth the experiences of experts from different scientific spheres across
the world on their encounters with various aspects of nanocomposite science and its
uses. The readers will be able to refer to research studies in the field of nanocomposites
dealing with fundamental concepts and salient features of various nanocomposites like
polymer/clay and polymer/carbon nanocomposites, composites of cellulose and metal
nanoparticles and other kinds of nanocomposites. This handbook of nanocomposites
will be a valuable reference for those interested in the field.

This book has been the outcome of endless efforts put in by authors and researchers
on various issues and topics within the field. The book is a comprehensive collection of
significant researches that are addressed in a variety of chapters. It will surely enhance
the knowledge of the field among readers across the globe.

It is indeed an immense pleasure to thank our researchers and authors for their efforts
to submit their piece of writing before the deadlines. Finally in the end, I would like
to thank my family and colleagues who have been a great source of inspiration and
support.

Editor
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Chapter 1

Polymer/Clay Nanocomposites: Concepts, Researches,
Applications and Trends for The Future

Priscila Anadao

Additional information is available at the end of the chapter

1. Introduction

On 29th December 1959, the physicist Richard Feynman delivered a lecture titled “There is
plenty of room at the bottom” atthe American Physical Society. Such a lecture is a landmark
of nanotechnology, asFeymann proposed the use of nanotechnology to store information as
well as a series of new techniques to support this technology [1]. From then on, the techno-
logical and scientific mastership ofnanometric scale is becoming stronger due to the new re-
search tools and theoretical and experimental developments. In this scenario, the worldwide
nanotechnology market, in the next five years, is expected to be ofthe order of 1 trillion dol-
lars [2].

Regarding polymer/ clay nanocomposite technology, the first mention in the literature was
in 1949 and is credited to Bower that carried out the DNA absorption by the montmorillon-
ite clay[3]. Moreover, other studies performed in the 1960s demonstrated that clay surface
could act as a polymerization initiator [4,5] as well as monomers could be intercalated be-
tween clay mineral platelets [6]. It is also important to mention that, in 1963, Greeland pre-
pared polyvinylalcohol/ montmorillonite nanocomposites in aqueous medium [7].

However, until the early1970s, the minerals were only used in polymers as fillers commer-
cially aiming to reduce costs, since these fillers are typically heavier and cheaper than the
added polymers. During the 1970s, there was a vertiginous and successive increase in thepe-
troleum price during and after the 1973 and 1979 crises [8]. These facts, coupled with poly-
propylene introduction in commercial scale, besides the development of compounds with
mica, glass spheres and fibers, talc, calcium carbonate, led to an expansion of the ceramic
raw materials as fillers and initiated the research as these fillers interacted with polymers.
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Nevertheless, only in the late 1980swas the great landmark in the polymer clay nanocompo-
site published by Toyota regarding the preparation and characterization of polyamide 6/ or-
ganophilic clay nanocomposite to be used as timing belts in cars [9-11]. This new material,
that only had 4.2 wt.%, had an increase of 40% in the rupture tension, 68% in the Young
modulus and 126% in the flexural modulus as well as an increase in the heat distortion tem-
perature from 65°C to 152°C in comparison with pure polymer [12]. From then on, several
companies introducedthermoplastic nanocomposites, such as polyamide and polypropy-
lene,inautomotive applications [13]. Another highlightedapplication is as gas barrier, by us-
ing polyamides or polyesters [14].

2. Definitions

2.1. Polymer/ clay nanocomposites

Polymer/ clay nanocomposites are a new class of composites with polymer matrix in which
the dispersed phase is the silicate constituted by particles that have at least one of its dimen-

sions in the nanometer range (10 m).

2.2. Clays

The mineral particles most used in these nanocomposites are the smectitic clays, as, for ex-
ample, montmorillonite, saponite and hectorire [15,16]. These clays belong to the philossili-
cate 2:1 family and they are formed by layers combined in a sucha waythat the octadedrical
layers that have aluminum are between two tetrahedrical layers of silicon (Figure 1). The

layers are continuous in the a and b directions and are stacked in the ¢ direction.

The clay thickness is around 1 nm and the side dimensions can vary from 30 nm to various
micrometers, depending on the clay. The layer stacking by Van der Waals and weak electro-
static forces originates the interlayer spaces or the galleries. In the layers, aluminum ions can
be replaced by iron and magnesium ions, as well as magnesium ions can be replaced by lith-
ium ions and the negative charge is neutralized by the alkaline and terrous- alkalinecations
that are between the clay layers. Moreover, between these layers, water molecules and polar
molecules can enter this space causing an expansion in the ¢ direction. This resulting surface
charge is known as cation exchange capacity (CEC) and is expressed as mequiv/ 100g. It
should be highlighted that this charge varies according to the layer and is considered an
average value in the whole crystal [17-20].
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Figure 1. Schematic representation of montmorillonite.

2.3. Polymers

Polymers are constituted by largemolecules, called macromolecules, in which the atoms are
linked between each other through covalent bonds. The great majority of the polymers are
composed oflong and flexible chains whose rough sketch is generally made of carbon atoms
(Figure 2). Such carbon atoms present two valence electrons notshared in the bonds between
carbon atoms that can be part of the bonds between other atoms or radicals.

These chains are composed ofsmall repetitive units called mero. The origin of the word
meroderives from the Greek word meros, which means part. Hence, one part is called by
monomer and the word polymer means the presence of several meros.

When all the meros of the polymer are equal the polymer is a homopolymer. However, when
the polymer is composed oftwo or more neros, the polymer is called copolymer.

| | | | | | | |
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Figure 2. Representation of an organic polymer chain.

Regarding the polymer molecular structure, polymers are linear when the meros are united
in a single chain. The ramified polymers present lateral ramifications connected to the main
chain. Polymers with crossed bonds have united linear chain by covalent bonds. Network
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polymers have trifunctionalmeros that have three active covalent bonds, forming 3D net-
works (Figure 3)
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Figure 3. Schematic representation of: (a) linear, (b) ramified, (c) with crossed bonds and (d) network [21].

Polymers can be amorphous or semi-crystalline according to their structure. It is reasonable
that the polymers that have a great number of radicals linked to the main chain are not able
to have their molecules stacked as close as possible and, for this reason, the polymer chains
are arranged in a disorganized manner, originating amorphous polymers. The polymers
with linear chains and small groups are grouped in a more oriented form, forming crystals.

As a consequence of the polymer structure, there are two types of polymers: thermoplastic
andthermofixes. Thermoplastic polymers can be conformed mechanically several times with
reheating by the shear of the intermolecular bonds. Generally, linear and ramified polymers
are thermoplastic and network polymers are thermofixes.

Thermofix polymers do not soften with temperature since there are crossed bonds in the 3D
structure. Therefore, they cannot be recycled [21]
2.4. Polymer/ clay nanocomposite morphology

Depending on the interphase forces between polymer and clay, different morphologies are
thermodynamically accepted (Figure4):
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intercalated nanocomposite: the insertion of the polymer matrix in the silicate structure is
crystalographicallyregular, alternating clay and polymer;

flocculated nanocomposites: it would be the same structure of the intercalated nanocompo-
site, except forthe formation of floccus due to the interaction between the hydroxile groups
of the silicate;

exfoliated nanocomposites: individual clay layers are randomically separated in a continu-
ous polymer matrix ata distance that depends on the clay charge [22,23]

2?\\5 W\ ZZv) ?/1 ;F

intercalated intercatated and flocculated exfoliated

Figure 4. Polymer/ clay nanocomposites morphologies.

The formation and consequent morphology of the nanocomposites are related to entropic
(ex.: molecular interactions) and enthalpic (changes in the configurations of the components)
factors. Hence, efforts have been made to describe these systems. As an example, Vaia and
Giannelis developed a model to predict the structure above according to the free energy var-
iation of the polymer/ clay mixture in function of the clay layer separation.

The free energy variation, AH, associated to the clay layer separation and polymer incorpo-
ration is divided into two terms: the term related to the intern energy variation, AU, associ-
ated to the configuration changes of various components.

AH =H (h)-H (h0)=AU - TAS (1)

Where h and h, are the initial and final separation of the clay layers.Then, when AH<0, the
intercalation process is favorable.

Such model presents as a limitation the separation of the configuration term, theintermolec-
ular interactions and the separation of the entropy terms of various components.

Other mathematical models were also developed for studies of simulation of the thermody-
namics of the polymer/ clay nanocomposites. These models consider the nanocomposite
thermodynamics and architecture, the interaction between clay and polymer to the free en-
ergy and the polymer and clay conformation.
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Specifically for polyamide 6 and 66/ clay nanocomposites, the study of the molecular dy-
namics was employed, which uses the bond energy between the various components that
composes the nanocomposite.

The kinetics of polymer/ clay nanocomposite formation is also a very important issue to pre-
dict the resulting nanocomposite. Studies of the molecular dynamics were also employed to
understand the system kinetics. Other mathematical models were also used to describe the
system kinetics, but kinetics is less understood than thermodynamics.

There is still the needof developing models that are explored in individual time and length
scales, besides the integration of concepts that permeate from smaller to larger scales, that is,
in the quantum, molecular, mesoscopic and macroscopic dominium [24].

2.5. Preparation methods of polymer/ clay nanocomposite

Three methods are widely used in the polymer/ clay nanocomposite preparation. The first
one is the in situpolymerization in which a monomer is used as a medium to the clay disper-
sion and favorable conditions are imposed to carry out the polymerization between the clay
layers. As clay has high surface energy, it performs attraction by the monomer units to the
inside of the galleries until equilibrium is reached and the polymerization reactions occur
between the layers with lower polarity, dislocating the equilibrium and then, aiming at the
diffusion of new polar species between the layers.

The second method is solution dispersion. Silicate is exfoliated in single layers by using a
solvent in which the polymer or pre-polymer is soluble. Such silicate layers can be easily
dispersed in a solvent through the entropy increase due to the disorganization of the layers
that exceed the organizational entropy of the lamellae. Polymer is then sorved in the delami-
nated layers and when the solvent is evaporated, or the mixture is precipitated, layers are
reunited, filled with the polymer.

Moreover, there is also the fusion intercalation, amethod developed by Vaia et al. in 1993
[25]. In this method, silicate is mixed with a thermoplastic polymer matrix in its melted
state. Under these conditions, the polymer is dragged to the interlamellae space, forming a
nanocomposite. The driving force in this process is the enthalpic contribution of the interac-
tions between polymer and clay.

Besides these three techniques, the use of supercritical carbon dioxide fluids and sol-gel
technology can also be mentioned [26].

3. Polymer and clay modifications to nanocomposite formation

As explained before, the great majority of polymers are composed of a carbon chain and or-
ganic groups linked to it, thus presentinga hydrophobic character. On the other hand, clays
are generally hydrophilic, making them, at a first view, not chemically compatible. Aiming
to perform clay dispersion and polymer chains insertion, it is necessary to modify these ma-
terials.
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There are two possibilities to form nanocomposites: clay organomodification that will de-
crease clay hydrophilicity and the use of a compatibilizing agent in the polymer structure,
by grafting, to increase polarity. The concepts that govern each of these modifications will
be explored in this chapter.

3.1. Clay organomodification

This method consists in the interlamellae and surface cation exchange (generally sodium
and calcium ions) by organic molecules that hold positive chains and that will neutralize the
negative charges from the silicate layers, aiming to introduce hydrophobicity and then, pro-
ducing an organophilic clay. With this exchange, the clay basal space is increased and the
compatibility between the hydrophilic clay and hydrophobic polymer. Therefore, the organ-
ic cations decrease surface energy and improve the wettability by the polymer matrix.

The organomodification, also called as organophilization, can be reached through ion ex-
change reactions. Clay is swelled with water by using alkali cations. As these cations are not
structural, they can be easily exchanged by other atoms or charged molecules, whichare
called exchangeable cations.

The greaterdistance between the silicate galleries due to the size of the alquilammonium
ions favor polymer and pre-polymer diffusion between the galleries. Moreover, the added
cations can have functional groups in their structure that can react with the polymer or even
begin the monomer polymerization. The longerthe ion chain is and the higher the charge
density is, the greaterthe clay layer separation will be [4,11].

3.2. Use of a compatibilizing agent

Generally, a compatibilizing agent can be a polymer which offers a chemically compatible
nature with the polymer and the clay. By a treatment, such as the graftization of a chemical
element that has reactive groups, or copolymerization with another polymer which also has
reactive groups, compatibility between the materials will form the nanocomposite. Amounts
of the modified polymer are mixed with the polymer without modification and the clay to
prepare the nanocomposites.

Parameters such as molecular mass, type and content of functional groups, compatibilizing
agent/ clay proportion, processing method, among others, should be considered to have
compatibility between polymer and clay. Maleic anidride is the organic substance most used
to compatibilize polymer, especially with the polyethylene and polypropylene, since the po-
lar character of maleic anidride results in favorable interactions, creating a special affinity
with the silicate surfaces [27,28].

4. The most important polymers employed in polymer/ clay
nanocomposites

In this item, examples of studies about the most important polymers that are currently em-
ployed in the polymer/ clay nanocomposite preparation will be presented. Fora better un-
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derstanding, polymers are divided into general-purpose polymers, engineering plastics,
conductive polymers and biodegradable polymers.

4.1. General-purposepolymers

General-purpose polymers, also called commodities, represent the majority of the total
worldwide plastic production. These polymers are characterized by being used in low-cost
applications due to theirprocessing ease and low level of mechanical requirement. The for-
mation of nanocomposites is a way to addvalue to these commodities.

4.1.1. Polyethylene (PE)

PE is one of the polymers that most present scientific papers related to nanocomposite for-
mation. Maleic anidride grafted PE/ Cloisite 20A nanocomposites were prepared by two
techniques: fusion intercalation and solution dispersion. Only the nanocomposites produced
by the first method produced exfoliated morphology. The LOI values, related to the material
flammability, were lower in all composites and were highly reduced in the exfoliated nano-
composites due to the high clay dispersion [29].

Another work presented the choice of a catalyzer being supported on the clay layers that are
able to promote in situ polymerization, besides exfoliation and good clay layer dispersion.
The organophilic clays (Cloisite 20A, 20B, 30B and 93A) were used as a support to the
Cp,ZrCl, catalyzer. The higher polymerization rate was obtained with Cloisite 93A and the
clay layers were dispersed and exfoliated in the PE matrix [30].

4.1.2. Polypropylene (PP)

Rosseau et al. prepared maleic anidride grafted PP/ Cloisite 30B nanocomposites by water
assisted extrusion and by simple extrusion. The use of water improved clay delamination
dispersion and, consequently, the rheological, thermal and mechanical properties [29].

The use of carbon dioxide in the extrusion of PP/ Cloisite 20A nanocomposites enabled a
higher separation between the clay layers. The use of clay at lower contents in the foam for-
mation also suppressed the cell coalescence, demonstrating that the nanocomposite is also
favorable to produce foams [31].

4.1.3.PVC

The use of different clays (calcium, sodium and organomodified montmorillonite, alumi-
num magnesium silicate clay and magnesium lithium silicate clay) was studied in the prep-
aration of rigid foam PVC nanocomposites. Although the specific flexure modulus and the
density have been improved by the nanocomposite formation, the tensile strength and mod-
ulus have their values decreased in comparison with pure PVC [32].



