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Preface

There has been a rapid development in the use of clayepolymer nanocomposites. The field is
progressing at staggering rates, with several hundred publications appearing each year.
Clayepolymer nanocomposite materials are used more in their existing markets and have
become established in relatively new ones. They are being studied for new areas of
applications such as drug release, sensor, and optical applications.

This book covers clayepolymer nanocomposites and their preparation, characterization, specific
properties, and applications. It is written as a unique source where the reader can have a fantastic
journey from the basics to advanced research areas. Chapters 1e3 discuss the fundamental
aspects of clayepolymer nanocomposites. Chapter 1 gives detailed information about different
types of clays and their preparation and modification with silanes and onium salts. Chapter 2
describes the historical development of clayepolymer nanocomposites and their preparation
properties and applications in a broad way. Chapter 3 presents a multiscale molecular
simulation protocol for predicting morphologies and properties of nanostructured polymer
systems with industrial relevance.

Chapters 4e8 discuss the design of clayepolymer nanocomposites by physical and chemical
processes. Chapter 4 deals with the preparation and applications of clayepolymer
nanocomposites by mixing polymers and prepolymers with unmodified and modified clays.
Chapter 5 delineates novel strategies and green efficient processes of making clayepolymer
nanocomposites using modern polymer chemistry and photochemical routes. Chapter 6
summarizes methods of preparation of clay/inherently conductive polymer nanocomposites
and their timely applications in, e.g., catalysis, sensing, drug delivery, and reinforcement of
polymer matrixes. Chapter 7 addresses the following important sections: definition and
classification of bionanocomposites, particularly clay-biobased polymer hybrids, and methods
of their preparation and characterization. Chapter 8 highlights the techniques and recent
developments of organo-clay hybrid thin film formation, with an emphasis on
LangmuireBlodgett method.

Chapters 9e12 discuss various analytical techniques for the detailed characterization of
polymereclay nanocomposites. Advanced characterization of polymereclay nanocomposites
using solid-state NMR, neutron scattering, small angle X-ray scattering, wide angle X-ray
scattering, X-ray photoelectron spectroscopy, inverse gas chromatography, nitrogen adsorption
and infrared techniques.

Chapters 13 and 14 discuss the specific properties and applications of the clayepolymer
nanocomposites. Chapter 13 covers the flame retardancy properties of clayepolymer
nanocomposites, while Chapter 14 emphasizes the use of clayepolymer nanocomposites for
controlled drug release.

xix



In summary, this will be a great contribution toward the state of the art for the preparation,
morphology, structure, properties, and applications of polymereclay nanocomposites. We
hope that this will be very useful for academic and industrial purposes but also for young
students and newcomers in the field.

We express our sincere thanks to all the authors who devoted their valuable time to write the
chapters and provide them in time for publication. We are very much indebted to our peer
reviewers for their guidance.

Last but not least, we would like to acknowledge the team at Elsevier for their remarkable
cooperation and continuous support during the entire process of writing this book.

Jlassi Khouloud

Mohamed M. Chehimi

Sabu Thomas
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Chapter1
Overview: Clay Preparation, Properties,

Modification
Khouloud Jlassi1, Igor Krupa1 and Mohamed M. Chehimi2

1Qatar University, Doha, Qatar; 2Paris Est University, CNRS, Thiais, France

1. OVERVIEW ON CLAYS
1.1 Introduction
The word “clay” has two connotations, one related to grain size and
the other to mineralogy, and this depends on the relevant discipline because
there is no single definition of the term. According to geologists and
pedologists, “clay” is any fine-grained mineral, the limit being set at 2 or
4 microns as appropriate. In mineralogical terms, clay minerals are generally
the small hydrated phyllosilicates.

Clay minerals and clays are explored in many areas. For geologists, clays
provide information on environmental conditions (source, formation
conditions, diagenesis, etc.). Petroleum engineers deduct the thermal
conditions from deposits (degree of maturation). Civil engineers focus on
clay properties as industrial equipment (refractories, building materials).
Agronomists and physical chemists analyze, for example, the hydration
and adsorption properties of clays to design fertilizers, catalysts, or modified
clays for decontamination or nanocomposites based on clays for various
applications.

The great deal of attention in the research field of clay by many laboratories
in the world is because of their abundance in nature and low cost, but
mostly because of their unique crystal structures, which give clay materials
special properties, including high surface area, surface electric charges, and
cation exchange capacity (CEC). CEC is responsible for hydration,
swelling, plasticity, and thixotropy that certain clays exhibit in water.

1.2 Crystal Structure and Classification of Clays
Most clay minerals are made by a stack of sheets. These layers are made by
a stack of tetrahedral and octahedral layers that shape the frame of all clay

ClayePolymer Nanocomposites. http://dx.doi.org/10.1016/B978-0-323-46153-5.00001-X
Copyright © 2017 Elsevier Inc. All rights reserved. 1
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mineral assemblage. Tetrahedrons are linked to each other by a corner, thus
forming a hexagon, while octahedrons are by one side.

Chemically, four oxygen atoms form tetrahedrons, the tetrahedral cavity
being occupied by a cation, usually Si4þ or Al3þ. Ideally, octahedral layers
are constituted by six OH groups, but OH groups of layers included in the
structure are replaced by the apical oxygen atoms of tetrahedrons. However,
octahedrons are known to bear a negative valence of 6, which is compen-
sated by the cationic filling of the three octahedral cavities. Two main groups
can be identified for each clay family: dioctahedral clays, for which
two-thirds of octahedral cavities are filled with trivalent cations (Al3þþ,
Fe3þ, etc.), and trioctahedral clays where all the octahedral cavities are filled
by divalent cations (Fe2þ, Mg2þ, etc.).

The arrangement of these tetrahedral and octahedral layers makes it possible
to discern three main types of clay (Table 1.1):

n 1:1 or TO type (1 octahedral sheet and 1 tetrahedral sheet; Fig. 1.1A),
with equidistance (interlayer distance) of 0.7 nm. The 1:1-type clays
vary according to the position of available vacancies in sheets. All
elements are disturbed so that the elementary sheet is electrically
quasineutral. Interlayer space thus includes almost no cations.
Successive sheets are stacked such that the oxygen level of a sheet is
in front of the hydroxyl groups of the close sheet. As a result of such
a layout, the network is stabilized by interlayer hydrogen bonds.
Particles (stack of sheets) are tough platelets whose lateral extension is
a few hundred nanometers and thickness a few tens of nanometers.

n 2:1 or TOT type (1 octahedral sheet between 2 tetrahedral sheets;
Fig. 1.1B), for which the interlayer distance is 1 nm when sheets are
closed.
Generally, for 2:1 clays, isomorphic substitutions are observed, e.g.,
possible substitutions of Si4þ in tetrahedrons by Al3þ or those of
Al3þ in octahedrons by Fe2þ. Such substitutions lead to permanent
negative surface charge at the sheet level. This negative charge is
compensated by the presence, in the interlayer space, of cations
called “compensator cations” or “interlayer cations” or in some
cases “exchangeable cations.”
For certain clays of this type, with a sheet filler deficit of between 0.2
and 0.9, the compensator cations with their hydration water enter the
interlayer space and thus induce a particle swelling. In this case the
basal distance is a function of the valency of the cation, and thus of
the number of water molecules related to those cations. The basal
distance increases according to the number of water molecules
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(w1.26 nm for a water monolayer, w1.4e1.5 nm for a bilayer, and
w1.9 nm for a trilayer). When sheet filler deficit is greater than or
equal to 0.9, compensation can be provided by the presence in
the interlayer space of nonhydrated cations (Kþ). Basal distance
is close to 1 nm. The main 2/1 clay groups are smectites,
vermiculites, and illites.

Table 1.1 Classification of Clay Minerals [3]

MINERALS 1/1 DIOCTAHEDRALS TRIOCTAHEDRALS

1T þ 1O ¼ 4,5 Å
Sheet electric charge
1T þ 1O þ Interlayer space z 7 Å

KAOLINITE
Kaolinite, dickite, nacrite

SERPENTINE
Amesite, berthierine,
chrysotile, antigorite,
lizardite, cronstedtite,
greenalite

MINERALS 2/1 DIOCTAHEDRALS TRIOCTAHEDRALS

1T þ 1O þ 1T ¼ 7 Å
Sheet electric charge
1T þ 1O þ 1T þ Interlayer space z 9 Å

PYROPHYLLITE TALC

Sheet electric charge: from �0.2 to �0.6
1T þ 1O þ 1T þ Interlayer space z 18 Å
Interlayer space: cations � hydrated
(Ca, Na)
(Ch: 10 Å; 2H2O: 14 Å; EG: 17 Å)

SMECTITES
Al: montmorillonite,
beidellite
Fe: nontronite

SMECTITES
Mg: saponite, stevensite,
hectorite

Sheet electric charge: from �0.6 to �0.9
1T þ 1O þ 1T þ Interlayer space z 15 Å
Interlayer space: cations � hydrated
(Ca, Na)
(Ch: 10 Å; 2H2O: 14 Å; EG: 14 Å)

VERMICULITES VERMICULITES

Sheet electric charge[ �0.9
1T þ 1O þ 1T þ Interlayer space z 10 Å
Interlayer space: nonhydrated cations (K)

ILLITE, GLAUCONITE

Sheet electric charge[ �1
1T þ 1O þ 1T þ Interlayer space z 10 Å
Interlayer space: nonhydrated cations
(K, Na)

SOFT MICA
Al: muscovite,
phengite, paragonite
Fe: celadonite

MICAS
MgeFe: biotite, lepidolite,
phlogopite

Sheet electric charge: �2
1T þ 1O þ 1T þ Interlayer space z 10 Å
Interlayer space: nonhydrated cations (Ca)

HARD MICA
Al: margarite, clintonite

MINERALS 2/1/1 DIOCTAHEDRALS TRI-TRIOCTAHEDRALS

Variable sheet electric charge
1T þ 1O þ 1T þ 1O Interlayer
spacez 14 Å
Interlayer space: octahedral sheets

CHLORITES
Donbassite
CHLORITES

CHLORITES
Diabantite, penninite,
chamosite, brunsvigite

Ch, chloroforme; EG, ethylene glycol.
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n 2:1:1 or TOTO type for which the feature equidistance is about 14 Å.
The interlayer space may be empty or filled by anhydrous or hydrated
cations. The 2:1:1 clays are composed of mica-type sheets (2:1) with
negative charge (mainly caused by tetrahedral substitution of Si4þ per
Al3þ), but the deficit this time is compensated for in the interlayer
space with a layer of positively charged octahedrons. Octahedral
cations, either in 2:1 sheet or in the octahedron in the interlayer
position, are mainly Fe2þ and Mg2þ. The positive charge in the
interlayer octahedron is mainly induced by the presence of Al3þ or
Fe3þ ions in substitution for divalent cations. These many substitutions
are theoretically divided into four types: tri-tri, tri-di, di-tri, and
dioctaedric (the first for the 2:1 sheet, the second for an interlayer
sheet). Di-tri and trioctahedral are most frequently encountered and
form the chlorite group (Fig. 1.2).

Couche octaédrique

Espace interfoliaire

Espace interfoliaire

Couche tétraédrique

Couche tétraédrique

Couche tétraédrique

(B) Type 2:1

(A) Type 1:1

Couche tétraédrique

Couche octaédrique

Couche octaédrique

d

d

H
O
Al
Si

OH
O
Al
Si

n FIGURE 1.1 Crystal structures of clay minerals: (A) type 1:1 and (B) type 2:1. d stands for the basal
distance [1].
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For different types of clay sheets are held together through cohesive forces
(van der Waals force) and possibly, in the case of 1:1 clays (TO),
by hydrogen bonds between hydroxyl groups of the octahedral layer and
oxygen atoms of the tetrahedral layer of the close sheet. The sheet
thicknesseinterlayer space is called the “basal distance” and it is an essen-
tial feature of clays, particularly the modified ones.

The classification of clay minerals remains difficult because microcrystal-
line species that form them are subject to variations in composition
because of the many possibilities of substitutions. Therefore the nomen-
clature and classification of clay minerals have evolved over time. The
classification adopted by the Nomenclature Committee of the Interna-
tional Association for the Study of Clays (AIPEA) relies on major
structural data:

n The combination of sheets (T/O or 1/1; T/O/T or 2/1; T/O/T/O or
2/1/1);

n The type of cation in the octahedron;
n The cationic filler interlayer;
n The type of compounds in the interlayer space (cations, water

molecules, etc.).

And three main groups are identified:

n The phyllitic clays;
n The fibrous clays;
n The interlayered clays.

n FIGURE 1.2 Representation of a chlorite structure [2].
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1.2.1 The Phyllitic Clays
The phyllitic clays are by far the most widespread and most studied. Their
classification into large groups is based, first, on how structural layers are
associated and, second, on the extent of occupancy of the octahedral layer
sites (di- or trioctahedral character).

The most famous group of 1:1 clays is the kaolinite group marked by a
basal distance of about 7 Å, a dioctahedral character, and a surface charge
of almost zero. The ideal structural formula is Al4Si4O10 (OH).

The best known and most studied group of 2:1 clays is the smectites marked
by a very variable structure because of the many tetrahedral and octahedral
substitutions. Therefore there are many varieties of dioctahedral and
trioctahedral smectites (Table 1.2).

One of the smectites’ characteristic properties is that their interlayer cations
are hydrated and easily exchangeable (Fig. 1.3). The physicochemical
characteristic properties of this group will be detailed in Section 1.3 because
it is the most used clay for clayepolymer nanocomposite synthesis.

The most usual and best known 2:1:1 clay group is the chlorite group.

Table 1.2 Different Types of Smectites [4]
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1.2.2 The Fibrous Clays
The fibrous clays are aluminosilicates whose crystalline structure is 2/1
type having a lateral extension limited to a few numbers of tetrahedrons
and octahedrons according to the b-axis, thus turning sheets into
rectangular sectioned strips. The width of these strips is characteristic
of each group. The two main fibrous clay groups are sepiolites and palygor-
skites (Fig 1.4).

n FIGURE 1.3 Structure of a hydrated smectite [5]. The smectite clay unit cell is framed by the assembly of an Al octahedral sheet inserted between two Si
tetrahedral sheets. The arrangement is known as TOT, where water molecules and cations invade the space between the TOT layers as described in (A). Two
outer tetrahedral layers comprised of silica and oxygen atoms are stacked with an inner octahedral layer (B) containing Al and Mg atoms, which are bonded to
oxygen or the hydroxyl group.

n FIGURE 1.4 Schematic representation of the structural and textural characteristics of fibrous clays:
(A) sepiolite structure and (B) palygorskite structure. Reproduced with permission of Elsevier from
E. Ruiz-Hitzky, M. Darder, F.M. Fernandes, B. Wicklein, A.C.S. Alcântara, P. Aranda, Fibrous clays based
bionanocomposites, Progress in Polymer Science 38 (2013) 1392e1414.
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1.2.3 The Interlayered Clays
Interlayering occurs as a result of the random or ordered stacking, as per the
c-axis, of two species or more of clay minerals. The possible combinations
between different minerals are extremely numerous, but only a few of them
represent the majority of natural interlayered clays. Three categories are
identified:

Alternating interlayered: In this case the clay particle contains
A-type sheets and B-type sheets stacked alternatively (ABABAB), etc.
Therefore a structure stage appears perpendicular to sheets equal to the
individual sum of the two types of sheets.
Segregated interlayered: Stacking is AAABBB type. The X-ray
diffractogram characteristic of such a binary interlayer is the sum of A
and B phase diffractograms.
Irregular interlayered: In this case the law of succession obeys the
law of chance. There is no periodicity along the c-axis.

1.3 Physicochemical Properties of Smectites
1.3.1 Specific Surface Areas
One of clays’ characteristics, particularly smectites, is their large surface
relative to their mass (specific surface area). As per all finely divided
minerals, this characteristic gives smectites the property of adsorbing water
or organic molecules such as glycerol or ethylene glycol. Two specific
surface areas for smectites are identified: the external surface between
particles and the internal surface corresponding to the interlayer space.
The total specific surface area is defined as the sum of both.

Table 1.3 reports the usual values of specific surface area of smectites and
other clays.

Table 1.3 Specific Surface Areas of Some Clays [5]

Clay
Internal Surface
(m2/g)

External Surface
(m2/g)

Total Surface
(m2/g)

Kaolinite 0 10e30 10e30

Illite 20e55 80e120 100e175

Smectites 600e700 80 700e800

Vermiculite 700 40e70 760

Chlorite e 100e175 100e175
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1.3.2 Cation Exchange Capacity
CEC measures the ability of clay to exchange its interlayer cations. It
is defined as the amount of matter of elementary fillers carried by the
interlayer cations that can be exchanged to balance the electrical charge
of 100 g of calcined clay. It is expressed in milliequivalents per 100 g
of calcined clay so that results do not vary with the degree of hydration
(moisture) of the clay.

The CEC is the principal key in clay organic modification. Table 1.4
includes the usual values of the CEC of smectite and other clays.

1.3.3 Swelling of Smectites
This property is generally attributed to smectitic clays, which have the
characteristic of swelling in the presence of water and are called “swelling
clays.” Their ability to absorb a large amount of water is caused by two
factors: the large specific surface area that has a large number of hydrophilic
compensating cations on the one hand, and sheet flexibility that creates
pores within sheets, particles, and aggregates, on the other hand. Water
related to sheets by cation hydration and free water contained in the pores
can be identified at different scales.

When a dry smectitic clay powder comes into contact with water, three
swelling steps occur.

On initial contact with water, water molecules enter the interlayer space and
hydrate cations through a cationedipole bond. Water molecules are also
adsorbed on sheet surfaces and form successively a first, a second, and
then a third pseudolayer of adsorbed water, and therefore contribute to
the interlayer distances, respectively, distinct values of 1.2e1.5 and
1.9 nm without intermediate values.

By further increasing the amount of water, an osmotic swelling occurs,
causing a separation of particles that increases the interlayer distance

Table 1.4 Cation Exchange Capacity (CEC) of Some Clays [5]

Clay CEC (meq/100 g of Calcined Clay)

Kaolinite 5e15

Illite 10e40

Smectites 80e150

Vermiculite 100e150

Chlorite 10e40
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from 19 to 40 Å. The coexistence area of the two interlayer distances 19 and
40 Å is called the “osmotic transition” area.

The second step relates to clay paste formation, characterized by a constant
increase of interlayer distance as the amount of water increases.

When clay paste passes from the “rigid gel” to the “soft gel,” this change is
called the third step of swelling. When “soft gel” passes to a suspension
to the ground state it is no longer part of the swelling, but it is the
so-called solegel transition, which is so important in clay studies and
applications [7e9] such as dynamic light scattering alteration, fluidity
loss, and fluorescence enhancement [10].

2. ORGANOMODIFICATION OF SMECTITE
All clay types employed for clayepolymer nanocomposite preparation are
premodified materials. Modification starts with a purification step, which
is a long and time-consuming process, leading most of the time to sodium
clays. This purification step is beyond the scope of this chapter, which
concentrates rather on the modification of purified clays. There are simple
and more elaborated chemical and physical processes of modification;
herein we concentrate on organomodification using onium salts and organo-
silanes. For Brönstedt acidic or basic pretreatment over the entire pH range,
modification affects the clay as follows.

Hydroxylation is conducted at basic medium, as described by Wenbo Wang
et al. [11]. With moderate alkali activation at pH < 5, adsorptive removal
capability for methylene blue was found to be improved. Indeed, this alkali
activation can moderately break the SieOeM and SieOeSi bonds and
remove the metal cations (i.e., Al3þ, Mg2þ) and Si in the crystal backbone
of phyllosilicate by which new adsorption sites were created and the surface
negative charges were increased. In contrast, some acid treatment leads to an
effective modification method to increase the surface area of clay. Note,
however, that moderate acidic modification can be an inexpensive and
effective method to increase the surface area of clay from 103 to 272 m2/g
as described by Irani et al. [12]. However, extensive dissolution of the inner
AleOH surface is initiated, which is catalyzed by acid or basic species,
which might alter the structure of clay, therefore leading to a decrease in
the Si/Al atomic ratio. In addition, the rod-like morphology is severely
altered or even disappears, while BrunauereEmmetteTeller specific surface
area increases [13].

In the following, and where appropriate, we will indicate whether or
not pretreatment at controlled pH was conducted for the case studies of
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organomodification of smectites because such modification affects this kind
of layered silicate significantly compared to other clay series.

Smectites being highly hydrophilic are incompatible with the majority
of polymer matrices, usually organophilic. Therefore the purpose of a
smectitic clay organic modification is to make the clay organophilic for
the manufacture of clayepolymer nanocomposites. Of the methods of
organophilic modification, cation exchange is the most commonly
implemented [12e14], and has been since the 1987 seminal work of
researchers at Toyota Central Research and Development Labs [15]. These
researchers intercalated montmorillonite (MMT) with ammonium salts with
terminal carboxylic acid groups prior to mixing with nylon-6 to provide
intercalated clayepolymer nanocomposites. However, other interesting
and original methods were developed, such as organosilane [16], iodonium
[17], and diazonium salt grafting [18]. The main routes of clays modifica-
tions are summarized in Table 1.5.

Table 1.5 Summary of Main Organomodification Routes of Clays

Organic Compounds Clays
Method/
Conditions

d Spacing
(nm)

Mass
Loading Structure References

3-Aminopropyl
triethoxy silane

MMT Silylation
50�C
24 h

1.49
1.63
2
2.1

0.33 g:
1 g MMT
0.53 g:
1 g MMT
1.00 g:
1 g MMT
1.5 g:1 g
MMT

Intercalated [19]

Sodium dodecyl
sulfate acidic medium
ultrasound assisted

MMT 3.87 nm 3 CEC Intercalated [20]

Diazonium
4-diphenylamine
diazonium salt

Bentonite Cation
exchange
and covalent
grafting
60�C
3 h

1.37
1.62
d(001) peak
disappear

0.6 CEC
1.3 CEC
2 CEC

Intercalated
Intercalated
Exfoliated

[21]

Ionic liquids: Smectite Cation
exchange

4.2 nm 2 CEC Intercalated [22]

Octadecyl triphenyl
phosphonium salt

80�C 3.7 2 CEC

N-octadecyl-N0-
octadecylimidazolium salt

6 h

Phosphonium salt MMT Ion exchanged
RT, 24 h, HCl

d(001) peak
disappear

1 g salt:
1 g MMT

Exfoliated [23]

CEC, cation exchange capacity; MMT, montmorillonite; RT, room temperature.
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2.1 Modification by Cation Exchange
This method aims to replace compensating cations by organic cations, most
often by quaternary alkylammonium ions but in some cases by phosphonium
cations to develop an affinity vis-à-vis organic molecules within the clay.

As organic cation size is greater than that of interlayer cations originally
present, the basal distance increases with the rate of organophilization
that can exceed clay CEC.

Therefore when the aim is to facilitate the intercalation of organic solvents
with new molecules or other molecules that must be intercalated in the
interlayer space, such as monomers or polymer melts, it is important to
control the rate of organophilization, to have a compromise allowing the
creation of a clay affinity with organic molecules, and at the same time
to avoid steric hindrance that would prevent the intercalation of organic
molecules (monomer or other) [24].

Experimentally, clay organophilization can be conducted in three principal
different ways. The first, a solidesolid process, consists of grinding a
mixture of clay powders and surfactant that is subsequently heated to ensure
the diffusion of surfactant molecules in the interlayer space [25,26]. The
second is carried out by a liquidesolid process by putting clay, originally
powdered, in contact with an organic cation solution at a known concentra-
tion. The third method is a liquideliquid process and consists of mixing a
dispersed clay slurry with a solution of organic salt. This method is
frequently used [27,28].

Studies conducted within our research team [14,29] showed, for the liquide
liquid process, that the mixture of clay slurry is much more effective than the
powdered clay mixture.

2.1.1 Influence of the Hosting Structure and the
Compensating Cation

The quantity of exchangeable cations with ionic modifiers, expressed in
milliequivalents per 100 g of fully dehydrated clay, is called the CEC. It de-
pends on the number of accessible sites, the clay structure as well as the sur-
face charge density.

A high CEC and a uniform surface charge density promote clay organophi-
lization. Therefore MMT is the most favorable swelling clay for the inter-
calation of organic species in its interlayer space [30]. The compensating
cation size (to be replaced) has also an impact on cation exchange. The
smaller, more mobile, and more easily hydratable the compensating cation
is, the easier the exchange is. For example, Kþ, NH4

þ, or Csþ cations are
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seldom exchangeable because they are large or poorly hydrated causing a
strong attraction between the sheets leading to interlayer distances in the
order of nanometers (collapsed sheets) [31,32].

2.1.2 Influence of the Type of Alkyl Ammonium Ion
Cation exchange is influenced by the type of alkylammonium ion and in
particular by the length of the alkyl chain, size and shape of the polar
head, and organic groups carried by the ion [33].

Indeed, regarding the length of the alkyl chain, previous work has shown
that alkyl ammonium intercalation with alkyl chains, of not more
than eight carbon atoms, does not exceed the clay CEC, while above
eight carbon atoms, the adsorption capacity increases and exceeds the
clay CEC [34]. The size and shape of the polar head play a role in the
attachment of organic cations. Surfactants having one or two methyl
groups can become lodged in clay hexagonal cavities and thus limit their
desorption [35]. Table 1.6 lists the most common quaternary ammonium
salts used for the preprocessing of clays before the preparation of
nanocomposites.

Table 1.6 Surfactants Used for Clay Organophilization

Clay Quaternary Ammonium Salts d (nm) References

Montmorillonite Tetramethylammonium 1.44 [36]

Montmorillonite Octadecyl ammonium bromide 1.86 [37], [38]

Hexadecyltrimethylammonium bromide 1.86

Bentonite Hexadecylamine 1.53 [39]
1-Octadecylamine cetyl
trimethylammonium bromide

2.04

Octadecyltriethylammonium bromide 2.07

Montmorillonite (Butoxymethyl)dodecyl
dimethylammonium chloride

1.45 [40]

Dodecyl dimethyl(hexyloxymethyl)
ammonium chloride

1.47

Dodecyl dimethyl(octyloxymethyl)
ammonium chloride

1.49

(Decyloxymethyl)dodecyl
dimethylammonium chloride

1.53

Dodecyl dimethyl(dodecyloxymethyl)
ammonium chloride

1.56

(Benzyloxymethyl)dodecyl
dimethylammonium chloride

1.41
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2.1.3 Arrangement of Alkyl Ammonium Ions
Between Sheets

The arrangement type in interlayer spaces depends on the alkyl ammonium
initial concentration with respect to the CEC of clay. Following the length
of the carbon chain and the sheet filler deficit but mostly following the
organophilization rate, alkyl ammonium ions are organized in monocouche,
bicouche, pseudotricouche, paraffin structures, or even in micelles as shown
in Fig. 1.5.

(A) (B)

(D)(C)

(E)

(G)

(F)

CI

CI CI CI

CI CI

n FIGURE 1.5 Conformations adopted by the quaternary ammonium alkyls in the interlayer space of
a smectite: (A) monolayer with alkyl chains parallel to sheets; (B) bilayer with alkyl chains parallel to
sheets; (C) pseudo-trilayer; (D) monolayer with tilted alkyl chains; (E) onset of paraffin arrangement;
(F) self-association in micelles; (G) arrangement in paraffin. Reproduced with permission of American
Chemical Society. H. Othmani-Assmann, M. Benna-Zayani, S. Geiger, B. Fraisse, N. Kbir-Ariguib, M.
Trabelsi-Ayadi, N.E. Ghermani, J.L. Grossiord, Physico-chemical characterizations of Tunisian organophilic
bentonites, J. Phys. Chem. C 111(29) (2007) 10869e10877.
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2.1.4 Use of Phosphonium Salts
Cation exchange for organophilization may in some cases, particularly
when high thermal stability of the organophilic clay is desired, be achieved
by phosphonium salts [31,41]. Table 1.7 includes some phosphonium salts
used for smectite organophilization as well as the corresponding basal
distances after organophilization.

2.2 Adsorption of Polar Organic Molecules
Any polar molecule, whether organic or inorganic, can be intercalated and
adsorbed onto the internal surfaces of the interlayer space of a smectite.
The adsorption of organic molecules is therefore one of the methods of
organophilization of smectites.

The nonionic surfactants are the most used organic molecules for
smectite organophilization. Table 1.8 includes some examples of nonionic
surfactants.

Table 1.7 Phosphonium Salts Used for Clay Modification [41e42]

Quaternary Phosphonium Salts d (nm)

Tetrabutylphosphonium bromide 1.4

Tributylhexadecylphosphonium bromide 2.32

Tributyl-tetradecylphosphonium chloride 2.19

Tetraphenylphosphonium bromide 1.76

Methyltriphenylphosphonium bromide 1.76
Ethyltriphenylphosphonium bromide 1.76

Propyltriphenylphosphonium bromide 1.76

Triphenylvinylbenzylphosphonium chloride 2.1

Table 1.8 Nonionic Surfactants Used for Smectite
Organophilization [43]

Surfactants Chemical Formula

Polyethylene glycol ether C9H19C6H4(CH2CH2O)10OH

Polyethylene glycol ether C9H19C6H4(CH2CH2O)20OH

Dodecylpyridinium chloride C12H25C6H4NH3
þCl�
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2.3 Grafting of Organosilanes
Various studies mention the processing of silicates by organosilanes [44].
However, this type of chemical grafting is not very widespread in the
literature. The issue of such a modification is the creation of covalent bonds
between organosilane and the silicate matrix. Thus after hydrolysis, the
silanes become silanols and may react with clay hydroxyl groups to form
siloxane bonds [45e47]. Most often the most accessible hydroxyl groups
of a smectite are located on sheet edges and result from hydroxylation of
broken links of aluminosilicate crystal. With this type of modifying agent,
it is possible to achieve new interfaces between the filler and the matrix
by selecting the proper chemical structure of organosilane.

In the case where organosilane has a carbon chain with no reactive group, it
will form a covalent bond with the hydroxyl groups of clay tetrahedral
layers and will subsequently form van der Waals bonds with the polymer
matrix in the nanocomposite. Nonetheless, when the organosilane
introduces a functional group likely to react subsequently with polymer
(or with its monomers) it will ensure a covalent coupling between clay
and polymer. For example, g-aminopropyltriethoxysilane allows coupling
between clay and an epoxide network.

The grafting mechanism of an organosilane is shown in Fig. 1.6.

Based on the work of Shanmugharaj et al. [48], for successful grafting, the
surface activation (with acid treatment or hydrolysis) is a necessary prelim-
inary step to reach a high grafting density. These authors worked on a MMT
and tested for silane modification (using 3-aminopropyltriethoxysilane).
They also showed that surface tension and solvent choice have a great
influence on interlayer spacing and functionalization processes. They have
also proved the existence of two phenomena:

n Silane adsorption on a clay sheet surface;
n Silane molecule intercalation between the sheets, assisted by a conden-

sation reaction.

NH2Si

OH

HO

▪H2O

OH
OH

Physisorption Condensation

NH2SiO

O

O

Clay

X = OMe

HydrolyseAPTMS

OH+ X–Si

H2O

▪MeOH

X
NH2

X

n FIGURE 1.6 Grafting mechanism of an aminosilane onto a clay surface. APTMS, (3-Aminopropyl)-
trimethoxysilane.
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He et al. [49] processed the grafting of 3-aminopropyltriethoxysilane on an
MMT. Their results show that the trifunctional silane is intercalated between
sheets and grafting is promoted by a condensation reaction. In addition, they
proposed a configuration of grafted silane in the interlayer space in a parallel
bilayer.

Bongiovanni et al. [50] had another vision; they suggested that
many different reactions can simultaneously occur between the
glycidyl-propyl-triethoxysylane (GPTS) and the clay mineral (Fig. 1.7).
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They suggested that clay MMT can be modified by the following
reactions:

n Reaction (a): This reaction is the condensation and grafting of a single
GPTS molecule through the reaction of one functionality with clay
mineral OH groups; condensation between couples of grafted GPTS
can also occur.

n Reaction (b): GPTS molecules can be linked to different platelets
through the OH groups at the edges.

n Reaction (c): This reaction can occur between GPTS molecules grafted
in the same interlayer space; it can also take place between the grafted
GPTS and intercalated molecules.

2.4 Intercalation and Grafting of Diazonium Salts
A number of studies have described for the first time clay modification
with aryl diazonium salts with a view to making a new generation of
clayepolymer nanocomposites. Because diazonium salts provide anchored
initiators for in-situ polymerization, it was reasonable to anticipate that
clayepolymer nanocomposites could be prepared by in-situ radical and
other polymerization methods.

The objective was to explore diazonium cation exchange and/or grafting
of N,N0-dimethylaminobenzenediazonium tetrafluoroborate (DMA) to
MMT clay to provide a clayous photoinitiator [18]. The cation exchange
was investigated with nitrobenzenediazonium salt for the demonstration
of proof of concept and extends to cation exchange of DMA followed by
curing at 60�C to covalently attach aryl groups to the clay nanosheets, as
schematically shown in Fig. 1.8. The clayeDMA served to initiate the
radical photopolymerization of glycidyl methacrylate, which led to an
exfoliated nanocomposite with a polyglycidyl methacrylate-rich surface.
This strategy opened new avenues in the synthesis of clayepolymer
nanocomposites; indeed, Jlassi et al. [21] have exchanged bentonite with
4-diphenylamine diazonium to design a macroinitiator for in-situ oxidative
polymerization of aniline. The final product is an exfoliated claye
polyanilinenanocomposite with superior electrical conductivity, six
orders of magnitude higher than that of the nanocomposite prepared with
unmodified clay.

2.5 Alternative Intercalants
So far we have described the use and effects on clay structures of the most
popular intercalants and modifiers, namely, onium salts, silanes, ionic, and
nonionic surfactants. Most of the ammonium salts we have discussed bear
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long alkyl chains for compatibilization of organoclays with hydrophobic
polymer matrices. However, others are reactive and functionalized with:

n Monomeric units [21,42,51];
n Atom transfer radical polymerization and radical (photo)polymeriza-

tion initiating groups [18,52,53];
n Reactive epoxy groups for curing and reinforcing epoxy resins [50].

In addition to these popular approaches, a first time example of alkynyle
tin-initiated ring-opening polymerization in the presence of clay has
been described by Lahcini et al. [51]. Toward this end the authors
have modified halloysite nanotubes with tetra (phenylethynyl) tin
[Sn(eChCeC6H5)4] by reaction of this catalyst with surface OH groups
from the tubular clay. This approach could certainly be evaluated with
layered silicates.
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n FIGURE 1.8 General pathway to layered silicate modification with diazonium cations: (A) diazonium-exchanged clay; (B) reaction with clay giving interfacial
diazoether groups; (C) dediazonization leading to a clayearyl SieOeC bond. ACN, acetonitrile.
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The same group intercalated clay phosphonium-based surfmer (Fig. 1.9) to
make highly exfoliated MMT/poly (2,2,2-trifluoroethyl methacrylate) [42].

For biomedical applications, clay modification prior to making claye
polymer nanocomposites concerns drugs [54] and proteins [55]. Palygor-
skite can be loaded with aspirin (taken as a model drug) via electrostatic
interactions and hydrogen bonding as depicted in Fig. 1.10. The clayeaspirin
complex was embedded in polypyrrole (PPy) via electropolymerization of
pyrrole for the design of electrically assisted controlled drug release systems
[54]. The same laboratory extended the work to MMT and demonstrated
that compared with PPy the electrostimulated drug release behaviors were
significantly enhanced at the MMT/PPy hybrids [56].

An interesting and original approach consists of intercalating MMT with
aminopropylisobutyl polyhedral oligomeric silsesquioxane (POSS), which
permits the obtaining of exfoliated MMT/polystyrene nanocomposite
[57]. Conceptually, the strategy is interesting because POSS can be regarded
as the smallest possible form of silica and it was intercalated in clay because
of its cationic, ammonium form.

Monzavi et al. [57a] employed commercially available ammonium-
intercalated clay (Cloisite 15A) to make an intercalated hybrid organoclay/
dendrimer/TiO2, which was coated on a polyester fabric through the simple

n FIGURE 1.9 Synthesis of phosphonium-based surfmer for intercalation of montmorillonite followed by in-situ thermal radical polymerization. AIBN,
2,20-azobis(2-methylpropionitrile); MATRIF, 2,2,2-trifluoroethyl methacrylate; MMT, montmorillonite; Na, sodium; Phos, triphenylphosphine; VBz, 4-vinylbenzyl
chloride; VBz-MMT, vinylbenzyl-functionalized montmorillonite. Reproduced with permission of Wiley from M. Karamane, M. Raihane, M.A. Tasdelen, T. Uyar,
M. Lahcini, M. Ilsouk, Y. Yagci, Preparation of fluorinated methacrylate/clay nanocomposite via in-situ polymerization: characterization, structure, and proper-
ties, J. Polym. Sci. Part A Polym. Chem. 55(3) (2017) 411e418.
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pad-dry-cure method (Fig. 1.11). The modified fabric served for the
discoloration of dyes.

Another concept consists of exfoliating MMT with in-situ-generated
carbon nanotubes (CNTs) by chemical vapor deposition. The strategy
used Fe3þ-intercalated MMT that upon calcination was transformed into
Fe2O3-intercalated MMT, the magnetic particles serving as seed for the in-
situ growth of CNTs [58]. The final magnetic hybrid filler served to reinforce
nylon-6.
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2.6 Summary of Clay Modification Preprocessing
for Formulation of ClayePolymer
Nanocomposites

The intercalation strategies summarized previously paved the way to the
design of clayepolymer nanocomposites. Fig. 1.12 gives milestones in
the clay modification processing strategies for formulating clayepolymer
nanocomposites.

The schemes in Fig. 1.12 indicate more or less complex methods. Still, what
remains challenging is to achieve clayepolymer nanocomposite systems
that are stable and withstand reaggregation of the clay sheets (or nanotubes).
For this reason a second important step is the making of clayepolymer
nanocomposites via two main routes: mixing clays with polymers or in-
situ polymerization in the presence of clay (described at length in the
following chapters). The general approach is displayed in Fig. 1.13 for either
pristine or organoclays designed as summarized earlier.

n FIGURE 1.11 Preparation of clay/TiO2/dendrimer hybrid material and its deposition of a polyester
fabric. PAMAM, polyamidoamine. Adapted with permission of Springer from A. Monzavi, M. Montazer,
R.M.A. Malek, A novel polyester fabric treated with nanoclay/nano TiO2/PAMAM for discoloration of
reactive red 4 from aqueous solution under UVA Irradiation, J. Polym. Environ. 1e14.
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n FIGURE 1.12 Milestones of clay intercalation strategies. Intercalation or grafting with: (A) bifunctional silane [59]; (B) carboxylic acid-functionalized
alkylammonium or metal ions [15]; (C) alkyl ammonium [60]; (D) block copolymers [61]; (E) comb copolymers [62]; (F) polyhedral oligomeric silsesquioxane
(POSS)-functionalized alkyl ammonium [63]; (G) ammonium [64] and phosphonium surfmers [51]; (H) in-situ-generated carbon nanotubes [65]; (I) enzymes
[55]; (J) diazonium salts [18,21,66,67]; (K) drug [56]; (L) dendrimer/TiO2 nanoparticle mixtures [11].
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n FIGURE 1.13 Schematic representation of clayepolymer nanocomposite morphologies: (A) conventional; (B) intercalated; (C) exfoliated [68].
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Although much has been said about clay modification and the synthesis
of clayepolymer nanocomposites for widespread applications, innovative
synthesis concepts and applications continue to emerge every year.

3. CONCLUSION
In the field of research on smart, innovative materials, clayepolymer
nanocomposites are at the crossroads of several scientific disciplines,
namely, chemistry, physics, and biomedicine. Research on clayepolymer
nanocomposites is thus multidisciplinary by nature and consequently
falls within the scope of the syncretic discipline of materials science.
One important feature of lamellar clays such as phyllosilicates is their
ability to significantly improve the properties of polymers. The key
parameters to successful applications of the said clayepolymer
nanocomposites are the dispersion of clay fillers and the control of
polymereparticle interactions. Given the high surface energy nature and
hydrophilic character of clays, they tend to aggregate. To address this
issue, so many strategies were proposed over three decades to make
organophilic clays. The chemist’s toolbox contains a large variety
of chemical compounds; herein we tackled onium salts, silanes, tin
compounds, drugs, dendrimers, proteins, POSS, and CNTs to name but
a few. The list is very long and the materials scientist is offered a very
large choice of strategies for making the right organoclay for the right
polymer matrix and the right application.

With successful design of organoclays, remarkable improvements of
mechanical, thermal, conductive, and barrier properties of polymers can
be achieved. Particularly, organoclays reduce flammability and maintain
the transparency of polymer matrices.

However, organoclays are not only intended for mechanically robust
polymer composites with, e.g., flame retardancy features, they can also be
elegantly employed to design smart materials for optical, biomedical, and
environmental applications as described in the following chapters dedicated
to clayepolymer nanocomposites.
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Nomenclature
[ Improvement over neat polymer
Y Decrement over neat polymer
ABS Acrylonitrile butadiene styrene
APP Ammonium polyphosphate
APTES 3-Aminopropyltriethoxysilane
BIMSR Brominated isobutylene-co-p-methyl styrene rubber
BTPPB Benzyl triphenyl phosphonium bromide
CTAB Cetyl trimethyl ammonium bromide
DBMAB Dodecyl benzyl dimethyl ammonium bromide
DDAC Dioctadecyl ammonium chloride
EB Elongation-at-break
FM Flexural modulus
FS Flexural strength
HBP Hyperbranched polyol
HDPE High-density polyethylene
HNBR Hydrogenated nitrile butadiene rubber
IPDI Isophorone diisocyanate
IPDT Integral procedural decomposition temperature
LDH Layered double hydroxide
MA Maleic anhydride
MDI Methylene diphenyl diisocyanate
MMT Montmorillonite
NR Natural rubber
OLDH Organically modified LDH
PA 66 Polyamide 66
PA-6 Polyamide-6
PAA Polyacrylamide
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PBT Poly(butylene terephthalate)
PC Polycarbonate
PDMS Polydimethyl siloxane
PE Polyethylene
PEA Poly(ethyl acrylate)
PLA Poly(lactic acid)
PMMA Poly(methyl methacrylate)
PP Polypropylene
PS Polystyrene
PU Polyurethane
PVA Polyvinyl acetate
PVC Polyvinyl chloride
SBR Styrene butadiene rubber
SDAC Stearyl dimethyl ammonium chloride
SDS Sodium dodecyl sulfate
SEBS Poly(styrene-(ethylene-co-butylene) styrene)
T10 Temperature at 10 wt% degradation
T50 Temperature at 50 wt% degradation or temperature at midpoint

degradation
Tcc Cold crystallization temperature
TDAB Tetradecyl ammonium bromide
TEM Transmission electron microscopy
Tg Glass transition temperature
TGA Thermogravimetric analysis
THPB Tributyl hexadecyl phosphonium bromide
Tm Melting temperature
TM Tensile modulus
Tmax Temperature at a maximum rate of degradation
TOPB Tetraoctyl phosphonium bromide
TS Tensile strength
XRD X-ray diffraction

1. INTRODUCTION
Several advances in the field of polymer nanocomposites for various appli-
cations such as the automobile, packaging, aerospace, and agricultural sec-
tors have been established in recent years. This is because the properties of
polymers can be tuned precisely by incorporation of nanofillers. Polymer
nanocomposites are termed multiphase systems in which the nanoparticles
with at least one dimension in the nanoscale regime are dispersed in the
polymer matrix. The term “nanocomposites” was initially introduced by
Toyota Central Research Laboratory at the end of 1985, while they secured
success in the fabrication of nylonemontmorillonite (MMT) clay-based
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nanocomposites to produce a belt cover for cars [1,2]. Thereafter extensive
research activities have been attempted worldwide in the field of polymer
nanocomposites. This is because remarkable enhancements in the properties
of polymer matrices are possible via reinforcement of nanofillers even at
small loadings. In the nanoscale regime, nanoparticles exhibit high surface
area and therefore possibly interfere with the mobility of polymer chains,
which in turn results in the manipulation of properties.

Out of several nanofillers (carbon nanotubes, graphene, nanocellulose, and
nanosilica) being tested for their reinforcing ability, clay materials have
been extensively studied as fillers in the polymer matrices since the last
century to achieve tremendous improvement in their properties [3e7].
The material “clay” is actually composed of layered silicates/clay minerals
(aluminum phyllosilicates) containing metal oxides such as alkali earth
metals, alkali metals, magnesium, etc., as well as organic matter, especially
present in trace amounts [8]. The dispersion of clay in the polymer matrices
is a problem caused by the presence of covalent bonds that exist between the
interlayer of clay sheets. To overcome this difficulty, clay particles are sub-
jected to modification before dispersion in the polymer matrices. Basically,
during the modification process, the spacing between the interlayers of clay
particles is enhanced by intercalation of surfactants or grafting of hydropho-
bic functional moieties. Through such modifications, it is possible to incor-
porate hydrophobic properties into clay particles such that they can be
dispersed finely in the polymer matrices.

1.1 Modification of Clay Particles
There are two main methodologies used for the modification of clay parti-
cles: (1) physical and (2) chemical modification methods. In the physical
modification method, only adsorption of modifying agents takes place on
clay surfaces. In this method, no alteration in the clay structure takes place
and this helps to slightly enhance the properties of resulting polymer com-
posites. The slight improvement in the properties may be caused by the fact
that only weak physical forces of attraction exist between clay and the
modifying agents.

Another feature of the chemical modification method is that polymers with
functional groups or organosilane compounds are usually tethered onto the
surface of the clay. In addition to this, modification is carried out by an ion
exchange process with the help of cationic or anionic functional groups.
Therefore chemical modification helps in achieving stronger interaction be-
tween clay particle and modifying agent. This in turn leads to improvement
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in dispersion ability of clay particles in the polymer matrices. The nanosized
thickness of individual layers present in the clay particles, high aspect ratio,
and large surface area exhibited by clay materials when dispersed in the
polymer matrices lead to improved thermal, barrier, optical, as well as me-
chanical characteristics of polymereclay nanocomposite systems [7,9]. A
schematic illustration for the modification of clay particles is shown in
Fig. 2.1.

1.2 Preparation Methods for PolymereClay
Nanocomposites

In general, three different routes are followed for the preparation of
polymereclay nanocomposites:

1. Solution-blending method: In this method, polymer is usually allowed
to dissolve in a suitable solvent initially. Simultaneously, clay material
is also dispersed in the same solvent separately. Thereafter the clay/sol-
vent dispersion is transferred into polymer/solvent solution. Finally, the
polymer/clay/solvent solution is allowed to homogenize for a subse-
quent period of time followed by casting onto a flat support and
removal of solvent by evaporation [10e12]. A schematic illustration of

n FIGURE 2.1 Schematic representation for the preparation of exfoliated polymer/organomodified clay
nanocomposites.
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steps involved in the solution-blending method can be seen from
Fig. 2.2A.

2. Melt-blending method: This method allows for better mixing of the
polymer and clay materials as compared to the solution-blending tech-
nique. Here, the clay particles are directly reinforced in the polymer

n FIGURE 2.2 Different techniques for the preparation of polymereclay nanocomposites: (A) solution casting; (B) melt blending; (C) in-situ polymerization.
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matrix by a melt-integration approach. In this process, the polymere
clay mixture is allowed for the annealing process, which is usually
done at a temperature condition higher than that of the melting point of
the polymer [13,14]. A schematic illustration of steps involved in the
melt-blending method can be seen from Fig. 2.2B.

3. In-situ polymerization method: This method helps to enhance the
compatibility between polymer and clay particles. The uniform disper-
sion of clay particles in the polymer matrix can be achieved by this
technique. This is because the clay particles are initially dispersed in
the solution containing monomer, which is then subjected to subse-
quent polymerization. Finally, the clay particles grafted with a thin
layer of polymer are added as reinforcement to the bulk polymer ma-
trix, which are suitable for secondary processing techniques such as
extrusion and compression molding [15]. A schematic illustration of
steps involved in the in-situ polymerization method can be seen from
Fig. 2.2C.

1.3 Possible Structures of PolymereClay
Nanocomposites

In general, the actual enhancements in the thermal, barrier, and mechanical
properties of polymereclay nanocomposite are surely dependent on the
level at which the clay particle is dispersed in the polymer matrix. The
extent at which the clay nanoparticle is distributed in the polymer matrix
is dependent on two factors, namely: (1) physical or chemical interaction
ability between the clay material and the polymer matrix and (2) the tech-
nique used for the preparation of polymereclay nanocomposite. Hence ac-
cording to the level of difference in the interaction ability between the
polymer matrix and clay particle, three types of polymereclay composite
structures are probable, as described next and depicted in Fig. 2.3:

1. Phase-separated structure: This type of polymereclay composite
structure results if the interaction affinity between the polymer and the
clay material is very weak. The reason for this is because it is impos-
sible to achieve the intercalation of polymer material in the clay layers.
The composite structure that resulted because of phase separation in
this case is termed microcomposite not nanocomposite. Therefore it is
expected that these types of polymereclay composite exhibit downturn
in their properties [16,17].

2. Intercalated structure: During the fabrication of polymereclay nano-
composite, if the polymer chains are only partially intercalated in be-
tween the clay layers, then it results in the formation of an intercalated
structure. In the case of intercalated polymereclay nanocomposites, the
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interlayer distance between the clay layers is actually enhanced because
of the polymer intercalation process [16,17].

3. Exfoliated structure: The delaminated/exfoliated structure results as a
consequence of complete exfoliation of clay layers as individual sheets
and these are homogeneously dispersed in the polymer phase. It is ex-
pected that uniform dispersion of completely exfoliated clay sheets in
the polymer matrix can play an important role in improving the me-
chanical, thermal, and barrier characteristics of the resultant polymere
clay nanocomposite. However, achieving exfoliation up to a complete
level is a challenging task in practical situations [16,17].

1.4 Classification of Clay Materials
In Chapter 1, detailed classification of clay materials is very well explained.
Therefore a brief discussion about clay classification is provided in this sec-
tion. Two main classifications of clay materials include (1) natural and (2)
synthetic clay. The composition of all the clay materials comprises “SiO2”

and “AlO6” entities arranged in an alternating manner. According to the
fashion in which they are arranged, the natural clay materials are further sub-
divided into (1) 2:1 and (2) 1:1 clay types. The broad classification of clay
materials is depicted in Fig. 2.4 for a better understanding.

n FIGURE 2.3 Possible types of polymereclay nanocomposite structures.
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At present, research studies related to the alteration of clay materials with
organic modifying agents to produce organoclay are being envisaged.
This is because organically modified clay materials possess huge potential
to be used as reinforcement in the polymer matrices and help enormously in
improving the properties of pristine polymer after incorporation. However,
while clay-based polymer nanocomposites are produced at a large scale, it is
necessary for them to undergo processing, which may impact on the end-
use properties. Therefore this chapter aims to discuss the modification of
different clay materials and the effect of such modified clays on the proper-
ties of polymer matrices. In addition to this, the role of processing on the
final properties of the polymeric materials is also addressed at appropriate
instances throughout the chapter.

2. POLYMER/MODIFIED NATURAL CLAY-BASED
NANOCOMPOSITES

2.1 Smectite (2:1) Clay-Reinforced Polymer
Nanocomposites

Smectite falls under the category of the 2:1 phyllosilicate family. The smec-
tite structure comprises an octahedral alumina layer, which is fused in be-
tween two layers of silica present in a tetrahedral arrangement. In

n FIGURE 2.4 Classification of clay materials.
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general, water molecules are also found to be present in differing quantities
in the space present between the interlayers of smectite clay. The general
structure of smectite clay can be seen from Fig. 2.5. The stacked arrange-
ment of silicate and gibbsite in 2:1 sequence, respectively, leads to the gen-
eration of negative charges inside the gallery present between the two
individual clay sheets. Therefore negative charges available in the gallery
are balanced with the help of alkali metals and alkali earth metals, which
are cationic in nature. There also exist attractive van der Waals forces in
the space available between the interlayers of two clay sheets [18,19].

The most common examples of smectite clay include MMT, bentonite,
laponite, etc. (shown in Fig. 2.5), and all have a similar molecular formula
[(Ca,Na,H) (Al,Mg,Fe,Zn)2 (Si,Al)4 O10 (OH)2$nH2O], in which “n” refers
to the amount of water [18]. All the smectite clays exhibit a high range of
hydrophilicity such that they can be miscible in only hydrophilic polymer
matrices such as poly(vinyl alcohol) or poly(ethylene oxide) [20,21]. To
overcome this limitation, organophilic characteristics must be introduced
into smectite clay materials. Therefore organophilic smectite clay materials
can be easily miscible with a wide range of hydrophobic polymers available

n FIGURE 2.5 General chemical structure for smectite-type clay materials. G. Senanayake, G.K. Das, A.D.
Lange, J. Li, D.J. Robinson, Reductive atmospheric acid leaching of lateritic smectite/nontronite ores in
H2SO4/CU(II)/SO2 solutions, Hydrometallurgy 152 (2015) 44e54, copyright 2015. Reproduced with
permission from Elsevier.
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industrially. Smectite clays can be made organophilic by the exchanging
process of inorganic cations present in the gallery of individual clay sheets
with cationic surfactants, which comprises a positively charged head group
and a long hydrophobic aliphatic tail. The modification process leads to the
reduction in the surface-free energy for smectite clay materials and helps in
enhancing the wetting properties of polymer matrices. In addition to this, the
presence of a long hydrophobic aliphatic tail in connection with a cationic
head group results in the enhancement of “d” spacing or interlayer distance
for smectite clay materials.

2.1.1 Montmorillonite-Reinforced Polymer Nanocomposites
Among several subclasses of smectite clay, MMT has been widely investi-
gated as a potential reinforcement in several polymer matrices. This is
because MMT clay is easily available and exhibits large surface area prop-
erties along with excellent reactivity while being modified. All these char-
acteristics make MMT clay compatible for exfoliation and subsequent
intercalation of polymer in the interlayer region. Therefore this section dis-
cusses the research activities related to modifications of MMT clay and their
corresponding polymer nanocomposites.

MMT is a layered silicate and it is plate-like in shape with a chemical
composition of (Na,Ca)0.33 (Al, Mg)2 (Si4O10) (OH)2$nH2O. The modified
form of MMT clay materials with quaternary ammonium surfactants is
termed “Cloisite” [21]. Several varieties of Cloisite have been utilized as
filler materials in the polymer matrices. The structure of different types of
Cloisite can be seen from Fig. 2.6. Three different varieties of MMT,
namely, Cloisite 10A, Cloisite 6A, and Cloisite 30B and their effect as rein-
forcements in the poly(butylene terephthalate) (PBT) matrix, have been
investigated [22]. The study showed that incorporation of Cloisite 6A in
the PBT matrix resulted in the formation of microcomposites. This is caused
by the high hydrophobic property exhibited by Cloisite 6A, which in turn led
to the lack of compatibility between PBT and Cloisite 6A. While in the case
of Cloisite 30B and Cloisite 10A, the formation of intercalated PBT/organo-
clay nanocomposites was experienced and therefore led to the enhancement
of tensile properties.

The influence of weight loading of Cloisite 30B on the mechanical proper-
ties of polyurethane (PU) was envisaged [23]. The PU/Cloisite 30B nano-
composites were prepared by the in-situ polymerization method and the
final nanocomposite exhibited the exfoliated structure caused by the fine
dispersion of Cloisite 30B in the PU matrix. At 8 wt% loading of Cloisite
30B in the PU matrix, 100%e120% improvement in tensile strength and
storage modulus was achieved. Along with this, lap shear strength was
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also found to be increased by twice that of the neat PU. Addition of Cloisite
30B in the PU matrix has also enhanced the thermal stability of PU. A study
on the evaluation of mechanical and thermal characteristics of PU/Cloisite
30B nanocomposites was investigated, where hyperbranched polyol
(HBP) was used as a curing agent for the fabrication of nanocomposites
[24]. It was found that the temperature for onset degradation was improved
by 5�C along with a shift in the temperature for maximum degradation by
9�C for PU/HBP/Cloisite 30B nanocomposites as compared to PU/HBP
composites. The PU/HBP/Cloisite 30B nanocomposites also showed
tremendous enhancement in tensile strength (w141%) and storage modulus
(w22%) in comparison with PU/HBP composites. The reason for improve-
ment in the properties is because the availability of a greater number of hy-
droxyl groups actually influenced the cross-linking effect between HBP and
Cloisite 30B. The effect of Cloisite 30B loadings on the mechanical proper-
ties of different PU supports was investigated by Maji et al. [25] and can be
interpreted from Table 2.1.

The organomodified MMT clays such as Cloisite 20A and Cloisite 30B
were reinforced in the poly(ethyl acrylate) (PEA) matrix and an exfoliated
PEA/organomodified MMT clay nanocomposite structure was obtained via
the in-situ polymerization method [26]. The existence of organomodified
MMT clay materials helped in the enhancement of polymerization rate of

n FIGURE 2.6 Structure of different types of Cloisite.

2. Polymer/Modified Natural Clay-Based Nanocomposites 39



ethyl acrylate monomer. This is because of the interaction of organomodified
MMT clay with the CO group of the ethyl acrylate monomer. The PEA/orga-
nomodified MMT clay nanocomposites exhibited improvement in the glass
transition temperature (Tg) by w15e17�C when compared with neat PEA.
Pyrrole with the presence of MMT clay was subjected to photopolymeriza-
tion using silver nitrate. The MMT clay was silanized using pyrrolyl-
functionalized coupling agent. It was found that silanization of MMT clay
was effective for fabrication of exfoliated ternary hybrid composites contain-
ing silanized MMT/polypyrrole/silver components. The nanocomposites
were reported to exhibit excellent catalytic performance for reduction of
methylene blue [27].

Several research activities were carried out to study the influence of organo-
modified MMT clay on the properties of rubber polymers. The MMT clay
was modified with an organomodifier, namely, “octadecyl amine,” in a
study reported by Sadhu et al. [28]. Different weight loadings of octadecyl
amine-modified MMT were incorporated in the styrene butadiene rubber
(SBR)/natural rubber (NR) blends with different ratios. At 4 wt% loadings
of octadecyl amine-modified MMT clay, enhancement of the mechanical
properties for the SBR/NR blend was reported. Cloisite 15A-incorporated
SBR nanocomposites showed improved tensile strength (w300%) as
compared to neat SBR [29]. Along with this, NR/Cloisite 15A nanocompo-
sites prepared via the melt compounding method by the same research group
also exhibited tremendous mechanical properties [30]. The presence of Cloi-
site 15A in the NRmatrix along with the melt-compounding method used for
nanocomposite preparation helped in the promotion of vulcanization reac-
tion. Different organic amines were used for the modification of MMT
clay and their subsequent effect on the properties of SBR matrix was inves-
tigated [31]. It was found that the amine functional groups with a lengthy
organic chain improved the thermal as well as mechanical properties in a
remarkable manner as compared with short chain organic amines. The

Table 2.1 Mechanical Properties for Different Polyurethane (PU) Supports as a Function of Cloisite 30B
Loadings

Polymer

Tensile Strength (MPa) Lap Shear Strength (N/mm2)
Wt (%) Wt (%)

0 2 4 8 16 0 2 4 8 16

PU20 5.5 8.5 10.3 12.5 11.6 2.2 3.2 3.4 3.7 3.6

PU30 6.5 9.3 11.2 13 12.7 2.5 3.3 4.3 4.6 4.1

PU40 7 9.6 11.8 14 13.2 2.8 3.8 4.6 4.8 4.3
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latex-blending technique was followed for the preparation of SBR/Naþ

MMT and NR/Naþ MMT nanocomposites [32]. This special technique
adopted for the fabrication of nanocomposites helped in improving the dy-
namic mechanical and rheological characteristics as compared with neat
polymer matrices. The effect of modified and unmodified MMT on the me-
chanical properties of the rubber matrix was reported by the same research
group [25,30e32] and can be seen from Fig. 2.7.

Similarly, the effect of modified MMT nanoclay on the properties of several
polymer matrices such as polystyrene (PS), polycarbonate (PC), polyamide-
6 (PA-6), and polyacrylamide (PAA) was also reported. The nanocompo-
sites of PS/dioctadecyl-exchanged ammonium-modified MMT material

n FIGURE 2.7 Effect of modified and unmodified montmorillonite (MMT) on the mechanical properties of a rubber matrix: (A) tensile strength; (B) elongation-
at-break (%); (C) modulus at 50% elongation (MPa); and (D) Young’s modulus. 19NR, natural rubber with 19% acrylonitrile; 19NRN4, natural rubber with 19%
acrylonitrile þ 4 phr MMT; 19NROC4, natural rubber with 19% acrylonitrile þ 4 phr octadecyl amine-modified MMT; 34NR, natural rubber with 34% acryloni-
trile; 34NRN4, natural rubber with 34% acrylonitrile þ 4 phr MMT; 34NROC4, natural rubber with 34% acrylonitrile þ 4 phr octadecyl amine-modified MMT;
50NR, natural rubber with 50% acrylonitrile; 50NRN4, natural rubber with 50% acrylonitrile þ 4 phr MMT.
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fabricated via melt-blending methods represented an intercalated structure,
while the monooctadecyl-exchanged ammonium-modified MMT-reinforced
PS material enabled the formation of a microcomposite structure [33]. In
comparison with melt blending, when in-situ polymerization was used for
the fabrication of PS nanocomposites, a better penetration effect of styrene
monomer in the clay gallery was noticed. This was because of the enhanced
“d” spacing achieved when surfactant molecules with longer organic chains
were used for the modification process.

The utilization of the bisphenol group as a reactive functionality in the orga-
nomodified MMT-incorporated PC nanocomposites played an active role in
the formation of exfoliated structure [34], while the nanocomposites with no
reactive groups led to phase separation. The MMT clay was modified with
the help of a new modifier, namely, “trihexyltetradecylphosphonium”

[35]. The effect of modification on the morphology of PA-6 nanocomposites
in comparison with PA-6/commercial ammonium-modified MMT compos-
ites was studied. It was confirmed that the new modifier helped in exfoliation
of MMT clay in the PA-6 matrix.

The “grafting approach”wasused for the fabricationofPAA/Cloisite 20Anano-
composites [36]. In this technique, the Cloisite 20A clay was subjected to
modification with a vinyltrichlorosilane compound to replace the end hydroxyl
groups present in Cloisite 20A with a vinyl functional group. This was to facil-
itate the addition of monomer to the clay surface, and subsequent polymeriza-
tion of the monomer “acrylamide” was carried out via the free radical
polymerization process. The PAA/Cloisite 20A nanocomposites prepared
via the surface-initiated grafting technique coupled with radical polymerization
improved the Tg of the polymer dramatically by 60�C. A schematic represen-
tation for the preparation of PAA/Cloisite 20A nanocomposites via the “graft-
ing from” approach coupled with radical polymerization is shown in Fig. 2.8.

An organic modifier called dimethyl-hexadecyl-imidazolium was used to
modify MMT clay and was incorporated in the acrylonitrile butadiene sty-
rene (ABS) polymer [37]. The properties of ABS/organoclay were compared
with ABS polymer matrix reinforced with MMT modified with alkylammo-
nium groups. The imidazolium treatment provided for MMT clay showed
resistance while processed at a temperature of 200�C. No such stability to-
ward the processing temperature was experienced for ABS/alkylammonium-
treated MMT clay nanocomposites and hence exhibited a significant
degradation. Similarly, when poly[styrene-(ethylene-co-butylene)-styrene]
(SEBS)/Cloisite 20A nanocomposites were subjected to melt processing,
decrement in the Young’s modulus property was noticed as compared to
the nanocomposites prepared by the solution-casting method [38]. This
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decrement may be caused by the degradation of the filler during melt pro-
cessing. The increment in the surface roughness for SEBS/Cloisite 20A
nanocomposites was confirmed by atomic force microscopy analysis in com-
parison with neat SEBS polymer.

Amino silane coupling agents were also utilized as modifying
agents for the preparation of epoxy/MMT nanocomposites. The 3-
aminopropyltriethoxysilane (APTES) modifier helped in the reduction of fric-
tion factor along with wear rate for epoxy/amino silane-modified MMT clay
nanocomposites [39]. In a separate contribution, N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane-modified MMT clay-incorporated epoxy nano-
composites exhibited effective exfoliation of organoclay in the polymer matrix
because of the presence of modifier [40]. In addition to this, the amino silane
coupling agent was found to work as an effective modifier to achieve improve-
ment in the storage modulus as well as Tg for the resultant polymer nanocom-
posite materials. Various polymer/Cloisite nanocomposite systems
investigated and their properties are presented in Table 2.2.

n FIGURE 2.8 Schematic illustration for the preparation of polyacrylamide (PAA)/Cloisite 20A nanocomposites via the “grafting from” approach coupled with
radical polymerization. Y. Mansoori, S.V. Atghia, M.R. Zamanloo, G. Imanzadeh, M. Sirousazar, Polymereclay nanocomposites: free-radical grafting of
polyacrylamide onto organophilic montmorillonite, Eur. Polym. J. 46 (2010) 1844e1853, copyright 2010. Reproduced with permission from Elsevier.
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Table 2.2 Different Polymer/Cloisite Nanocomposites and Their Properties

S:
No. Polymer Clay

Fabrication
Method

Properties

References

TS
(MPa)

EB
(%)

YM
(MPa)

FS
(MPa)

T (�C)
Tg
(�C)

Tcc
(�C)

Tm
(�C)

TM
(MPa)

IS
(MPa)

FM
(MPa)

1 PU Cloisite 30B Solution casting 12[ 100[ e e Tmax

�23[
5[ e e [23]

e e e

2 PU Cloisite 30B Solution casting 7.9[ 138[ e e Tmax

�9[
5[ e e [24]

e e e

3 SBR Cloisite 30B Melt blending 6[ e e e e e e e [29]

e

4 SBR Decylamine-
modified MMT

Solution casting 1[ e e e e 6[ e e [31]

e e e

5 SBR Dodecylamine-
modified MMT

Solution casting e e e e e 2[ [31]

e e

6 SBR Hexadecylamine-
modified MMT

Solution casting 1[ e e e e 2[ e e [31]

e e e

7 SBR Octadecylamine-
modified MMT

Solution casting 2[ e e e e 3[ e e [31]

e e e

8 NR Cloisite Naþ Melt blending 7[ 300Y 3[ e e e e e [32]

e

9 SBR Cloisite Naþ Melt blending 1[ 130[ 5[ e e e e e [32]

e e e

10 PAA Cloisite 20A Free radical
grafting

e e e e T10
�16[

61[ e e [36]

e e e

11 PMMA MMT modified with
15%e35% octadecyl
amine and 0.5%
e5% APTES

Solution casting e e e e T50
�20[

2.6[ e 22[ [41]

e e e

12 PS Organomodified
MMT

Solution casting e e e e T50 �7[ 8.6[ e e [42]

e e e

13 MA-g-PMMA MMT modified with
15%e35% octadecyl
amine and 0.5%
e5% APTES

Melt blending 3Y e e 1Y T50
�10[

14[ e e [43]
25[ 1[ 18[
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14 PMMA/PP-g-
MA

MMT modified with
15%e35% octadecyl
amine and 0.5%
e5% APTES

Melt blending 13Y e e 2[ T50
�22[

2[ e e [44]

10[ 23Y 10[

15 PMMA/PE-g-
MA

MMT modified with
15%e35% octadecyl
amine and 0.5%
e5% APTES

Melt blending 8Y e e 38Y T50
�36[

2[ e e [44]

11[ 27Y 24Y

16 PMMA/PP-g-
MA

MMT modified with
15%e35% octadecyl
amine and 0.5%
e5% APTES

Melt blending 2Y e e 1[ T50
�32[

2[ e e [44]

12[ 2Y 2Y

17 Polyimide p-Phenylene
diamine-modified
MMT

Spin coating e 3[ 1010[ e T5 �25[ 3[ e e [45]

e e e

18 PMMA Triethylaluminum-
modified MMT

In-situ
polymerization

30[ e e e Tmax

�58[
5[ e e [46]

200[ e e

19 Polyimide Isoleucine-modified
MMT

In-situ
polymerization

27[ 10Y e e T10
�46[

e e e [47]

e e e

20 PS Allyltriphenyl
phosphonium
chloride-modified
Cloisite Naþ

Emulsion
polymerization

e e e e T50
�28[

7[ e e [48]

e e e

21 PS 4-(4-
Adamantylphenoxy)
butyl phthalimide-
modified Cloisite
Naþ

Emulsion
polymerization

e e e e T50
�29[

9[ e e [48]

e e e

22 SEBS Cloisite 20A Solution
blending

5[ 420[ e e e e e e [49]
e e e

23 Hydrogenated
nitrile
butadiene
rubber

Cloisite 30B Solution
blending

e e e e Tmax

�23[
e e 27[ [50]

e e e

24 NR Cloisite Naþ Latex blending 3[ 70[ e e 5[ e e [51]

e e e

APTES, 3-aminopropyltriethoxysilane; EB, elongation-at-break; FM, flexural modulus; FS, flexural strength; IS, impact strength; MMT, montmorillonite; NR, natural rubber; PAA, poly-
acrylamide; PMMA, poly(methyl methacrylate); PS, polystyrene; PU, polyurethane; SBR, styrene butadiene rubber; SEBS, poly(styrene-(ethylene-co-butylene) styrene); TM, tensile modulus;
TS, tensile strength; YM, young’s modulus.
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2.1.2 Laponite-Reinforced Polymer Nanocomposites
A few research activities with modified laponite-reinforced polymer nano-
composites are discussed in this section. Laponite also falls under the cate-
gory of 2:1 smectite clay. The chemical composition of laponite includes
Si8(Mg5.45Li0.4)H4O24Na0.75. Several silane coupling agents such as 3-
aminopropyltrimethoxysilane, dimethyl-octylmethoxysilane, and aminopro-
pyldimethylethoxysilane were used to modify laponite clay [52]. The
hydroxyl groups present in the laponite clay were replaced by the silane
groups and they were covalently tethered to the surface of the clay. It was
noticed that silane compounds with monoalkoxy groups were found to be
more effective for adjusting the basal spacing of laponite as compared
with trialkoxy silane functionalities [53]. Apart from silane compounds, sur-
factants were also tried as modification agents for laponite. For example, the
most common cationic surfactant, namely, cetyltrimethyl ammonium bro-
mide (CTAB), was used to modify laponite clay [54]. Then, this modified
clay was incorporated into a poly(methyl methacrylate) (PMMA) matrix
as a reinforcing agent. However, only 26% improvement in the modulus
was observed for PMMA/CTABelaponite clay as compared with neat
PMMA. However, the increase wasw51% for the case where only laponite
clay was used as reinforcement without any modification in the PMMA
matrix.

Modification of laponite clay with the help of double modifiers such as ionic
as well as silane coupling agents was also attempted [55]. When double
modification of laponite clay was performed with CTAB (ionic modifier)
and 3-aminopropyltriethoxysilane (covalent modifier), enhancement in the
mechanical properties was noticed for PU/dual-modified laponite clay nano-
composites. In a separate study, enhancement in terms of viscoelasticity
characteristics was noticed for PU/modified laponite nanocomposites in
which dimethyldioctadecylammonium chloride was used as an ionic modi-
fier and 3-(trimethoxysilyl)propyl methacrylate as a covalent modifier [56].
The double modification technique played an important role in improving
the mechanical properties of polymer matrices. This technique helped in
twisting the clay platelets adjacent to each other and brings conformational
changes in the structure via intercalation of surfactant in the gallery. The uti-
lization of both ionic and covalent modifiers was found to be highly efficient
for the modification of laponite clay materials rather than single functional-
ization. It was found that the double modification technique played an
important role in the uniform dispersion of laponite clay platelets in hydro-
phobic matrices.
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2.1.3 Sepiolite-Reinforced Polymer Nanocomposites
Sepiolite is a layered silicate and comes under the division of the 2:1 smectite
family. Sepiolite possesses a structure similar to MMT clay. The only differ-
ence in sepiolite is that the presence of octahedral sheets in a continuous
arrangement cannot be seen in MMT clay. The chemical composition of sepi-
olite is Si12O30Mg8(OH)4(OH2)4$8H2O [57,58]. Sepiolite has been exten-
sively used as reinforcement to improve the processing temperature, thermal
stability, and mechanical properties of several polymer matrices and a few
such studies are discussed in this section. The storage modulus of sepiolite-
reinforced natural rubber (NR) was found to be improved as compared to
NR [59]. Also it was noticed that the storage modulus of NR/sepiolite/carbon
black composites was 325% higher than that of the NR/sepiolite nanocompo-
sites. This improvement showed that the sepiolite clay is synergistically
compatible with carbon black. The sepiolite-reinforced polydimethylsiloxane
(PDMS) rubber nanocomposites prepared via in-situ polymerization showed
209% enhancement in tensile strength [60]. The PDMS/sepiolite nanocompo-
sites also showed tremendous improvement in thermal stability by increasing
the temperature of degradation byw166�C as compared to PDMS. It was re-
ported that the improvement is mainly because of the interaction of sepiolite
with the PDMS matrix. The comparative data for improvement in thermal sta-
bility for PDMS/sepiolite nanocomposites with pure PDMS are presented in
Table 2.3.

A comparative investigation of performance of sepiolite-reinforced hydroge-
nated nitrile butadiene rubber (HNBR) with HNBR/nanosilica revealed that
HNBR/nanosilica composites exhibit superior performance in terms of ther-
mal stability [61]. However, HNBR/sepiolite nanocomposites performed
well in terms of mechanical characteristics. A study of the sepiolite-
incorporated brominated isobutylene-co-p-methylstyrene rubber (BIMSR)
for adhesive application was reported [62]. The remarkable increment in the
tack strength (w302%) was reported for BIMSR/sepiolite nanocomposites
with respect to sepiolite loadings. This is because of the entanglement effect
of rubber chains with sepiolite clay at the interface region. The polyamide
(PA-6)/organomodified sepiolite nanocomposites were prepared through the
melt extrusion technique, where improvement in terms of heat deflection tem-
perature byw2.4 times greater than that of the neat PA-6 matrix was reported
[63]. The enhancement in terms of elastic modulus was also noticed for PA-6/
organomodified sepiolite. In the case of epoxy/organomodified sepiolite nano-
composites processed by melt extrusion, flexural strength was found to be
affected because of the degradation of the functionalizing agent. The sepiolite
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clay material was modified with two different modifiers, namely, CTAB and
12-amino lauric acid. Both the modified sepiolite clay materials incorporated
in the poly(lactic acid) (PLA) matrix exhibited an exfoliated structure [64].
However, thermal stability was reported to be higher in the case of unmodified
sepiolite-reinforced PLA nanocomposites as compared to the PLA/modified
sepiolite system. The reason was because of lack of interaction between the
modifiers and the PLA matrix.

Similar to MMT and laponite clay materials, studies related to modification of
sepiolite with silane coupling agents were reported. The vinyltriethoxysilane-
modified sepiolite-incorporated polyester nanocomposites showed excellent
improvement in thermal stability [65]. In addition to this, flame-retardant char-
acteristics of polyester/modified sepiolite nanocomposites were also observed
to be enhanced. This improvement in terms of both the properties is caused by
the cross-linking phenomenon between modified clay and polyester matrix via
the action of silane functionalization. The quality of dispersion of clay material
was enhanced in the case of APTES-modified sepiolite-incorporated poly(ε-
caprolactum) nanocomposites [66]. When similar reinforcement was incorpo-
rated in the PU matrix, improvement in terms of thermal stability and Tg
properties was noticed along with a slight decrement in tensile strength. The
polymer/sepiolite nanocomposites investigated and their properties are sum-
marized in Table 2.4.

2.1.4 Hectorite-Reinforced Polymer Nanocomposites
Hectorite differs from MMT because the latter clay is made up of alumino-
silicate, while the former consists of only silicate layers with cationic metal

Table 2.3 Comparison of Thermal Stability for Polydimethylsiloxane
(PDMS)/Sepiolite Nanocomposites With Pure PDMS

Samples
Sepiolite
Content (wt%) T10% (�C) T50% (�C) T90% (�C)

Pure sepiolite e 450 500 700
Pure PDMS e 390 400 410

PDMS/sepiolite-2 2 445 525 530

PDMS/sepiolite-4 4 530 550 560

PDMS/sepiolite-6 6 532 553 575

PDMS/sepiolite-8 8 535 554 579

PDMS/sepiolite-10 10 538 557 582

T10%, T50%, T90% is the temperature corresponding to 10%, 50%, and 90% weight loss,
respectively.
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Table 2.4 Different Polymer/Sepiolite Nanocomposites and Their Properties

S:
No. Polymer Clay

Fabrication
Method

Properties

References

TS
(MPa)

EB
(%)

YM
(MPa)

FS
(MPa)

T (�C)
Tg
(�C)

Tcc
(�C)

Tm
(�C)

TM
(MPa)

IS
(MPa)

FM
(MPa)

1 Bisphenol Sepiolite Melt blending e e e 62[ e 51[ e e [57]

e 17[ e

2 PP-g-MA Sepiolite Melt
compounding

8[ 12[ 800[ e e e 12[ e [58]

e e e

3 NR Lica-modified
sepiolite

Melt blending 5[ 447Y e e e e e e [59]
e e e

4 PDMS Sepiolite Ring-opening
polymerization

1[ 322Y e e e e e [60]

e e e

5 HNBR Organomodified
sepiolite

Solution casting 2[ 1250Y 4[ e Tmax

�24[
6[ e e [61]

e e e

6 BIMSR Sepiolite Melt blending 1[ 100Y e e e 1[ e e [62]

e e e

7 PA-6 MTH-modified
sepiolite

Melt blending e e e e e e 5[ 13Y [63]
e e e

8 PLA Sepiolite Solution casting e e e e T50
�9[

e e e [64]

e e e

9 PU KH550-modified
sepiolite

Melt blending 7[ 275[ e e Tonset
�21[

4[ e e [65]

e e e

BIMSR, brominated isobutylene-co-p-methyl styrene rubber; EB, elongation-at-break; FM, flexural modulus; FS, flexural strength; HNBR, hydrogenated nitrile butadiene rubber;
IS, impact strength; MA, maleic anhydride; MTH, trimethyl hydrogenated tallow quaternary ammonium; NR, natural rubber; PA, polyamide; PDMS, polydimethyl siloxane; PLA,
poly(lactic acid); PU, polyurethane; TM, tensile modulus; TS, tensile strength; YM, young’s modulus.
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in between, which in turn can be subjected to an ion exchange process [67].
The chemical composition of hectorite clay is Na0.3(Mg, Li)3Si4O10(OH)2
and its corresponding structure is presented in Fig. 2.9. A comparative inves-
tigation between synthetic hectorite and natural hectorite clay-reinforced flu-
oroelastomer nanocomposites was made [68]. The incorporation of synthetic
clay led to the improvement in thermal and mechanical properties of the flu-
oroelastomer matrix. The ionic modifiers such as CTAB and styryldimethyl
hexadecyl ammonium chloride were used for modification of hectorite clays.
It was reported that the mechanical properties of PS/modified hectorite nano-
composites were increased reasonably [68]. Organomodified hectorite-
reinforced polyvinyl chloride (PVC) nanocomposites were reported to
show improvement in terms of dynamic mechanical and thermal character-
istics as compared to the PVC/unmodified hectorite system [69]. When octa-
decyltrimethyl ammonium bromide was used as an ionic modifier for
hectorite clay and was incorporated in the PU matrix, delamination of modi-
fied hectorite clay was evidenced. This led to the improvement in mechanical
characteristics such as creep resistance, tensile properties, etc. With respect

OH
OH

OH

Na+

n FIGURE 2.9 Structure of hectorite. M. Kotal, A.K. Bhowmick, Polymer nanocomposites from modified
clays: recent advances and challenges, Prog. Polym. Sci. 51 (2015) 127e187, copyright 2015. Reproduced
with permission from Elsevier.
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to increase in loading, microcomposite formation took place instead of nano-
composite resulting in the decrease of mechanical properties.

The hectorite clay was subjected to organic modification and used for the
fabrication of polyamide 66 (PA 66)/organomodified hectorite clay via
twin screw extrusion [70]. It was found that the presence of absorbed mois-
ture led to a reduction in the mechanical properties, namely, tensile modulus
and strength. Similarly, phenyltriethoxysilane was utilized as an organic
modifier to modify hectorite clay and it was found that the barrier effects
related to gases for polyvinyl acetate (PVA)/organomodified hectorite
were comparatively fewer than PVA/unmodified hectorite composites
[71]. The hectorite clay modified with ammonium and phosphonium ions,
respectively, was comparatively investigated for its performance as rein-
forcement in the PA-6 matrix. The PA-6/modified clay nanocomposites
were prepared by the melt-blending method [72]. The thermal stability of
PA-6/phosphonium-modified hectorite nanocomposites was higher as
compared with the PA-6/ammonium-modified hectorite system, while the
latter nanocomposite system showed improvement in terms of ignition
time as compared to PA-6/phosphonium ion-modified clay nanocomposites.
This is because of the release of a greater number of degradation products for
PA-6/ammonium ion-modified clay nanocomposites while melt processing.
On the whole, studies related to hectorite-reinforced polymer nanocompo-
sites revealed that the intercalation ability of hectorite is not highly effective
as in the case of MMT and other clay materials discussed so far. Instead,
because of the lack of acidic functionalities in the hectorite structure, degra-
dation of polymers is reported to be avoided via incorporated heat stability
characteristics for the polymers after reinforcement.

2.1.5 Bentonite-Reinforced Polymer Nanocomposites
Bentonite clay consists of 2:1 silicate layers with the presence of calcium as
well as sodium ions inside the gallery, and its respective structure can be
seen from Fig. 2.10. In the case of naturally available bentonite clay mate-
rials, the presence of impurities, namely, quartz and mica, led to the reduc-
tion in their thermal stability [73,74]. Therefore purification of bentonite clay
materials is necessary before subjecting to the modification process. The
bentonite clay modified with CTAB was melt mixed with the PP matrix
and the thermal degradation behavior of PP/CTAB-modified bentonite nano-
composites was investigated [75]. It was found that pure PP matrix exhibited
a higher thermal stability as compared to CTAB-modified bentonite-
reinforced PP nanocomposites. This is because bentonite clay was found
to interact with stabilizers added during the melt-mixing process. In addition
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to this, bentonite acted as a catalyst to promote the oxidation of PP and
degradation of organic groups present in the surfactant.

Similarly, an organomodified bentonite was reinforced in three different
polymer matrices such as PP, PS, and PA [76]. It was found that PA/organo-
modified bentonite and PS/organomodified bentonite nanocomposites
showed improvement in terms of thermal and mechanical properties. The
addition of organomodified bentonite in the PP matrix improved the elonga-
tion properties. A comparative analysis of mechanical properties such as ten-
sile strength, Charpy impact, and elongation-at-break (EAB) (%) for PP, PS,
and PA matrices reinforced with organomodified bentonite clay can be seen
from Fig. 2.11.

The influence of ammonium polyphosphate (APP) on the flame-retardant
properties of PA-6/bentonite clay nanocomposites was investigated [77].
The PA-6/bentonite nanocomposites showed w15�C improvement in the
thermal stability as compared to neat PA-6. When APP was included in
the PA-6 matrix, it was found that the temperature of degradation was
improved by w98�C along with enhancement in the char yield by
w19%. Stearyl dimethyl ammonium chloride (SDAC)-modified bentonite-
reinforced high-density polyethylene (HDPE) nanocomposites prepared
via the injection-molding process were tested for their potential in terms
of flame-retardant properties [78]. The effect of various percentages of

2:1 silicate layer

interlayer

( ) 4, OSiAl

( ) 6,, OFeMgAl

2:1 silicate layer

n FIGURE 2.10 Structure of bentonite. M. Kotal, A.K. Bhowmick, Polymer nanocomposites from modified clays: recent advances and challenges, Prog. Polym. Sci.
51 (2015) 127e187, copyright 2015. Reproduced with permission from Elsevier.
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SDAC used for modification of bentonite clay on the final properties of the
composites was studied. It was found that the thermal stability of HDPE/
bentonite clay nanocomposites tended to increase with respect to the rise
in SDAC percentage. The modification of bentonite using SDAC helped
in preventing earlier decomposition of the nanocomposite material.

The influence of three different modification agents such as tetradecyl
ammonium bromide (TDAB), dimethyl dioctadecyl ammonium chloride
(DDAC), and tributyl hexadecyl phosphonium bromide (THPB) on the
modification of bentonite clay and their subsequent properties after rein-
forcement in the low-density polyethylene (LDPE) matrix were studied
[79]. It was found that the bentonite clay modified with DDAC and THPB

n FIGURE 2.11 Comparison of mechanical properties for bentonite and organomodified bentonite reinforced in different polymer matrices: (A) polyamide-6
(PA-6); (B) polystyrene (PS); (C) polypropylene (PP).
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helped in the intercalation of polymer chains in the clay galleries. The modi-
fication performed with TDAB did not allow the intercalation of polymer
chains in the clay galleries because of the diffusion effect exhibited by the
polymer during melt processing. Therefore when DDAC- and THPB-
modified bentonite clay particles were reinforced in the LDPE matrix,
enhancement in terms of mechanical properties such as EAB (%), Young’s
modulus, and tensile strength was noticed. The reason for improvement in
these properties is the excellent interfacial interaction between modified
bentonite clay materials and the LDPE matrix, good level of dispersion of
clay within the polymer matrix, and reasonable surface area offered by
the clay material. Tetraoctyl phosphonium bromide (TOPB)-modified
bentonite clay was found to be more compatible with the PA-66 polymer
matrix as compared to benzyl triphenyl phosphonium bromide (BTPPB)-
modified clay [80]. The modification of bentonite clay with aliphatic surfac-
tant (TOPB) and its subsequent incorporation in the PA-66 matrix showed
better enhancement in tensile and impact properties as compared to aryl
modification (BTPPB).

Bentonite clay serves as an economically cheap filler material that can be
used in polymer matrices for improvement in the desired properties. The
modification of bentonite clay materials with aliphatic functional groups
offered better dispersion in the polymer matrices, which are polar in nature.
This is because of the excellent interaction between the modified bentonite
clay and the polymer matrix. The aromatic modification of bentonite clay
materials did not result in enhancement of the properties because of the
lack of compatibility between the filler and the matrix. In addition to this,
both modified and unmodified bentonite clay materials did not offer better
interaction strength with the nonpolar or hydrophobic polymer matrices.

Poly(glycidyl methacrylate)/N,N-dimethylaminopropyltrimethoxysilane-
functionalized bentonite-based nanocomposites were prepared via photopo-
lymerization. The amino silane functionalization helped in effective
exfoliation of bentonite clay in the poly(glycidyl methacrylate) matrix.
However, transmission electron microscopy (TEM) analysis depicted the
presence of a lower fraction of intercalated bentonite regions in the nano-
composite system. Furthermore, X-ray photoelectron spectra analysis
revealed the nanocomposites having a rich surface of poly(glycidyl
methacrylate) [81]. Hairy bentonite fillers were developed via in-situ
polymerization of 4-diphenlyamine diazonium-functionalized benonite.
Furthermore, the hairy bentonite/polyaniline nanocomposite filler was
used as reinforcement in epoxy polymer and its dielectric as well as mechan-
ical properties was investigated. It was observed that the fracture toughness
improved dramatically by w220% for epoxy/diphenylamine diazonium
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bentonite/polyaniline nanocomposites. With respect to increase in modified
bentonite/polyaniline content, dipole density was noticed to increase for the
epoxy nanocomposites [82]. Intercalation of (3-mercaptopropyl)-trimethox-
ysilane in the bentonite layers was performed and further poly(glycidyl
methacrylate)/intercalated bentonite nanocomposites were developed via
free radical in-situ photopolymerization. Thereafter a ternary epoxy blend
was made with the help of initially prepared poly(glycidyl methacrylate)/
intercalated bentonite nanocomposite. The ternary epoxy blend exhibited su-
perior thermal as well as mechanical properties as compared to epoxy/
bentonite nanocomposite [83]. A summary of properties of bentonite-
based polymer nanocomposites is presented in Table 2.5.

2.2 Rectorite (1:1) Clay-Reinforced Polymer
Nanocomposites

Rectorite clay contains an alternative arrangement of nonexpansible and
expansible layers in a 1:1 ratio. The nonexpansible layer is made up of dio-
ctahedral mica, whereas the expansible layer consists of dioctahedral smec-
tite. The rectorite clay offers the advantage of easy exchange of cations,
which are organic or inorganic in nature with the cationic groups present
in the interlayer gallery of rectorite clay. In general, rectorite exhibits a hy-
drophobic nature and therefore is considered to be incompatible for rein-
forcement in the polymer matrices, which are hydrophilic in nature.

A study was reported on the reinforcement of CTAB-modified rectorite and
its role as an effective drug carrier [84]. After organic modification, an anti-
microbial agent was loaded in the modified rectorite and subsequently rein-
forced in the chitosan matrix. It was found that organically modified rectorite
acted as an excellent drug carrier with sustainable release of drug under
controlled conditions suitable for food packaging applications. When rector-
ite was incorporated in an NR matrix, effective improvement in terms of gas
barrier properties was experienced [85]. It was mentioned that the possible
reason for high barrier effects after the reinforcement was the increment in
tortuosity effect and decrement in amorphous regions present in the NR ma-
trix. The NR/rectorite nanocomposites also exhibited enhancement in tensile
modulus properties. A separate study made comparative investigation of gas
barrier properties for SBR/rectorite and SBR/carbon black-reinforced nano-
composites [86]. It was found that rectorite-reinforced SBR nanocomposites
showed better performance in terms of gas barrier properties as compared to
carbon black-incorporated SBR nanocomposites. This is because of the
plate-like structure and uniform dispersion ability of rectorite in the polymer
matrix, which in turn led to the decrement in free volume.

2. Polymer/Modified Natural Clay-Based Nanocomposites 55



Table 2.5 Different Polymer/Bentonite Nanocomposites and Their Properties

S:
No. Polymer Clay

Fabrication
Method

Properties

References

TS
(MPa)

EB
(%)

YM
(MPa)

FS
(MPa)

T (�C)
Tg
(�C)

Tcc
(�C)

Tm
(�C)

TM
(MPa)

IS
(MPa)

FM
(MPa)

1 PP Bentonite Melt blending e e e e T50
�2[

e e e [75]

e e e

2 PP CTAB-modified
bentonite

Melt blending e e e e T50
�5[

e e e [75]

e e e

3 PA-6 Bentonite Melt blending 9[ 6Y e e e e e e [76]

e e e

4 PA-6 Quaternary
ammonium salt-
modified bentonite

Melt blending 17[ 7[ e e T50
�120[

e e [76]

e e e

5 PS Bentonite Melt blending 5Y 12[ e e e e e e [76]

e e e

6 PS Quaternary
ammonium salt-
modified bentonite

Melt blending 5[ 29[ e e T50
�32[

e e e [76]
e e e

7 PP Bentonite Melt blending 1[ 30[ e e e e e e [76]

e e e

8 PP Quaternary
ammonium salt-
modified bentonite

Melt blending 7[ 96[ e e T50
�5[

e e e [76]
e e e

9 PA-6 Naþ-bentonite Melt blending e e e e T50
�14[

e e [77]

e e e

10 PA-6 Benzyl dimethyl
salt-modified
bentonite

Melt blending e e e e T50
�13[

e e e [77]

e e e

11 HDPE Stearyl dimethyl
ammonium
chloride-modified
bentonite

Melt blending e e e e T50
�11[

e e e [78]

e e e
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12 LDPE Dimethyl
dioctadecyl
ammonium
chloride-modified
bentonite

Melt blending 3[ 150[ 60[ e e e e e [79]

e e e

13 LDPE Tributyl hexadecyl
phosphonium
bromide

Melt blending 2[ 275[ 75[ e e e e e [79]

e e e

14 PA-6 Alkyl
phosphonium-
modified bentonite

Melt blending 5[ 10Y 210[ e T5
�16[

e e 1Y [80]

e e e

15 PA-6 Aryl phosphonium-
modified bentonite

Melt blending 4[ 11Y 50[ e T5
�18[

e e 1[ [80]

e e e

EB, elongation-at-break; FM, flexural modulus; FS, flexural strength; HDPE, high-density polyethylene; IS, impact strength; LDPE, low-density polyethylene; PA, polyamide;
PMMA, poly(methyl methacrylate); PP, polypropylene; PS, polystyrene; TM, tensile modulus; TS, tensile strength; YM, young’s modulus.
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A study reported on the preparation of PU/rectorite-reinforced nanocompo-
sites indicated that improvement in terms of EAB (%) is because of twisting
of PU chains in the interlayers of rectorite clay [87]. This process resulted in
the improvement of interaction between PU chains and rectorite clay at the
interface. The organomodification was carried out on rectorite clay with
the help of dodecyl benzyl dimethyl ammonium bromide (DBMAB)
and the DBMAB-modified rectorite clay was reinforced in the PU matrix
via the melt-processing technique. It was found that the Tg and thermal
stability of PU/DBMAB nanocomposites improved tremendously as
compared to neat PU. In addition to this, organic modification of rectorite
helped in the improvement of dynamic mechanical characteristics such as
storage as well as loss of moduli.

2.3 Kaolinite Clay (1:1)-Reinforced Polymer
Nanocomposites

Another example of 1:1 clay type is kaolinite. Kaolinite is made up of sil-
icate and aluminum oxide/hydroxide layers arranged in an alternating
fashion. The existence of hydrogen bonding interaction between silicate
and aluminum layers holds them together strongly. The chemical composi-
tion of kaolinite is Al2Si2O5(OH)4. The kaolinite structure can be seen from
Fig. 2.12.
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n FIGURE 2.12 Structure of kaolinite. M. Kotal, A.K. Bhowmick, Polymer nanocomposites from modified clays: recent advances and challenges, Prog. Polym. Sci.
51 (2015) 127e187, copyright 2015. Reproduced with permission from Elsevier.
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The hydroxyl functionalities present in kaolinite are modified using silane
coupling agents to increase the interlayer spacing [88]. Several functional
groups such as hydrazine and urea were tethered to the surface of kaolinite
clay material via the silylation technique [89]. Kaolin/silica coreeshell
nanoparticles were prepared by modifying the surface of kaolin with silane
coupling agent and the modified nanoparticles were then reinforced in the
poly(hydroxylalkanoate)-based polymer blend [90]. It was found that sur-
face modification helped to improve the mechanical characteristics of the
virgin blend considerably. Thermal treatment of kaolin atw1000�C allowed
for the alteration of the chemical composition of clay material and the modi-
fied kaolin clay material was reinforced in the PE matrix to arrest the infrared
transmission properties [91]. In general, kaolinite clay exhibits lower inter-
layer spacing than 2:1-type clay family, and as a result the interaction ability
of clay with the polymer matrices is affected. This in turn leads to the
improper dispersion of kaolin clay in the polymeric materials.

3. LAYERED DOUBLE HYDROXIDE-REINFORCED
POLYMER NANOCOMPOSITES

Layered double hydroxide (LDH) falls under the category of synthetic clay
and is also known as anionic clay. LDHs are layered crystalline materials
having exchangeable anions located in the interlayer spaces. The structure
of LDH is shown in Fig. 2.13. The general chemical formula of LDH is

n FIGURE 2.13 Structure of layered double hydroxide (LDH).
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x ðOHÞ2

�xþ
An�
x=n $ mH2O, where M

2þ is a divalent cation (Ca2þ,
Mg2þ, Zn2þ, Co2þ), M3þ is a trivalent cation (Al3þ, Cr3þ, Fe3þ), Am�

represents the interlayer anions (NO3
�, Cl�, CO3

2�), m is the amount of
interlayer water, and x(¼M2þ/(M2þ þ M3þ)) is the layer charge density of
LDH.

MgeAleLDH is the most comprehensively studied clay filler among
several types of LDH-incorporated polymer nanocomposites. This is
because MgeAleLDH is easily available and offers other advantages
such as low surface charge density as well as excellent anion interchange
capability [92]. Various types of procedures are available for the synthesis
of LDH such as (1) coprecipitation, (2) ion exchange, (3) urea hydrolysis,
and (4) hydrothermal crystallization [93e96]. In the case of coprecipitation,
hydroxide of a soluble nature is precipitated by adopting a supersaturated at-
mosphere. Through this procedure it is possible to directly intercalate
various anions in the interlamellar spacing of LDH sheets. The ion exchange
method involves the exchange of guest molecules with the anions available
in the interlamellar gallery of presynthesized LDH. The application of this
method can be useful if the coprecipitation method is not suitable for the
preparation of LDH. Various factors that influence the ion exchange process
include pH, anion affinity, medium used for exchange, and chemical constit-
uents present in the layers. In the case of the urea hydrolysis process, a
mixture of metal nitrate solution is treated with urea and subjected to heating
until precipitation occurs. In the hydrothermal crystallization technique, a
solution containing a mixture of metal salts is treated with aqueous ammo-
nium hydroxide. Furthermore, this aqueous solution is subjected to hydro-
thermal treatment under high-temperature conditions for a stipulated
period of time such that precipitation is induced.

When LDH is utilized for fabrication of polymer nanocomposites, it is diffi-
cult for the intercalation of polymer chains within the interlayer gallery of
LDH clay. The reason for this is the comparatively smaller interlayer gallery
spacing exhibited by the LDH clay than the diameter of monomer units pre-
sent in the polymers. Also the intercalation of polymers that exhibit a hydro-
phobic nature is restricted because of the high charge density factor
associated with LDH clay, which results in the organic modification of
LDH clay using anionic surfactants, namely, sodium dodecyl sulfate
(SDS) [97,98], sodium stearate [99,100], and sodium carboxylates [101].
The lengthy organic anions present in the surfactants penetrate the interlayer
spacing of LDH and exist as mono- or bilayers inside the gallery. The for-
mation of mono- or bilayers actually depends on the concentration of anions
as well as temperature conditions adopted during the modification. Further-
more, incorporation of hydroxyl groups via a grafting approach on both sides
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of the layered surfaces of LDH, which is organically modified, has been
noticed to enhance the spacing between interlayers. As a consequence, inter-
calation of more polymer chains in the interlayer spacing of LDH can be
achieved in comparison with performing organic modification alone [102].

Two organic modifiers such as carbonate and aminobenzoate were used for
the modification of MgeAleLDH clay and the modified clay was used as
reinforcement for the preparation of epoxy composites. Exfoliated epoxy
nanocomposites resulted when aminobenzoate-modified LDH was incorpo-
rated as the reinforcing agent. As a result, significant improvement in terms
of thermal as well as mechanical characteristics was achieved. In the case of
carbonate-modified LDH, weaker compatibility as well as agglomeration
was exhibited after incorporation in the epoxy matrix [103].

NieAleLDH prepared by the coprecipitation method was organically
modified using SDS and incorporated in polypropylene (PP) matrix via
the melt intercalation technique. Organic modification of LDH led to
remarkable enhancement of thermal and mechanical properties of the PP
matrix. Fig. 2.14 shows the thermal degradation profile for PP and PP/modi-
fied LDH nanocomposites. Around 15�C improvement in the decomposition
temperature for the composites was achieved at 10% weight loss in compar-
ison with neat PP. The reason for this improvement in thermal properties was
the barrier influence provided by the layered structure of LDH, which in turn
restricted the passage of gases as well as heat emitted via degradation. In
addition to this, increased crystallization as well as melting temperature

350 400 450 500

0

20

40

60

80

100

D
iff

er
en

tia
l w

ei
gh

t l
os

s(
dW

/d
T)

 (%
/°C

)

W
ei

gh
t(%

)

Temperature(°C)

 PP/LDH2
 PP/LDH5
 PP
 PP/B5

-12

-10

-8

-6

-4

-2

0

n FIGURE 2.14 Thermal degradation profile for polypropylene (PP) and PP/modified layered double
hydroxide (LDH) nanocomposites [104].

3. Layered Double Hydroxide-Reinforced Polymer Nanocomposites 61



for PP composites was also experienced. In terms of mechanical character-
istics, tensile strength and Young’s modulus were recorded to bew11% and
22.5% higher, respectively, as compared to neat PP. Furthermore, flexural
strength as well as modulus was improved byw28% and 22%, respectively.
The results are compared with modified bentonite-reinforced PP composites,
which showed comparable performance with PP/modified LDH composites.
The tremendous improvement in mechanical properties was because of the
exfoliated structure of LDH as well as strong interfacial bonding, which
enabled an effective transfer between the reinforced clay and PP. The inter-
facial bonding between filler and polymer had been made strong with the aid
of a compatibilizer [maleic anhydride (MA)-grafted PP], which was used to
establish chemical linking between SDS-modified LDH and PP. The utiliza-
tion of compatibilizer in an increased weight percentage led to reduction in
agglomeration of LDH clay particles. SDS-modified LDH also helped in
increasing the fracture energy and enabled a strong shear stress in the inter-
facial region because the propagation of cracks was nullified [104]. Fig. 2.15
shows the flexural strength and flexural modulus properties of modified
LDH clay-reinforced PP nanocomposites.

Nylon-6 is intercalated in the interlayers of dodecyl sulfate-modified LDH
and the resulting exfoliated nanocomposite structure exhibited 12�C incre-
ment in terms of crystallization temperature in comparison with neat poly-
mer [105]. For MA-grafted polyethylene (PE)-intercalated MgeAleLDH
nanocomposite, thermal decomposition until 350�C was observed to occur
at a faster rate than for MA-g-PE. However, the nanocomposite exhibited
greater thermal stability after 350�C. The higher weight loss that occurred
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n FIGURE 2.15 Flexural strength and flexural modulus for polypropylene (PP) and PP/modified layered
double hydroxide (LDH) nanocomposites [104].
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below 350�C favored the formation of char and hence promoted thermal sta-
bility of the composites when the temperature was exceeded. The nanocom-
posites with 5 wt% MgeAleLDH loading revealed 60�C improvement in
thermal stability after 350�C in comparison with neat MA-g-PE, which un-
derlines the fact that MA-g-PE/MgeAleLDH nanocomposites can be suit-
able for flame-retardant applications. The higher thermal stability exhibited
by the nanocomposites in the latter stage is because the LDH layers helped in
preventing the oxygen passage through nanocomposites such that PE is pro-
tected from dehydrogenation [106]. Similarly, when MgeAleLDH is incor-
porated in the Mg-g-PP matrix, the nanocomposites revealed heterogeneous
nucleation during the nonisothermal crystallization process [107].

In the case of PU composites prepared by the solution-casting method,
which contained 3 wt% loading of dodecyl sulfate-modified LDH, enhance-
ment in terms of tensile strength by w66% and thermal stability by w29�C
was noticed. Interestingly, when the in-situ polymerization technique is used
for the fabrication of PU composite with a similar loading of LDH, it was
observed that the tensile strength was increased tremendously by 407%.
The reason behind such an enhancement is because of the exfoliated struc-
ture, which resulted via in-situ polymerization and this in turn promoted the
hydrogen bonding as well as polar group interactions between PU and LDH
layers [108]. The effect of grafting of two different cyanate compounds such
as methylene diphenyl diisocyanate (MDI) and isophorone diisocyanate
(IPDI) on the properties of stearate-modified LDH-reinforced PU compos-
ites was investigated. The PU/MDI-g-stearateeLDH nanocomposites
showed exfoliated structure and better interfacial adhesion, by which
improvement in terms of tensile strength by w390% was achieved in com-
parison with PU, PU/LDH, PU/stearateeLDH and PU/IDPI-g-stearatee
LDH composites. In addition to this, thermal stability and glass transition
temperature were also enhanced for PU/MDI-g-stearateeLDH nanocompo-
sites by w25 and 10�C, respectively [102].

The influence of organically modified LDHs (OLDHs) on the thermal prop-
erties of PS was studied [109]. Initially, the coprecipitation method was used
to prepare six different combinations of LDHs. From their corresponding ni-
trate salts, MgeAl, CoeAl, NieAl, CueAl, CueFe, and CueCr LDHs
were prepared. Following this, organic modification for six combinations
was made using SDS and the corresponding scanning electron microscope
images can be seen from Fig. 2.16. All the PS/OLDH nanocomposites
showed increased thermal stability compared to neat PS, which can be
seen from Fig. 2.17 and Table 2.6. The enhancement in decomposition tem-
perature was 5e13�C higher than neat PS, when 50% weight loss was taken
as a point of comparison.
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n FIGURE 2.16 Scanning electron microscope (SEM) images for: (A) ONieLDH; (B) OCueAleLDH; (C) OCueFeeLDH; (D) OCoeAleLDH; (E)
OCueCreLDH; (F) OMgeAleLDH [109].
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The PS/OCoeAleLDH composites presented an exfoliated structure,
which is confirmed by X-ray diffraction (XRD) and TEM analyses shown
in Fig. 2.18. The absence of diffraction peak in the 2q range of 2e5 degrees
for PS/OCoeAleLDH composites can be seen from Fig. 2.18A when the
clay loading was below 5 wt%. These results indicate that the exfoliated
structure for PS/OCoeAleLDH can be achieved by decreasing the clay
content.

Similarly, the influence of OCoeAleLDH on the structural, thermal, as
well as rheological characteristics of PMMA was also investigated [111].
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n FIGURE 2.17 Thermogravimetric analysis (TGA) curve for polystyrene/organically modified LDH (PS/
OLDH) composites [109].

Table 2.6 Comparison of Thermogravimetric Analysis (TGA) Results
for Polystyrene (PS) and Polystyrene/Organically Modified LDH (PS/
OLDH) Composites [109]

Sample T10 (�C) T50 (�C) DT50 (�C)

Pure PS 387 410 e

PS/OMgeAleLDH 270 410 0

PS/OCoeAleLDH 380 419 9

PS/ONieAleLDH 370 421 11

PS/OCueAleLDH 375 416 6

PS/OCueFeeLDH 357 415 5

PS/OCueCreLDH 385 423 13
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For all the weight loadings, the absence of a diffraction peak corresponding
to OCoeAleLDH was noticed in the PMMA composites, which corrobo-
rates the XRD results discussed in earlier reports [109,110]. The reason
for the absence of diffraction peak was the complete exfoliation or disor-
dered arrangement of OCoeAleLDH layers in the PMMA matrix. To
further investigate this, TEM images are obtained for PMMA/OCoeAle
LDH composites, which can be seen from Fig. 2.19. In the case of OCoe
AleLDH loadings below 5 wt%, a completely exfoliated structure was
obtained. With respect to 5 and 7 wt% loadings, an intercalated structure
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n FIGURE 2.18 (A) X-ray diffraction (XRD) pattern and (B) transmission electron microscopy (TEM) image for polystyrene (PS)/OCoeAlelayered double
hydroxide (LDH) (5 wt%) nanocomposite [110].
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n FIGURE 2.19 Transmission electron microscopy (TEM) images for (A) poly(methyl methacrylate) (PMMA)/OCoeAlelayered double hydroxide (LDH)-3 and
(B) PMMA/OCoeAleLDH-5 and PMMA/OCoeAleLDH-7 nanocomposites. M. Kumar, V. Chaudhary, K. Suresh, G. Pugazhenthi, Synthesis and characterization of
exfoliated PMMA/Co-Al LDH nanocomposites via solvent blending technique, RSC Adv. 5 (2015) 39810e39820, copyright 2015. Reproduced with permission from
RSC.
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of OCoeAleLDH layers in the PMMA matrix was evidenced. TEM anal-
ysis results obtained for PMMA/OCoeAleLDH-7 composites showed a
tactoid form of LDH, which contained four or five layers. This further
confirmed that XRD cannot provide accurate results for predicting the nature
of composite structure if the interlayer spacing goes beyond 7 nm. Under
such circumstances it is expected that LDH layers become disordered and
present an intercalated structure for the resultant polymer composite. In
Fig. 2.19, the arrows indicate the exfoliated structure and the circle repre-
sents the intercalated structure. Improvement in terms of Tg by w4�C was
noticed for PMMA/OCoeAleLDH composites, which can be seen from
differential scanning calorimetry curves depicted in Fig. 2.20. The improve-
ment in Tg was caused by the arrested movements of PMMA chains in the
interlayers of reinforced OCoeAleLDH layers.

In the case of thermogravimetric analysis (TGA), when 15 wt% loss is taken
as a point of comparison, an w22e25�C enhancement in thermal stability
compared to neat PMMA was noticed. At 50 wt% loss, the improvement
was w6e9�C as compared to pristine PMMA. The enhanced resistance
exhibited by PMMA composites throughout the thermal degradation profile

n FIGURE 2.20 Differential scanning calorimetry (DSC) curves for (A) poly(methyl methacrylate)
(PMMA), (B) PMMA/OCoeAlelayered double hydroxide (LDH)-3, (C) PMMA/OCoeAleLDH-5, (D)
PMMA/OCoeAleLDH-7 nanocomposites. M. Kumar, V. Chaudhary, K. Suresh, G. Pugazhenthi, Synthesis
and characterization of exfoliated PMMA/Co-Al LDH nanocomposites via solvent blending technique, RSC
Adv. 5 (2015) 39810e39820, copyright 2015. Reproduced with permission from RSC.
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was caused by the inhibitory action of exfoliated LDH layers toward the
diffusion of volatiles to the external environment. The kinetic parameters
involved in the thermal degradation process such as reaction order (n), pre-
exponential factor (A), and activation energy (Ea) were evaluated using the
CoatseRedfern method. This method involves the calculation of kinetic pa-
rameters using the TGA profile obtained for the samples at a single heating
rate. The kinetic parameters obtained for PMMA and PMMA/OCoeAle
LDH nanocomposite samples using the CoatseRedfern method at a heating
rate of 10�C/min are presented in Table 2.7. It can be seen from this table that
the activation energy increased with respect to an increase in loading. This
indicates the higher thermal stability achieved for PMMA composites after
the reinforcement of OCoeAleLDH.

The synthesis procedure used for the fabrication of PMMA/ONieAleLDH
nanocomposite films using the solution-blending method is shown in
Fig. 2.21. The thermal stability of the composites increased with respect
to ONieAleLDH loading and was corroborated from the enhancement in
activation energy values obtained using the CoatseRedfern method.
Furthermore, the Criado method was used to find out the thermal degrada-
tion mechanism for PMMA and PMMA/ONieAleLDH nanocomposites.
It was found that PMMA followed an F1 reaction mechanism, which
involved a random nucleation mechanism for a < 0.4. In the case of
a ¼ 0.8e0.95, the reaction mechanism deviated to an A4 mechanism, which
involved both nucleation and growth. The PMMA nanocomposites followed
the F1 reaction mechanism throughout the entire range of the a value. The
integral procedural decomposition temperature (IPDT) values were also esti-
mated for PMMA and its nanocomposites to investigate the thermal stability
behavior. The corresponding IPDT values for PMMA, PMMA/ONieAle

Table 2.7 Kinetic Parameters for Poly(Methyl Methacrylate) (PMMA)
and PMMAeOCoeAleLDH Nanocomposites Obtained Using the
CoatseRedfern Method at a Heating Rate of 10�C/min [111]

Sample n A Ea (kJ/mol)

PMMA 0.6 3.862 � 107 99

PMMA/OCoeAleLDH-3 1.1 2.731 � 1012 158

PMMA/OCoeAleLDH-5 1.1 6.407 � 1012 163

PMMA/OCoeAleLDH-7 1.2 6.274 � 1013 176
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LDH-3, PMMA/ONieAleLDH-5, and PMMA/ONieAleLDH-7 samples
were 351.5, 399.4, 406.7, and 423.6�C, respectively. The enhanced IPDT
values obtained for PMMA composites also suggested that the thermal sta-
bility was improved at higher loadings [112].

The influence of ONieAleLDH loading on the rheological properties of
PMMA was investigated [113]. In this work, PMMA solution containing
a different concentration of LDH was prepared to investigate the influence
of LDH loading on the shear stress and viscosity as a function of shear
rate. It was found that the viscosity of the PMMA solution decreased with
an increase in shear rate, indicating the non-Newtonian behavior of the so-
lution. The reason for reduction in viscosity at increased shear rate is molec-
ular alignment, which in turn allows the polymer molecules to flow easily.
With respect to increase in ONieAleLDH loading, the solution viscosity
was also found to increase because of the interaction between the filler

n FIGURE 2.21 Fabrication steps involved in synthesis of poly(methyl methacrylate) (PMMA)/ONieAlelayered double hydroxide (LDH) nanocomposites using
the solution-casting method. S. Chakraborty, M. Kumar, K. Suresh, G. Pugazhenthi, Investigation of structural, rheological and thermal properties of PMMA/ONi-Al
LDH nanocomposites synthesized via solvent blending method: effect of LDH loading, Chin. J. Polym. Sci. 34 (2016) 739e754, copyright 2016. Reproduced with
permission from Springer.
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and the PMMAmatrix. The viscosity versus shear rate experimental data ob-
tained from rheological study are further fitted using several models such as
Carreau, Sisko, and Cross to figure out the best model that can describe the
flow behavior of the PMMA/LDH solution. The experimental versus model
values were plotted for PMMA as well as its composites, which can be seen
from Fig. 2.22. A summary of the properties of LDH-based polymer nano-
composites is presented in Table 2.8.
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n FIGURE 2.22 Viscosity versus shear rate obtained for poly(methyl methacrylate) (PMMA) and PMMA/ONieAleLDH nanocomposites using (A) Carraeu, (B)
Sisko, and (C) Cross models. S. Chakraborty, M. Kumar, K. Suresh, G. Pugazhenthi, Influence of organically modified Ni-Al layered double hydroxide (LDH) loading
on the rheological properties of poly(methyl methacrylate) (PMMA)/LDH blend solution, Powder Technol. 256 (2014) 196e203, copyright 2014. Reproduced with
permission from Elsevier.
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Table 2.8 Different Polymer/Layered Double Hydroxide (LDH) Nanocomposites and Their Properties

S:
No. Polymer Clay

Fabrication
Method

Properties

References

TS
(MPa)

EB
(%)

YM
(MPa)

FS
(MPa)

T (�C)
Tg
(�C)

Tcc
(�C)

Tm
(�C)

TM
(MPa)

IS
(MPa)

FM
(MPa)

1 PU SDS-modified Mg
eAleLDH

Solution casting 28[ 185[ e e T50
�29[

e e e [97]

e e e

2 PU Sodium stearate-
modified MgeAl
eLDH

Solution casting 18[ 325[ e e T50
�32[

15[ e e [99]

e e e

3 PU Sodium stearate-
modified MgeAl
eLDH

In-situ
polymerization

e 400[ e e T50
�17[

3[ e e [100]

e e e

4 Epoxy Amino benzoate-
modified MgeAl
eLDH

Reactive
polymerization

15[ 3[ e e T5
�17[

e e [103]

600[ e e

5 Epoxy Amino carbonate-
modified MgeAl
eLDH

Reactive
polymerization

3Y 1Y e e T5
�5[

e e e [103]

300[ e e

6 PP SDS-modified Ni
eAleLDH

Melt blending 5[ e 400[ 10[ T50
�8[

e e 8[ [104]

e e 200[

7 Nylon-6 Dodecyl sulfate-
modified MgeAl
eLDH

Melt blending e e e e T50
�27Y

e e e [105]

e e e

8 PE-g-MA Dodecyl sulfate-
modified MgeAl
eLDH

Solvent
blending

e e e e T50
�59[

e e e [106]

e e e

10 PP MgeAleLDH Melt blending e e e e e e 3[ e [107]

e e e

11 PP Dodecyl sulfate-
modified MgeAl
eLDH

Melt blending e e e e e e 6[ 1Y [107]

e e e

12 PP/PP-g-
MA

Dodecyl sulfate-
modified MgeAl
eLDH

Melt blending e e e e e e 13[ 1[ [108]
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Table 2.8 Different Polymer/Layered Double Hydroxide (LDH) Nanocomposites and Their PropertiesdContinued

S:
No. Polymer Clay

Fabrication
Method

Properties

References

TS
(MPa)

EB
(%)

YM
(MPa)

FS
(MPa)

T (�C)
Tg
(�C)

Tcc
(�C)

Tm
(�C)

TM
(MPa)

IS
(MPa)

FM
(MPa)

13 PS SDS-modified Co
eAleLDH

Solution casting e e e e T50
�3[

17[ e e [110]

e e e

14 PMMA SDS-modified Co
eAleLDH

Solution casting e e e e T15
�26[

4[ e e [111]

e e e

15 PMMA SDS-modified Co
eAleLDH

Solution casting e e e e T50
�12[

3[ e e [112]
e e e

16 PMMA 10-Undecenoate-
modified LDH

In-situ
polymerization

31[ 3Y e e T10
�10[

19[ e [114]

800[ e e

17 PET Terephthalate-
modified LDH

Melt blending e e e e e 43[ e 2[ [115]

e e e

18 Epoxy Glycinate-modified
LDH

Solution casting 5[ e e 4[ e e e e [116]

e e e

19 PP SDS/itaconic acid-
modified LDH

Melt blending e e e e T50
�29[

2[ e e [117]
e e e

20 EVA Dodecyl sulfate-
modified NieAl
eLDH

Melt blending 5[ 50[ e e e e e e [118]

e e e

21 EVA ZneAleLDH Melt blending 3[ 17[ e e T50
�26[

e e e [119]

e e e

22 PA-6 SDS-modified Co
eAleLDH

In-situ
polymerization

10[ 175[ e e e e e e [120]

e e e

EB, elongation-at-break; EVA, ethylene vinyl acetate; FM, flexural modulus; FS, flexural strength; IS, impact strength; PMMA, poly(methyl methacrylate); PP, polypropylene; PS,
polystyrene; PU, polyurethane; SDS, sodium dodecyl sulfate; TM, tensile modulus; TS, tensile strength; YM, young’s modulus.
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4. CONCLUSIONS
The perception of polymer nanocomposites is considered as an innovative
approach for the design of new materials with specialized properties. The
different modification techniques used for the preparation of functionalized
clay materials showed impact on the dispersion of clay fillers in the polymer
matrices. The desired properties for the polymereclay nanocomposites are
mainly dependent on the type of modifying agents used for the functional-
ization of clay materials. The solution-casting technique appears to provide
good dispersion of clay layers in the polymer matrix in comparison with
melt blending. This is because of low viscosity and high agitation power
associated with solution blending. However, melt blending is considered
an industrially viable as well as an ecofriendly technique and exhibits
high economic potential. The stabilizers and compatibilizers added during
the processing are also found to have an impact on the properties of
polymereclay nanocomposites.
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Chapter3
Multiscale Molecular Modeling of
ClayePolymer Nanocomposites

Erik Laurini, Paola Posocco, Maurizio Fermeglia and Sabrina Pricl
University of Trieste, Trieste, Italy

1. INTRODUCTION
The main goal of computational materials science is the rapid and accurate
prediction of properties of new materials before their development and
production. In order to build new materials and compositions with designed
new properties, it is essential to predict these properties before preparation,
processing, and characterization. Polymers are complex macromolecules that
display a structure ranging from the Å level of the individual backbone of a
single chain to the scale of the radius of gyration, which can reach tens of
nanometers. The corresponding time scales of the dynamic processes relevant
for different material properties span a wider range, from femtoseconds to
milliseconds or even seconds or hours in glassy materials or for large-scale
ordering processes, such as phase separation in blends. No single model or
simulation algorithm can cover such an interval of length and time scales.
Consequently, in order to simulate any polymer-based system, one must
considermodels that range from those including quantumeffects and electronic
degrees of freedom to chemically realistic, classical models. Thus one of the
most important issues in computational materials research, which holds
particular challenges for polymer materials, is multiscale simulation, i.e., the
bridging of length and time scales and the linking of computational methods
to predict macroscopic properties and behavior from fundamental molecular
processes [1e4]. Despite the advances made in the modeling of the structural,
thermal, mechanical, and transport properties of materials at the macroscopic
level (finite element analysis of complicated structures), a tremendous uncer-
tainty still remains about how to predict many properties of industrial interest.
The idea of performing simulations of materials across several characteristic
length and timescales (i.e., multiscale molecular modeling), starting from
fundamental physical principles and experimental data, has thus an obvious
appeal as a tool of potentially great effect on technological innovation and
material design [5].
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Whether designing an automobile, airplane, building, or any structural system
for that matter, large-scale systems tests are expensive, and cost models
show that a physics-based design can give a great return on investment. The
advantages of considering multiscale molecular modeling include, among
others, the following:

n reduction of product development time by alleviating costly trial-
and-error iterations;

n reduction of product costs through innovations in material, product,
and process design;

n reduction of the number of costly, large-scale experiments;
n increase in product quality and performance by providing more accurate

predictions in response to material design requirements and loads.
n help in conceiving and developing entirely new materials.

Given the broadness of multiscale computational material science, the aim of
this contribution is not a thorough presentation of all state-of-the-art current
multiscale molecular modeling techniques available so far (reviewed by Zeng
et al. [4], Mohanty and Ross [6], Pereira et al. [7], Pricl et al. [8], Scocchi et al.
[9], Toth et al. [10]). Rather, this work will illustrate the authors’ view on the
possibilities that multiscale modeling offers in understanding and controlling
the properties of nanocomposite materials and in tailoring them for specific
applications. The selected examples presented in this overview reflect the
authors’ own research interests and are by no means exhaustive. Nevertheless,
it is our hope that they can give a satisfactory cross-section of the current state
of the field and can serve as inspiration for further developments in this
exciting branch of science.

2. MULTISCALE MOLECULAR MODELING
In the last 10 years, there has been a rapid expansion in the use of computer
modeling techniques in both materials and life sciences, with the number of
relevant articles indexed in Scopus and ISI Web of Knowledge more than
tripling between 2004 and 2015 in comparison to the preceding decade.
Accordingly, computational modeling is now a well-established technique
in virtually all areas of mainstream materials science, including polymers,
ceramics, semiconductors, and metals. It is also a major driving force in
the life science avenues of research such as pharmaceutical and biomedical
science, nano(bio)technology, and (bio)engineering, just to name a selection.
Many researchers consider computer simulations to be a theoretical technique,
since the algorithms and methods involved are often expressed in highly
mathematical terms, and also perhaps because many groups tend to make
heavy use of numerical simulations. However, this is somewhat of a
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misconception, since modeling, and specifically molecular modeling, may
be better considered as a form of numerical experiment. Of course, numer-
ical experiments cannot in themselves explain the occurrence of a physical
phenomenon, any more than a real experiment can, without a theoretical
interpretation of the results. Therefore modeling, theory, and physical
experimentation have a rather more complex and subtle interdependence
that might be thought diagrammatically in the form of a triangle, with
each vertex a necessary and important part in the full elucidation of a
scientific or engineering problem. In other words, it should be emphasized
that computer modeling will never replace, nor was intended to replace,
direct experimentation in the development of new scientific theories or
technologies. At its best, using appropriate physical models and the
minimum of ad hoc assumptions, computer simulations can be used as a
powerful predictive tool to guide novel experimental programs in a fraction
of the time and costs of trial-and-error approaches.

There have been a number of important driving forces for the increased use
of computer molecular modeling and simulations in materials science. The
first is the availability of (relatively) inexpensive commodity processing
power, driven in part by Moore’s law, which in its original form, related
to the doubling of the transistor density in integrated circuits every
18 months. In practice, this has led to a rapid decrease in the unit price of
CPUeand todayeGPU power, physical memory, and hard disk space, as
machines suitable for scientific calculations have found their way onto the
mass market. As well as improvements in hardware, there now exists a
plethora of free and commercially available integrated modeling software
packages, and a selection of notable examples include Gaussian (mainly
for quantum mechanics calculations), AMBER and NAMD (for atomistic
simulations), Materials Studio, Culgi, GROMACS, and LAMMPS (for
atomistic and mesoscale simulations (MSs), i.e., multiscale simulations),
and Digimat and ABAQUS (for finite element calculations).

By definition, multiscale molecular modeling entails the application of
modeling techniques at two or more different length and time scales, which
are often, but not always, dissimilar in their theoretical character due to the
change in scale. A distinction is made between the hierarchical approach,
which involves running separate models with some sort of parametric
coupling, and the hybrid approach, in which models are run concurrently
over different spatial regions of a simulation. The relationships between
different categories of methods commonly used in the multiscale modeling
hierarchy are shown in Fig. 3.1. Although some techniques have been
known for a long time and are now widely used, such as molecular dynamics
(MD) and Monte Carlo (MC) methods, others, such as MS and some more
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advanced methods for accelerating atomistic simulations, are not as common
yet, and require more advanced skills and specialized background.

In the context of material simulations shown in the Fig. 3.1 (left panel), four
characteristic time and length levels can be envisaged before reaching the
last step, i.e., engineering design:

1. the quantum scale (z10�10m and 10�12 s) in which nuclei and elec-
trons are the main players, and their quantum-mechanical state dictates
the interactions among atoms. The possibility of obtaining data
describing structural and electron features of the system is being
considered, and the possibility of taking into account effects associated
with the break and formation of chemical bonds in molecules, changes
in electron configurations, and other similar phenomena are the main
advantage of methods working at quantum scale;

2. the atomistic scale (z10�9 m and 10�9e10�6 s), in which all atoms
are explicitly represented or, less frequently, small groups of atoms are
treated by single sites (referred to as pseudo atoms). The potential
energy in the system is estimated using a number of different classes
of interactions, typically: (1) bonded interactions, including bond-length
(stretch) potentials, bond-angle (bend) potentials, torsion (twist)
potentials, and cross-terms, and (2) nonbonded interactions, which in
general consist in Coulomb interactions and dispersion forces. The
different combination of some/all of these terms in a single potential
energy equation is generally defined as a force field;

n FIGURE 3.1 (Left) The hierarchy of multiscale molecular modeling techniques, showing the approximate range of temporal and spatial scales covered by
different categories of methods. Areas of overlap permit “mapping” or “zooming” from one scale to the next, which is often required for parameterization
of higher scale methods or for obtaining a finer scale resolution of selected parts of the larger system. (Right) Experimental and theoretical tools for
characterization and modeling of polymer-based nanocomposites, plotted over their respective time and length scale domain of applicability. Experimental
methods include X-ray diffraction, nuclear magnetic resonance (NMR), transmission electron microscopy (TEM), tomography, atomic force microscopy (AFM),
small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), and mechanical testing.
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3. the mesoscopic scale (z10�6 m and 10�6e10�3 s), in which a
molecule is usually treated with a field description or, most commonly,
is represented by microscopic particles that incorporate molecular
details implicitly. Therefore MS simulations are able to treat
phenomena on length and time scales currently inaccessible by
classical atomistic approaches;

4. the macroscopic scale (z10�3 m and 100e�101 s), where a constitutive
law governs the behavior of the physical system, which is considered
as effectively homogeneous, ignoring discrete atomic and molecular
structures and their influence on overall system behavior. The final aim
consists in representing a heterogeneous material as an equivalent
homogeneous one.

At each length and timescale, well-established and efficient computational
approaches have been developed over the years to handle the relevant, under-
lying phenomena. To treat electrons explicitly and accurately at the lower scale,
methods classified as quantum mechanics (QM) can be employed. QM
methods have undergone enormous advances, enabling simulation of systems
containing several hundred atoms with good accuracy [11]. For material
properties at the atomic level, MD and Monte Carlo (MC) simulations are
usually performed by employing classical interatomic potential, which can
often be derived from QM calculations [12,13]. Although not as accurate as
QM methods, classical MD and MC simulations are able to provide insight
into atomic processes involving considerably large systems [14]. At the meso-
scopic scale, the atomic degrees of freedom are not explicitly treated, and only
large-scale entities are modeled (that is, agglomeration of atoms called beads,
obtained through a coarse-graining procedure, vide infra). Mesoscale tech-
niques are particularly useful for studying the behavior of polymers and soft
materials. They can model even larger molecular systems, but with the
commensurate trade-off in accuracy. Typical results of MS are the
morphology and the structure of the matter at the nanoscale level at the desired
conditions of temperature, composition, and shear. Various simulation
methods have been proposed to study the mesoscale structures in polymer-
based materials, with the most common being Brownian Dynamics (BrD)
[15], Dissipative Particle Dynamics (DPD) [16,17], Lattice Boltzmann
[18], time-dependent GinzburgeLandau theory [19], and Dynamic Density
Functional Theory [20].

Eventually, it is possible to transfer the simulated mesoscopic structure to
finite element modeling (FEM) tools [21,22] to calculate macroscopic
properties for the systems of interest. In the multiscale protocol, it is important
to be able to compare the calculated results with experimental evidence at each
scale and perform a computation. Fortunately, the experimental methods
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available now allow this comparison along the entire multiscale procedure, as
evidenced in the right panel of Fig. 3.1. The ultimate goal of a multiscale
modeling is, hence, to predict the macroscopic behavior of an engineering
process from first principles, i.e., starting from the quantum scale and
passing information into molecular scales and eventually to process scales.
Accordingly, we compute information at a smaller (finer) scale and pass it to
a model at a larger (coarser) scale by leaving out (i.e., coarse graining) degrees
of freedom [10,23e27].

Two ingredients are required to construct a successful sequential multiscale
model: first, it is necessary to have a priori and complete knowledge of the
fundamental processes involved at the lowest scale. This knowledge or
information can then be employed for modeling the system at a successively
coarser level. Second, it is necessary to acquire a reliable strategy for incor-
porating the lower-scale information into the coarser scales. This is often
accomplished by phenomenological theories, which contain few key param-
eters, the value of which is determined from the information at the lower
scale. This message-passing approach can be performed in sequence for
multiple-length scales. The key attribute of the sequential approach is that
the simulation at the higher level critically depends on the completeness
and the correctness of the information gathered at the lower level, as well
as the efficiency and reliability of the model at the coarser level. To obtain
first principle-based results for macroscale systems, we must ensure that
each scale of simulation overlaps sufficiently with the finer description, so
that all input parameters and constitutive laws at each level of theory can
be determined from more fundamental theories. It is equally important that
we must ensure these relations are invertible so that the results of coarse level
simulations can be used to suggest the best choices for finer level parameters,
which can be used to suggest new choices of composition and structure. The
problem for polymers is that the method of coarsening the description from
atomistic to mesoscale or mesoscale to continuum is not as obvious as it is in
going from electrons to atoms [2]. In other words, the coarsening from QM to
MD relies on basic principles and can be easily generalized in a method and in
a procedure, while the coarsening at higher scales is system specific. In this
respect, for example, Doi [28] developed a suite of simulation tools that model
polymers at the molecular and mesoscale level. Although each tool performs
calculations using only one technique, the output from one level can be used
directly as input for another, allowing an off-line bridging of length and time
scales. To achieve what he and others refer to as seamless zooming, namely
the ability to spawn higher resolution simulations using more detailed
methods where needed, will require additional theoretical and computational
advances. Along similar lines, off-line multiscale simulations of polymer
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nanocomposites using coarse-grained MD, mesoscopic time-dependent
GinsburgeLandau theory, and macroscopic continuum finite element
techniques have been carried out. Significant advances in uniquely mapping
atomistic models of polymers onto coarse-grained models [29e31] have
been made, in some cases providing nearly exact quantitative agreement
between the two models for certain quantities.

Scale integration in specific contexts in the field of polymer modeling can be
done in different ways. Any “computational recipe” for passing information
from one scale to another (upper) scale is based on the definition of multiscale
modeling, which considers objects that are relevant at that particular scale,
disregards all degrees of freedom of smaller scales, and summarizes those
degrees of freedom by some representative parameters. All approaches are
initially based on the application of a force field (FF) that transfers information
from quantum chemistry to atomistic simulation. From atomistic simulation to
mesoscale model, essential features of the system have to be maintained while
reducing the degree of freedom.

So far, the features chosen for the reproduction by coarse-grained models have
beenmainly structural, thermodynamic, or both, with structure prevailing [32].
This linking through the mesoscale, in which we can describe microstructure,
is probably the most challenging step toward developing reliable first principle
methods for practical material design applications.

Among the plethora of possibilities to achieve seamless zooming multiscale
simulations in the field of polymer-based nanocomposites, we present and
discuss one strategy that proved to yield accurate and reliable results for
many different systems of industrial interest [33]. According to this multiscale
computational recipe, four sequential steps need to be performed, as follows:

1. QM calculations are employed (when required) to derive specific (and,
hence, highly accurate) force fields, that is, material energy functions
(a.k.a., interatomic potentials) comprising the functional form and
parameter sets used to calculate the potential energy of a system of atoms
or coarse-grained particles in molecular mechanics/molecular dynamics
simulations.

2. Having chosen the appropriate FF for the system under consideration
(either already available in the literature or derived ad hoc at point (1)),
fully atomistic molecular dynamic (MD) simulations are performed to
retrieve fundamental structural and energetic information at the molecular
level.

3. The data gathered at point (2) are mapped into the corresponding
structural and energetic information necessary to run coarse-grained
(CG) simulations at a mesoscopic level.
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4. The main output of point (3), i.e., the mesoscopic morphologies and
density distributions of the system, are finally used as the input for
finite element calculations and macroscopic property predictions.

The conceptual application of the multiscale molecular modeling procedure
described above is sketched in Fig. 3.2 for a sodium montmorillonite
(MMT)-based polymer nanocomposite as an example.

In the remaining part of this chapter, we will present and discuss in detail
the application of such hierarchical multiscale molecular modeling
approach to actual polymereclay nanocomposites of industrial interest,
namely thermoplastic polyurethane (TPU)/clay nanocomposites (TPUCNs).

3. MULTISCALE SIMULATIONS OF
THERMOPLASTIC POLYURETHANE-BASED
NANOCOMPOSITES

3.1 Atomistic Simulations of Thermoplastic
Polyurethane-Based Nanocomposites

The first, essential step in all atomistic MD simulations is the choice/
definition of a reliable force field for the description of inter- and intramolecular
interactions, which is based on the evaluation of structural parameters and
physical properties for the systems of interest. This is dictated by the fact that

n FIGURE 3.2 Concept of multiscale approach for montmorillonite-based polymer nanocomposites.
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each simulated quantity (e.g., structure, energy, or any given property) is highly
sensitive to the nonbonded components of the forcefield employed (i.e., atomic
charges and van der Waals parameters). Among all available force fields, our
initial choice was the widely used, general all-atom force field for atomistic
simulation of common organic molecules, inorganic small molecules, and
polymers (a.k.a., COMPASS FF), developed using a combination of state-of-
the-art ab initio and empirical parameterization techniques [34]. To validate
this FF for application to TPU-based nanocomposites, preliminary atomistic
MD calculations of fundamental molecular properties (i.e., structural parame-
ters, density, melting temperature, solubility parameters, and surface tension)
were performed on two fundamental units of a polyurethane polymer, namely
1,4 butandiol (BD) and 4,40 methylene diphenyl diisocyanate (4,40MDI) [35].
Table 3.1 shows the results of this FF validation, according to which the
COMPASS FF was selected for further TPUCN simulations.

Three different layered silicates were considered as nanofillers: sodium mont-
morillonite (MMT), laponite (LAP), and sepiolite (SEP); forMMTsimulations,
the INTERFACE FF developed by Heinz and coworkers [36] was adopted,
while the CLAYFF FF [37] was selected for LAP and SEP calculations.

The unit cells of MMT, LAP, and SEP were optimized [7e10,13,24,25,27,31
,33,38e40] starting from the coordinates of the original structures [41].
Table 3.2 lists the main structural parameters for these optimized
nanoparticles.

For MMT and LAP, methyl tallow bis-2-hydroxy quaternary ammonium
salt (i.e., C30B) and cetyltrimethyl ammonium bromide (CTAB) were
chosen as surface modifiers, respectively, while SEP was treated as pristine
material. As the polymer model, prototypical TPUs composed by poly(tetra-
methylene glycol) (TEG) as the soft segment (SS), and MDI/BD as the hard
segment (HS), were chosen. The surface modifiers C30B and CTAB were
also built and optimized by a conformational search [7,9,10,27,31,38e40].

The generation of accurate model amorphous structures for TPU was
conducted following an ad hoc developed computational recipe, according
to which three TPU chains (with HS content of 30%) and 10 independent
configurations based on the Rotational Isomeric States method [42] were
constructed under periodic boundary conditions at 298K and the initial density
of 0.5 g/cm3. The configuration characterized by the lowest energy was
chosen for the next step, in which the simulation cell geometry was refined
by the following refinement protocol: (1) initial energy minimization, (2) brief
MD simulation run in the canonical (i.e., isochoric-isothermal or NVT)
ensemble, and (3) final energy minimization. Next, the polymer simulation
cell density was equilibrated via MD runs in the isobaric-isothermal (NPT)
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Table 3.1 COMPASS FF-derived Main Molecular Geometrical and Thermophysical Properties of 1,4 Butandiol (BD) and 4,40

Methylene Diphenyl Diisocyanate (4,40MDI) as Obtained With the COMPASS Force Field

BD Exp. QM FF 4,40MDI Exp. QM FF

Structure Structure

C3-C4 (Å) 1.524 1.520 1.528 C1-O1 (Å) 1.171 1.175 1.178
C2-O1 (Å) 1.431 1.427 1.425 C1-N1 (Å) 1.210 1.214 1.209

O1-H7 (Å) 0.970 0.970 0.966 N1-C3 (Å) 1.409 1.401 1.401

C2-C3-C4 (�) 113.8 113.6 113.2 C6-C8 (Å) 1.514 1.519 1.520

C3-C4-H13 (�) 111.0 110.5 110.5 O1-C1-N1 (�) 173.0 172.8 173.2

C2-O1-H7 (�) 105.0 105.8 105.5 C10-N9-C6 (�) 114.5 115.0 114.4

H7-O1-C2-C3 (�) e �177.6 �178.1 N1-C3-C4 (�) 121.8 122.4 122.0

C2-C3-C4-C5 (�) e �175.7 �176.0 C6-C9-C10 (�) 114.7 114.9 114.7

H16-O2-C5-C4 (�) e 62.6 62.3 C3-N1-C1-O1 (�) 178.9 178.8 179.2
Exp. FF Exp. FF

Density (g/cm3) 1.02 1.01 � 0.02 Density (g/cm3) 1.22 1.20 � 0.02

Melting point (�C) 293.2 302 Melting point (�C) 311.7 322

Surface tension (mN/m) 44 Surface tension (mN/m) 45.6

The corresponding experimental data and the same quantities estimated via quantum chemistry (QM) calculations at the MP2 level of theory using the 6-311þþG(d,p) triple-z
split-valence basis set are also shown for comparison.
Experimental data: Structure: Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, USA; Density, Melting point and Surface tension: Determined in house.
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ensemble to reach the experimental density at the desired temperature and
pressure (e.g., 298K and 101.325 kPa). To ensure that the TPU chains were
not trapped in local energy minima, the simulation cells were further relaxed
by carrying out an NPT-MD simulation annealing protocol as follows: the
system is first heated from 298 to 398K in increments of 20K and then cooled
back to 298K with the same temperature variation scheme. The velocity
Verlet algorithm was applied to integrate the equations of motion, while
the Berendsen thermostat/barostat [43] was used to control temperature and
pressure during the MD run. The nonbonded electrostatic and van der Waals
were handled using the Ewald summation method [44] and the Lennard-Jones
9e6 function, respectively.

After each component was modeled, to generate a surface apt for simulation
of TPU-filler interface, the lattice constant c of each filler cell was extended
to 15.0 nm, and an equilibrated snapshot of the TPU polymer structure was
placed in close proximity to the filler surface. When modifiers were present,
an appropriate number of their molecules were interposed between the filler
surface and the TPU chains. Then MD simulations in the canonical NVT
ensemble were run at 298K.

From the thermoplastic polyurethane nanocomposite (TPUNC)-equilibrated
structure, the corresponding X-ray diffraction (XRD) patterns were simulated,
and the relevant clay basal spacing (in case of MMT and LAP) was calcu-
lated, as shown in Fig. 3.3. The values were also confirmed by atomistic sim-
ulations in the NPT ensemble starting from an equilibrated NVTMD snapshot
of TPU/MMT and TPU/LAP systems. In this case, during eachMD, both min-
eral layers were treated as rigid bodies by fixing all cell dimensions except for
c, and all atoms in the interlayer space (including ions and counterions) were
allowed to move without any constraint.

Taking the MMT TPUNC as an example, the simulated XRD of neat TPU
shows four main peaks in the 2q 10e30� range, corresponding to the HS of

Table 3.2 Optimized Main Structural Parameters for the Optimized
Molecular Models of the Nanoparticles Considered

Model
Lattice
Geometry

Space
Group

Lattice Parameters

a
(Å)

b
(Å)

c
(Å)

a

(Å)
b

(Å)
g

(Å)

MMT MON C2/m 5.20 9.20 10.13 90 90 90

SEP ORT Pnan 13.4 26.8 5.28 90 90 90

LAP MON-PR C2/m 5.25 9.18 16.4 90 99 90

LAP, laponite; MMT, montmorillonite; MON, monoclinic; MON-PR, monoclinic-prismatic; ORT,
orthorhombic; SEP, sepiolite; TPU, thermoplastic polyurethane.
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the TPU polymers (d ¼ 0.83, 0.47, 0.42, and 0.38 nm, respectively, Fig. 3.3,
orange curve in left panel). The XRD spectrum of C30B-modified MMT
gives a sharp peak at 2q ¼ 5� (d ¼ 1.80 nm, Fig. 3.3, blue curve in left
panel) whereas, for the relevant nanocomposites, the peak at 2q ¼ 2.5�

corresponds to a greater interplanar distance (d ¼ 3.6 nm, green curve in
left panel of Fig. 3.3) with respect to that of the organoclay, due to the
intercalated polymer within the galleries of the silicate layers.

Finally, from the equilibrated part of the MD trajectory of each TPUNC, the
interaction energies among all system components, required to map the
input parameters for running simulations at the next level (i.e., mesoscale,
vide infra) were extracted according to an ad hoc developed procedure
described in detail in [7,9,10,27,31,38e40]. Since, by definition, the binding
energy (Ebind) between each generic pair of polymer-based nanocomposite
components A and B is the negative of the corresponding interaction energy,
each Ebind term can be simply obtained from the corresponding interaction
energies as:

EbindðA=BÞ ¼ EA þ EB � EAB (3.1)

where EA and EB represent the energy of A and B consisting of both valence
and nonbonded energy terms.

3.2 Mesoscopic Simulations of Thermoplastic
Polyurethane-Based Nanocomposites

To simulate the morphology of the TPUNC systems at a mesoscopic level,
the DPD theory can be the method of choice. In DPD [16,17], a group

n FIGURE 3.3 (Left) Simulated X-ray diffraction spectra for thermoplastic polyurethane (TPU) [orange (light gray in print versions)], montmorillonite (MMT)
with surface modifier C30B [blue (dark gray in print versions)], and the corresponding nanocomposites [green (gray in print versions)]. The main, different
diffraction peaks are marked with symbols, and the corresponding interplanar spacings (d) are highlighted as follows: TPU [orange (light gray in print versions)
filled circle, 0.83 nm; orange (light gray in print versions) filled square, 0.47 nm; orange (light gray in print versions) empty square, 0.42 nm, and orange (light
gray in print versions) filled diamond, 0.38 nm]; MMT-C30B [blue (dark gray in print versions) asterisk, 1.80 nm]; TPU-MMT [green (gray in print versions) star,
3.6 nm]. (Right) Simulated basal spacing for the MMT- and laponite-based TPUNCs considered.
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of atoms is coarse-grained into a bead, thereby substantially reducing the
number of particles to be simulated. Further, rather than interaction through
Lennard-Jones forces, each bead feels a simple soft pair-wise conservative
potential, which embodies the essential chemistry of the system. This force
is of short range and has a simple analytical form, which results in fast
computation per time step and, hence, provides the opportunity to expand
the simulation from nanoseconds to real time periods. Similarly to molecular
dynamics, the time evolution of each DPD particle can be calculated by
solving Newton’s second law:

dri
dt

¼ vi
dpi
dt

¼
X

isj

Fij (3.2)

where ri, vi, and pi ¼ mvi are the position, velocity, and momentum vectors of
particle i, respectively, and Fij is the total interparticle force exerted on particle
i by particle j. Fij is, in turn, the sum of three contributions. Each contribution
has a parameter that sets the relative magnitude of the interactions and a
functional form that determined how the forces varies with increasing
separation of the beads up to a critical distance rc, where these forces vanish.
The first type of force contributing to Fij is a conservative interaction that
corresponds in purpose, although not in its functional form, to the Lennard-
Jones interactions between two atoms in an MD simulation. It allows beads
to be given an identity, so that chemically different beads feel mutual
attraction or repulsion. The magnitude of this conservative force is related
to the compressibility of the system being simulated and is given by:

FC
ij ¼ aij

1� rij
rc

rij (3.3)

for rij < rc and zero otherwise. The range of FC
ij is set by rc, and aij is the

maximum force between beads of type i and j. rij is the distance between
the centers of beads i and j, and rij is the unit vector pointing from bead j to
bead i. The other two forces that the DPD bead experience are a dissipative
and a random force that together constitute a thermostat that extracts energy
to the system and adds energy to the system, respectively. Importantly, unlike
the thermostats commonly employed inMD simulations, the DPD thermostats
conserve momentum locally, and it is this that allows the hydrodynamic
interactions in the systems to propagate. Molecules in DPD are built by tying
beads together using Hookean springs with the potential given by:

Ubbði; iþ 1Þ ¼ 1
2
kbbðriiþ1 � l0Þ2 (3.4)
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where i, i þ 1 label adjacent beads in the molecule. The spring constant, kbb,
and the unstretched length l0, are chosen so as to fix the average bond length
to a desired value.

Lastly, chain stiffness is modeled by a three-body potential acting between
adjacent bead triples in a row:

Ubbbði� 1; i; iþ 1Þ ¼ kbbbð1� cosðf� f0ÞÞ (3.5)

in which the angle f is defined by the scalar product of the two bonds
connecting the pair of adjacent beads i � 1, i, and i þ 1, and f0 is the
corresponding equilibrium value.

As mentioned in previous sections, in the framework of the developed
multiscale approach to TPUNCs simulation, the interaction parameters needed
as input for themesoscale levelDPD calculations can be obtained by amapping
procedure of the binding energy values between different species obtained from
simulations at a lower (atomistic) scale [7,9,10,27,31,38e40]. The complex
procedure for MS of the considered TPUNCs consists of several steps: (1)
definition of the mesoscale model for each system component, (2) determina-
tion of system dimension and bead numbers, and (3) definition of beadebead
interaction parameters. Accordingly, starting from the TPU chain, and because
of the differences in the physical properties of the hard and soft segments, a
TPU chain was properly represented by three distinct CG beads, as illustrated
in the upper panel of Fig. 3.4.

n FIGURE 3.4 (Top) Coarse-grained (CG) model of a thermoplastic polyurethane chain. (Bottom) Atomistic (molecular dynamics, left) and coarse-grained
(Dissipative Particle Dynamics, right) representation of the surface modifier cetyltrimethyl ammonium bromide (CTAB). In the atomistic view, CTAB is portrayed
as atom-colored sticks-and-balls [gray, C; white, H; blue (black in print versions), N]. The coarse-grained Dissipative Particle Dynamics beads are colored
according to the corresponding bead type [gray, T, blue (black in print versions), H].
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One type of bead (HBD) represents the chain extender (1,4 butandiol); a second
type of hard bead (HMDI) represents each of the two symmetric halves of the
4,40 MDI molecule; finally, the bead TEG corresponds to one of the n
poly(tetramethylene glycol) monomer units constituting the soft part of the
chain. Each bead had a volume of 110 Å3. Accordingly, the resulting
mesoscopic model of this TPU type of chain can be denoted by (HBD
HMDI TEGn)m, where m denotes the number of times the block in parenthesis
is repeated, depending on the degree of polymerization of the TPU chains. In
our model, 30% of the hard phase was assumed. Bond and angle parameters
for CG model of TPU chains were chosen as follows: l0(HMDI-HMDI)¼
1.7rc, l0(HMDI-TEG) ¼ 1.4rc, l0(TEG-TEG) ¼ 0.74rc, kbb(HMDI-TEG)
¼ 10; F0(HMDI-HMDI-TEG) ¼ 128 degrees, F0(HMDI-TEG-TEG) ¼
134 degrees, F0(TEG-TEG-TEG) ¼ 169 degrees, kbbb(HMDI-HMDI-TEG)
¼ 10, kbbb(HMDI-TEG-TEG)¼ 10, kbbb(TEG-TEG-TEG) ¼ 20.

In the case of surface-modified nanocomposites, mapping the soft-core-
based pair correlations onto the corresponding atom-based pair correlation
functions allowed deriving the CG beads for each surface modifier. The lower
panel of Fig. 3.4 shows a comparison between the atomistic (MD) and
coarse-grained (DPD) model for the CTAB surface modifiers studied as a
proof of concept.

To represent the filler surface, a repulsive wall in the simulation box
perpendicular to the z-axis at the origin was employed. Further, a bead type
F with no connectivity and no repulsion toward the wall was introduced,
physically representing a nanofiller layer.

Having determined the average bead size, and fixed the DPD system
density r ¼ 3 [16], the corresponding characteristic dimension of the
mesoscopic system (i.e., the cutoff distance rc) was obtained via the simple
relationship:

rc ¼ ðrVbÞ1=3 (3.6)

where Vb is the volume of a bead, yielding rc ¼ 6.7 Å. As mentioned
above, this value represents the soft potential cut off distance. MMT and
LAP TPUNC DPD simulations were run in a 20.1 nm � 20.1 nm� d nm
simulation box, where d is the interlayer spacing derived from simulated
XRD spectra (Fig. 3.3). The appropriate number of surface modifiers was
added to the simulation cell of the TPU/MMT and TPU/LAP systems in order
to match the atomistic interfaces. The DPD cell dimensions of the TPU/SEP
system were 20.1 nm� 20.1 nm � 10.0 nm to guarantee enough space be-
tween the filler surfaces, in keeping with the fact that this system was consid-
ered well dispersed.
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The next, important issue in DPD simulations is to capture the essential
intra- and intermolecular interactions taking place among all molecular
actors of the mesoscopic simulations as expressed by the values of the
conservative parameter aij in Eq. (3.3). This quantity accounts for the under-
lying chemistry of the system considered. Following the procedure outlined
above, the interaction energies among all TPUNC system components
estimated using Eq. (3.1) were rescaled onto the corresponding mesoscale
segments adapting the procedure described in detail in Scocchi et al. [27].
The beadebead interaction parameter for the soft bead TEG was set equal
to aTEG-TEG ¼ 25, as the first reference value. The value of the hardesoft
interactions in TPU was chosen to reflect the incompatibility between the
two segments (aHMDI-TEG ¼ 88). Once these two parameters were assigned,
all the remaining beadebead interaction parameters required for the DPD
simulations were easily obtained, starting from the relevant atomistic inter-
action energy values. The complete set of aij parameters is reported in
Table 3.3. As all beads/wall repulsive parameters are concerned, the interac-
tion parameters with the nanofiller beads F were simply scaled up by a factor
of 10. In this way, the proportion of the interaction energies between
inorganic and organic species was preserved and, at the same time, beads
were prevented from crossing the wall, taking an effective flat solid surface.

All TPUNCs simulations were run for at least 5 � 105 simulation steps or
until equilibration occurred, with a time step Dt of 0.04s.

The protocol described so far allowed the prediction of the TPU/filler inter-
face properties at the nanoscale (see Fig. 3.5, top left), in terms of species
distribution and effective thickness (i.e., the distance at which the effect of
the nanofiller on the surrounding polymer vanishes) (see Fig. 3.5, top right).
It is interesting to observe that, in the case of the TPU/MMT nanocomposites
(but this holds true also for the LAP-based TPUNC), according to both level
of simulations (i.e., atomistic/mesoscopic), the system organizes into layers
inside the clay gallery. The rough and irregular shape of the profile obtained
for confined macromolecules if compared, for instance, to the smooth and
regular one exhibited by, e.g., low molecular weight confined fluids, is
due to the additional constraints to which the polymer atoms are subjected,
as being connected along chains that run across many adjacent organic
layers. However, Fig. 3.5 (top right) clearly shows that the peaks have
different heights and widths, depending on their location within the gallery.
The highest density peaks are those closer to the clay layers; their height is
indicative of the strong affinity between the adsorbed organic/polymer
chains and the clay surface. The adjacent peaks are lower, as a consequence
of the adsorption of the first layer that partially shields the attractive potential
of the clay surface. In the center of the gallery, practically only polymer
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chains are found. Since the overall arrangement and, in particular, the
presence of high-density peaks next to the clay surface is in agreement
with the current literature on similar systems [45e48]. Indirectly, this
evidence constitutes a further confirmation that the adopted atomistic/
mesoscopic mapping procedure correctly reproduces density distributions
of polymer chains and surface modifier molecules within inorganic layers.

However, no information about the morphology of the TPN and the filler
distribution can be obtained. Yet for the pure TPU and the TPU/SEP systems
(compatible with the simulation scale limit), the relevant morphology could
be simulated at the nanoscale, as shown in the bottom panels of Fig. 3.5.

The analysis of the dimension distribution of theHSdomains extrapolated from
the MSs for the neat TPU (Fig. 3.5, bottom left) compare well with the crys-
tallite size estimated by applying the Scherrer equation to the relevant XRD

Table 3.3 BeadeBead Interaction Parameter aij Values Used in the DPD Simulations of
TPUNC Systems With Surface Modifiers (Upper Part) and Without Surface Modifiers (Lower Part)

aij

TPU/MMT HBD HMDI TEG H T F Wall

HBD 27

HMDI 90 28
TEG 29 88 25

H 33 36 29 55

T 30 33 32 36 32

F 33 35 31 4 22 15

TPU/LAP HBD HMDI TEG H T

HBD 27 330

HMDI 90 28 350
TEG 29 88 25 310

H 32 35 33 48 30

T 30 33 31 37 31 230

F 33 35 31 3 23 15 1

aij

TPU/SEP HBD HMDI TEG F Wall

HBD 27 320
HMDI 90 28 350

TEG 29 88 25 300

F 32 35 30 15 1

DPD, dissipative particle dynamics; LAP, laponite; MMT, montmorillonite; SEP, sepiolite; TPU, thermoplastic polyurethane; TPUNC, thermoplastic
polyurethane nanocomposite.
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spectra, being equal to LI ¼ 4.7 nm (LI ¼ 4.5 nm at 2q ¼ 10�), LII ¼ 7.1 nm
(LII ¼ 4.5 nm at 2q ¼ 19�), LIII ¼ 22.3 nm (LIII ¼ 22.5 nm at 2q ¼ 21�), and
LIV ¼ 22.4 nm (LIV ¼ 4.5 nm at 2q ¼ 23�). Interestingly, the MSs in the
presence of SEP (Fig. 3.5, bottom right) suggest that the incorporation of
the nanofiller results in an increase of the HS domains with respect to neat
TPU. This may occur because the clay particles are, again according to the
simulation, well dispersed, thereby promoting the assembling of larger TPU
crystalline domains.

3.3 Finite Element Simulations of Thermoplastic
Polyurethane-Based Nanocomposites

The last step of the proposed multiscale procedure is constituted by the
prediction of a set of macroscopic properties for the considered polymer
nanocomposites as a function of filler loading. To the purpose, finite

n FIGURE 3.5 (Top left) Side view of the equilibrated mesoscopic model obtained from Dissipative Particle Dynamics (DPD) simulations of the C30B-modified
montmorillonite (MMT)-based thermoplastic polyurethane nanocomposites (TPUNC). The MMT platelet is shown as gray DPD beads, the surface modifier C30B
molecules are shown as purple (dark gray in print versions) DPD beads while the TPU DPD chains are depicted as a light green (black in print versions) field
to highlight the distribution of the C30B molecules within the MMT layers. (Top right) Comparison between interlayer densities of organic species (surface
modifiers and polymer) in the gallery space of the C30B-modified MMT-based TPUNC as obtained from molecular dynamics [green (light gray in print versions)
continuous line] and DPD [blue (white in print versions) dotted line] simulations, respectively. (Bottom left) Mesoscopic morphology of TPU [dark green (gray in
print versions), soft phase, light green (black in print versions), hard phase]. (Bottom right) Mesoscopic morphology of TPU/SEP nanocomposite [dark green (gray
in print versions): soft phase; light green (black in print versions): hard phase; white (light black in print versions), SEP].
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element calculations were applied in order to analyze both interface/single
stack (for MMT and LAP TPUNCs) properties and overall nanocomposite
properties, using fixed and variable grid simulations, respectively. In
particular, the Young modulus and the gas permeability were the macro-
scopic properties of election for this work, as literature data are available
for comparison.

According to the fixed grid procedure, the results of a MS under the form of
three dimensional density maps are read (Fig. 3.6, top) and transformed into
a fixed grid (Fig. 3.6, bottom) that is used for the integration of the constitu-
tive equations required for determining the macroscopical properties of the
TPU/filler interface (i.e., TPU/SEP). A numerical method is used to deter-
mine the overall properties of composites, with arbitrary morphologies
from the properties of the components based on small homogeneous grid el-
ements. The morphology is defined by a number of phases in a periodically
continued base cell of cubic shape, where the phases may consist of any ma-
terial. Accordingly, the resolution depends solely on the number of grid

n FIGURE 3.6 (Top) Mesoscopic density maps obtained for the thermoplastic polyurethane/ sepiolite
nanocomposites. (Bottom) Fixed-grid finite element mapping and calculation schema.
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elements used. As said, for each mesh element, pure component properties
(listed in Table 3.4) are averaged according to the imported density map
(Fig. 3.6, top), and the effective properties of the TPU/SEP interface can
thus be calculated based on the morphological details of the MS model.

As mentioned above, we applied this procedure also to the prediction of the
polymer-intercalated clay stacks whose phase density maps were previously
calculated by performing MS DPD simulations. This mesoscopic morpho-
logical information was then assigned to those inclusions representing clay
stacks in the overall nanocomposite representative volume element (RVE)
model described below, and the effective properties of the composites could
be finally estimated. All listed data in Table 3.4 were obtained from literature,
except those of TPU, which were estimated from atomistic molecular
dynamics simulations [35]. As each nanofiller itself was considered to be
impermeable to gases, a very low permeability value (i.e., P ¼ 0.0001 barrier)
was selected.

Finally, a suitable model for FE calculations (variable grid approach) of the
effective properties of TPUNC materials considered must be formulated,
consisting of a properly discretized RVE, i.e., a digital sample of the material
microstructure (either generated or obtained by experimental techniques),
which could be descriptive of the overall morphology characterizing
a given complex material such as TPUNCs. To this purpose the following

Table 3.4 Macroscopic Properties of all TPUNC Pure Components: Young Modulus (E, GPa), Poisson
Ratio (n), Thermal Conductivity (k, W/mK), and Gas Permeability (P, Barrer) Used as Input for Fixed and
Variable-Grid Calculation

TPUa MMTb,c LAPd,e SEPc,f

E 15 � 10�3 178 178 200

n 0.42 0.2 0.15 0.2

k 0.202 1.14 7.54 1.14
PO2 13.2 10e4 10e4 10e4

LAP, laponite; MMT, montmorillonite; SEP, sepiolite; TPU, thermoplastic polyurethane.
aData from E. Laurini, P. Posocco, M. Fermeglia, S. Pricl, MoDeNa nanotools: an integrated multiscale simulation workflow to predict
thermophysical properties of thermoplastic polyurethanes, J. Comput. Sci. 15 (2016) 24e33.
bData from D. Fornes, D.P. Paul, Formation and properties of nylon 6 nanocomposites, Polymer 44 (2003) 4993e5013.
cData from R. Almanza, M.C. Lozano, Mechanical and thermal tests of a bentonite clay for use as a liner for solar ponds, Sol. Energy 45 (1990)
241e245.
dData from P. Ruggerone, Highly filled polymer nanocomposite films derived from novel nanostructured latexes, Thesis number 4581, École
Polytechnique Federale de Lausanne, Lausanne, Switzerland, 2009.
eData from S.S. Bhandari, K. Muralidhar, Y.M. Joshi, Thermal diffusivity and viscosity of suspensions of disk-shaped nanoparticles, Ind. Eng. Chem.
Res. 52 (2013) 15114e15123.
fData from E. Bilotti, R. Zhang, H. Deng, F. Quero, H.R. Fischer, T. Peijs, Sepiolite needle-like clay for PA6 nanocomposites: an alternative to layered
silicates? Compos. Sci. Technol. 69 (2009) 2587e2595.
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properties were assumed. Single MMT and LAP stacks were modeled as
disks with a toroidal rim with height of the corresponding symmetry axis
h ¼ 1 nm for each single particle. A partially exfoliated system was defined
as having 32 single platelets and 8 stacks of two/three platelets each. The
SEP fibers (SEP) were modeled as small spherocylinders and assumed to
have a length L ¼ 200 nm and a diameter 4SEP ¼ 10 nm. Having fixed 40
as total number of objects included in our RVE, the cell dimensions were
adjusted case by case to represent the relevant filler concentrations.

Interfacial interactions in polymer-based nanocomposite systems lead to
the formation of a nonnegligible interface, which, in turn, may considerably
influence the macroscopic properties of the materials. To account for the
presence of this interphase layer, as determined from MSs, a pseudo
“core-shell” model particle at the FEM level was devised. These models
consist in spherocylindrical (for SEP) particles with radius equal to the
sum of the pristine nanoparticle dimension (constituting the “core” part of
the particle) and the interface thickness (making up the “shell”). The overall,
main thermophysical properties of these particles were then estimated by
mediating each corresponding property of the nanoparticle core (i.e., the
pure nanoparticle propertydTable 3.4) and of the interphase (as obtained
by running fixed-grid calculations using the mesoscopic density distribution
as input information) by the corresponding volumetric fractions. Finally,
these values were employed in the last FEM calculations (variable grid),
yielding the overall macroscopic properties of the corresponding TPUNC.

MMT or LAP stack properties were predicted employing as input the
mesoscale 3-D density matrices obtained for each component (clay, surface
modifier, and TPU) at the mesoscale (fixed-grid approach). Then these
properties were assigned to single and multiple MMT or LAP stacks for
FE calculation of the overall TPU/MMT and TPU/LAP systems (variable-
grid approach), employing the RVE described above. The bulk properties
of the TPU component constitute the last information necessary to run
FEM calculations. Finally, Table 3.5 summarizes the FEM details adopted

Table 3.5 Main Characteristics of the Different Finite Element Modeling Thermoplastic
Polyurethane Nanocomposite Models

System
Filler
Model # Nodes # Tetrahedra

Mesh
Quality

TPU/MMT SP 6 � 105, 1.8 � 106a 4 � 106, 8 � 106a 0.2e0.3

TPU/LAP SP 5 � 105, 1.2 � 106a 4 � 106, 7 � 106a 0.25e0.3
TPU/SEP SC 3 � 105 2.7 � 106 0.27

LAP, laponite; MMT, montmorillonite; SC, spherocylinders; SEP, sepiolite; SP, single platelets; TPU, thermoplastic polyurethane.
aThis value was used in the case of thermal conductivity and gas permeability.
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for each TPUNC system, while Fig. 3.7 shows the FE models employed for
TPU/MMT and TPU/SEP, the one for TPU/LAP being similar to the one
developed for the MMT-based TPUNC.

4. RESULTS FROM MULTISCALE SIMULATIONS OF
THERMOPLASTIC POLYURETHANE-BASED
NANOCOMPOSITES

The clever incorporation of functional nanofillers of various types into TPU
host polymers can extend typical TPU property profiles, improving, e.g.,
mechanical and tribological performance [54,55], dimensional stability at
higher operating temperatures [56], gas barrier and flame retardant capacity
[57,58], electrical properties [56,59], and, last but not least, biological
properties [60]. While these properties are all endowed with industrial
importance, not all of such characteristics are amenable to be predicted/
estimated via multiscale molecular simulations. In the field of clay-based
polymer nanocomposites and, specifically, in the case of TPUs as polymeric
matrices, certainly the most popular property enhancements searched and

n FIGURE 3.7 (Top) Example of the intercalated stack model for the thermoplastic polyurethane/montmorillonite nanocomposite used in the finite element (FE)
calculations. Global model configuration (left) and relative meshed volume (right) used in the FE calculations for the thermoplastic polyurethane/montmorillonite
(center) and thermoplastic polyurethane/sepiolite (bottom) nanocomposites.
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achieved by clay nanofiller addition concerns mechanical reinforcement and
gas-permeation reduction (a property which, by the way, directly correlates
with the improvement in flame-retardant ability). Both these material qualities
can be estimated with the multiscale computational recipe described in the
previous paragraphs. Accordingly, we report below a brief series of illustrative
examples of the results obtained, in comparison with the relevant experimental
data.

The top panel in Fig. 3.8 shows an example of the agreement between
simulated versus experimental enhancement factors (EFs) (defined as
EF ¼ X/X0, in which X is a given property after the addition of the nanofiller
and X0 is the same property for the pristine polymer matrix) for TPUNCs
loaded with different content of modified MMT, LAP, and SEP nanofillers,
respectively.

Broadly speaking, most of literature reports focus on MMT-based TPUNCs,
while similar investigations with systems based on LAP or SEP are remarkably
less frequent. A likely explanation resides in the fact that layered clays
characterized by higher values of their aspect ratio (AR) (e.g., modified
MMT AR ¼ 140) are endowed with the capacity of enhancing the stiffness
of the polymeric matrix even at small mass fractions. However, again by
virtue of ARs, the clay platelets might prevent the polymer chains from
stretching; this, in turn, negatively reflects on load transfer and, consequently,
on ultimate elastic properties of the systems. Such detrimental effect can be
avoided using clays featuring lower ARs, such as LAP (e.g., AR ¼ 27) or
SEP (AR ¼ 20). This is evident by comparing the three images in the upper

n FIGURE 3.8 Comparison between simulated [orange (light gray in print versions) bars] and experimental (other color bars) Young modulus enhancement
factor EF (¼E/E0) in organically modified montmorillonite [left, dark red (dark gray in print versions) bars], laponite [center, green (white in print versions) bars],
and sepiolite [right, brown (black in print versions) bars] thermoplastic polyurethane nanocomposites as a function of clay loading. Experimental data from B.
Finnigan, D. Martin, P. Halley, R. Truss, K. Campbell, Morphology and properties of thermoplastic polyurethane composites incorporating hydrophobic layered
silicates, J. Appl. Polym. Sci. 97 (2005) 300e309 (for MMT) and from A.K. Mishra, G.B. Nando, S. Chattopadhyay, Exploring preferential association of laponite
and cloisite with soft and hard segments in TPU-clay nanocomposite prepared by solution mixing technique, J. Polym. Sci. B Polym. Phys. Polym. Sci. Part B 46
(2008) 2341e2354 (for LAP). Experimental data for SEP are unpublished results from the authors.
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panel of Fig. 3.8. Indeed, at the same clay loading, relatively higher EFs are
achieved using LAP or SEP in place of MMT.

Still, as discussed above, in both cases the amelioration of the mechanical
properties of TPUs upon nanoengineering with layered clays is rather
limited. The key features for the improvement in mechanical properties of
TPUs lie on several other factors, two of which are of particular importance
in the case of thermoplastic polyurethanes as matrixes: (1) the relative
content of soft/hard phase content and (2) the (pseudo)optimal dispersion
of the clay particles within the polymer chains. The upper panel of
Fig. 3.9 reveals that, upon addition of MMT, TPUs characterized by lower
contents of hard phase (e.g., 35%) result in nanocomposites with better
properties than the corresponding MMT-based TPUNCs generated from
thermoplastic polyurethane matrixes with higher hard phase material.

n FIGURE 3.9 (Top) Comparison between simulated [orange (light gray in print versions) bars] and experimental [patterned dark red (dark gray in print
versions) bars] effect of hard phase content on the Young modulus enhancement factor EF (¼E/E0) in C30B-montmorillonite thermoplastic polyurethane nano-
composites (TPUNCs) as a function of clay loading obtained by solvent casting. (Bottom) Effect of hard phase content on the Young modulus enhancement factor
EF (¼E/E0) in C30B-montmorillonite TPUNCs as a function of clay loading obtained by solvent casting [dark red (dark gray in print versions) patterned bars] and
by melt compounding [pink (white in print versions) patterned bars]. (Left) Hard phase content ¼ 35%. (Right) Hard phase content ¼ 55%. (Bottom).
Experimental data from B. Finnigan, D. Martin, P. Halley, R. Truss, K. Campbell, Morphology and properties of thermoplastic polyurethane composites incorporating
hydrophobic layered silicates, Polymer 45 (2004) 2249e2260.
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Regarding the TPUNCs preparation methods, a finer dispersion of the
nanofiller matters more than aspect ratio in imparting improved performance
to the relevant nanocomposites. A proof to this assertion is evident when
comparing the results shown for MMT-based TPUNCs in the lower panel
of Fig. 3.9.

Upon more efficient dispersion of the modified MMT in TPU achieved by
solvent casting (left image) with respect to melt compounding (right image),
an increase in the relative EF is obtained at the same clay loading.

A more sensible nanoeffect is detected when considering transport properties
and, specifically, gas permeation. As exemplified by the results shown in
Fig. 3.10 for MMT-based TPUNCs, already at 5 wt% of clay loading, a
reduction of approximately 60% and 80% in CH4 and He permeation is
achieved, while for O2, a much higher MMT content must be added to achieve
analogous performances (z28 wt%).

n FIGURE 3.10 Comparison between simulated [orange (light gray in print versions) bars] and experimental (other color bars) enhancement factor EF (¼P/P0)
in CH4 [top left, blue (black in print versions) bars], He [top right, green (dark gray in print versions) bars], and O2 (bottom, gray bars) permeation in
montmorillonite-based thermoplastic nanocomposites (TPUNCs) as a function of clay loading. Since gas permeability decreases with respect to the pristine TPU
matrix upon clay addition, EF in these cases is <1. Experimental data from J.M. Herrera-Alonso, E. Marand, J.C. Little, S.S. Cox, Transport properties in poly-
urethane/clay nanocomposites as barrier materials: effect of processing conditions, J. Membr. Sci. 337 (2009) 208e214.
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5. CONCLUDING REMARKS
Polymer nanocomposites based on organicallymodified layered silicates are an
area of substantial scientific interest and of emerging industrial practice.
Despite the proven benefits of nanocomposites such as mechanical and barrier
properties and contribution to fire retardancy, polymer nanocomposites are
still used today only in niche applications. Thermoplastic polyurethanes
are versatile materials that can display properties ranging from very soft
thermoplastic elastomers to strong, rigid thermoplastics depending on their
chemical compositions, backbone structures, and resultant microphase
morphologies. The ennobling of TPU by the addition of nanofillers to achieve
more performing nanomaterials is even more difficult than for other polymeric
matrixes (e.g., nylons or other thermoplastics), given the peculiar chemical
nature and morphology of these macromolecules. In fact, if on one hand the
alternating blocks and the variety of monomers used to synthesize the
copolymer structure permit tailoring the properties of TPUs, on the other
hand these same characteristics play major roles in determining the ultimate,
macroscopic performances of the relevant nanocomposites, together with
the specific properties of the different nanofillers and the underlying nanocom-
posite production methods. Since the heuristic approach to TPUNCs design
and production is way too long and costly in terms of economic and labor
efforts, the further development of such nanomaterials depends on the
fundamental understanding of their hierarchical structures and behaviors,
which unavoidably requires multiscale modeling and simulation strategies to
provide seamless coupling among various length and time scales. Accordingly,
in this chapter we provided a multiscale molecular modeling recipe to achieve
these goals and illustrated how such in silico techniques can be successfully
employed to predict at least some of the major features and properties of
polymer nanocompositesewith specific examples concerning TPUNCsewith
a reliable degree of confidence.
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This chapter deals with the preparation of clayepolymer nanocomposites
by mixing polymers and prepolymers with unmodified and modified clays.
The chapter covers rubber, thermoplastics, thermosets, and polymer blends
with nanoclay. The last part will discuss the effect of clay dispersion state
on texture and semicrystalline morphology of the final product properties.

1. MIXING
In general, in industrial process engineering, mixing is a unit operation that
involves manipulation of a heterogeneous physical system with the intent to
make it more homogenous. Familiar examples include pumping water in a
swimming pool to homogenize water temperature and stirring pancake
batter to eliminate lumps (deagglomeration). Mixing is performed to allow
heat and/or mass transfer to occur between one or more streams, compo-
nents, or phases. Modern industrial processing almost always involves
some form of mixing. With the right equipment and methodology, it is
possible to mix a solid or a liquid into another solid or liquid respectively.
The type of operation and equipment used during mixing depends on the
state of materials being mixed (solid, liquid, semiliquid, and gas) and the
miscibility of the material being processed. In the case of clayepolymer
nanocomposites, solidesolid mixing and solideliquid mixing are practiced.
Blending powders is one of the oldest unit operations in the solid handling
industries. For many decades, powder blending has been used to homoge-
nize bulk materials. Many different machines have been designed to handle
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materials with various bulk solid properties. On the basis of practical expe-
rience, gained by engineers with different machines, the construction and
development of reliable equipment to predict scale-up and mixing behavior
was undertaken. Now, the same mixing technologies are used for many
more applications: to improve product quality, to coat particles, to fuse ma-
terials, to wet, to disperse in liquid, to agglomerate, to alter functional ma-
terial properties, etc. This wide range of applications of mixing equipment
requires a high level of knowledge, long-term experience, and extended test
facilities to come to the optimal selection of equipment and process.

Solidesolid mixing, in the case of clayepolymer (rubber) nanocomposites,
can be classified into two types: convective mixing and intensive mixing. In
convective mixing, material in the mixer is transported from one location to
another. This type of mixing leads to a less ordered state inside the mixer;
the components that must be mixed are distributed over the other compo-
nents. With time, the mixture becomes more randomly ordered. After a
certain mixing time the ultimate random state is reached. A possible threat
during macromixing is the demixing of the components, since differences in
size shape or density of the different components can lead to segregation.
When materials are cohesive, which is the case with fine particles and
wet material, convective mixing is no longer sufficient to obtain a randomly
oriented mixture. The relatively strong interparticle forces form lumps,
which are not broken up by the mild transportation forces in the convective
mixing. To overcome the interparticle forces, additional forces are neces-
sary, i.e., more energy-intensive mixing is required. These additional forces
can either be impact or shear forces. Fig. 4.1 shows a mixer used for mixing
finely ground particles and liquid. In general, there are four preparation
methods for polymers, which include mixing as a unit operation for the prep-
aration of clayepolymer nanocomposites: in situ template synthesis, solu-
tion intercalation, in situ intercalative polymerization, and melt
intercalation [2]. Among these, melt intercalation and solution intercalation
are popular methods used for the fabrication of clayepolymer nanocompo-
sites. Almost all thermoplastic and elastomeric-based nanoclay composites
are prepared by melt intercalation using an internal mixer (shear mixer)
exampledBanbury and extruder on an industrial scale. Thermosets,
rubber-modified epoxy including thermoplastic nanoclay composites, are
fabricated using in situ intercalative polymerization. All thermoplastics,
thermosets, and elastomers are solvated using a specified solvent (depending
on solubility parameter) and then treated with solvated nanoclay; required
nanoclay composites using solution intercalation are fabricated. In situ tem-
plate synthesis follows sol-gel technology: silica sol, magnesium hydroxide
sol, and lithium fluorides are used as a precursor for the synthesis of clay
(termed as “sol”) and the aqueous solution of polymers (termed as “gel”).
At the laboratory scale, solideliquid mixing is achieved by magnetic stirrers,
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mechanical stirrers, or by simple hand shaking. For solidesolid mixing,
either a Haake mixer, Brabender mixer, or a laboratory mixer or extruder
is used to fulfill the requirement. Sometimes mixing in laboratory vessels
is more thorough and occurs faster than is possible industrially. At the indus-
trial scale, efficient mixing can be difficult to achieve. A great deal of engi-
neering effort goes into designing and improving mixing processes. Mixing
at the industrial scale is done in batches (dynamic mixing) inline. Industrial
mixers are powered with electric motors that operate at standard speeds of
1800 or 1500 rpm, which is typically much faster than necessary. Gear boxes
are used to reduce speed and increase torque. Some mixers are multishaft, in
which combinations of mixer types are used to completely blend the product.

2. MIXING EQUIPMENT
Melt mixing is the industrially preferred method over solution mixing,
in situ template synthesis, and in situ intercalative polymerization, hence
we shall discuss the equipment used for this method in detail. Melt mixers
are used for melt intercalation. Melt mixers are classified as batch or contin-
uous types; batch mixing is not efficient for handling large capacities, but it
is well suited for short runs. High stresses in batch mixing equipment (in-
ternal mixer) can complete a mixing cycle in minutes. Control over resi-
dence time, shear, temperature, and pressure is possible, as these
parameters are of importance while compounding heat-sensitive materials

n FIGURE 4.1 Machine for incorporating liquids and finely ground solids [1].
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or dispersing nanofillers. The most popular batch-type mixers are the labo-
ratory type manufactured by Brabender or Haake and their homologues on
the large scale are manufactured by Banbury or Moriyama as dispersion
mixers. Heat conduction by the mixing shafts is the most serious drawback
of the laboratory internal mixer [3]. Melt mixers are the preferred equipment
for the preparation of clay polymer nanocomposites with thermoplastic poly-
mers and an elastomer matrix, and usually the polymers (thermoplastics and
elastomers) are melted and compounded with intercalated clay (modified
clay) using an internal mixer (batch) and extruder (continuous). Compound-
ing is carried out in the presence of an inert gas, nitrogen [3].

Polymer mixing, linked with filler (micro and nano) reinforcement has been
the subject of many investigations and developments. The field is still the
focus of research and controversy, and innovation is a measure of its
complexity and importance. Polymer behavior is influenced profoundly
by the treatment received in the mixing process, affecting the productivity
of downstream operations and the service performance of end products.
Incorporation of fillers in polymers involves three steps: encapsulation, sub-
division, and immobilization [4]. Dispersion is breaking the filler agglomer-
ates into their component primary aggregates or particles. Dispersion is
followed by microdistribution (concerned with the separation of filler
agglomerate fragments after fracture during dispersion) and macrodistribu-
tion (gross homogenization of the rubber compound acting over larger dis-
tances). The batch-operated internal mixer is the primary mixing device used
through the polymer (especially in rubber) industry. Internal mixers (Ban-
bury) are dominant due to a number of factors, but foremost is its ability
to accept rubber in a bale form and its versatility. Internal mixers are general
purpose machines able to mix a wide range of rubber compounds without
any change to the machine geometry needed. Intermeshing and tangential
(nonintermeshing) are two primary internal mixer designs. The main features
of both designs are the two contrarotating rotors: the ram, which is raised to
permit feeding and lowered and pressurized to hold the rubber compound in
the active mixing region; the drop door, which is designed for rapid
discharge of the batch; and the channels in the chamber walls, rotors, drop
door, and ram, which are for circulation of cooling water. Incorporation,
dispersive, distributive, and heat transfer aspects of mixing are considered
in internal mixers [4].

Continuous mixing involves continuous loading and unloading of compo-
nents. Even when properly performed, mixing decreases the compositional
variation to the desired level. Continuous operations have the advantage of
providing a stable process, as stresses are imposed systematically either in
shear or in the shear elongation mode of deformation. Continuous mixers
make it possible to have a control over feed rate, screw speed, and temper-
ature, as well as the discharge orifice setting and temperature, but the
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accessible range of residence time is small [3]. Extruders are the most com-
mon machines in the plastic processing industry. The main function of the
extruder is to develop sufficient pressure in the material so as to force mate-
rial through the die [5]. Virtually all polymers go through an extruder at least
once, i.e., compounding and pelletizing reactor powders. The pressure
necessary to force a material through the die depends on the geometry of
the die, the flow properties of the material, and the flow rate. The extruders
are classified according to the principal element of their construction as sin-
gle, twin, and multiscrew extruders; single, twin, and multishaft com-
pounders; gear or disk extruders; Maxwell melt elasticity extruder,
Tadmor’s disk extruder; or special extruders (Gelimat, Patfoort, etc.). In sin-
gle screw extruders the velocity profiles are well defined and fairly easy to
describe, while in twin screw extruders the flow is considerably more com-
plex, which results in several advantages, i.e., good mixing and heat transfer,
large melting capacity, good devolatilization capacity, and control over stock
temperatures. Single screw extruders are difficult to scale-up, notoriously
poor mixers with broad residence time distribution and relatively long resi-
dence time. Over the years, single screw extruders have been made more ver-
satile by the introduction of special mixing screws, by add-on mixing
devices, by utilization of two or more extruders operating in tandem [3].

3. CLAYePOLYMER NANOCOMPOSITES VIA MELT
MIXING

Melt blending is the preferred method for preparing the clayepolymer nano-
composites of a thermoplastic and elastomeric polymeric matrix [3]. Typically
the polymer is melted and combined with the desired amount of the interca-
lated clay using Banbury or an extruder. Melt blending is carried out in pres-
ence of an inert gas such as argon, nitrogen, or neon. Alternatively the polymer
may be dry mixed with the intercalant then heated in a mixer and subject to
shear, sufficient to form desired clay polymer nanocomposites. Melt blending
has great advantages over in situ intercalative polymerization or polymer solu-
tion intercalation. Melt blending is environmentally benign due to the absence
of organic solvents. Melt blending is compatible with current industrial pro-
cesses such as extrusion and injection molding. Due to its potential in industrial
applications, melt blending has become popular. Clay polymer nanocompo-
sites are considered to be exfoliated when>80% clay layers of aspect ratio be-
tween 10 and 2000 are uniformly dispersed in the polymer matrix in the form
of stacks comprising not more than two platelets. It’s remarkable that macro-
molecules with a significantly larger radius of gyration than the interlamellar
gallery height are able to diffuse into the galleries. The process of diffusion
will take place only if it leads to the decrease of free energy. Enthalpic contri-
bution usually comes from the chemical interaction between clay and interca-
lating compound. Entropic contribution comes from the randomization of the
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macromolecular segment placement, e.g., diffusion into spaces devoid of
macromolecular presence. Conformational energy loss caused by chain
stretching from the random coil configuration to elongated structures inside
the galleries and associated with topographical and energetic constraints hin-
ders the diffusion. Thus it is accepted that for successful melt intercalation
there must be an enthalpic driving force for the functionalized macromole-
cules; furthermore the interlayer spacing should be large, at least the same or-
der of magnitude as the diameter of the macromolecular Gaussian coil, and
sufficient time must be provided for the diffusion process to reach the center
of stacked platelets. Melt intercalation process is divided into static, where
the process takes place under a vacuum at temperatures at 50�C above transi-
tion temperatures, i.e., glass transition or melting, in the absence of mixingd
thus often called melt annealing. Second is dynamic melt intercalation, which
is more or less a standard operation performed in extruder, or internal mixer
[3]. Soo-Ling Bee et al. [6] investigated the effect of single and dual function-
alized montmorillonite on the morphology, mechanical, and thermal character-
istics of poly(methyl methacrylate) (PMMA) composites. Pristine sodium
montmorillonite and commercially organically modified Cloisite 20A were
modified with a silane coupling agent via silylation reaction to increase the
clay compatibility with PMMA. PMMA nanocomposites with an intercalated
structure were successfully fabricated by melt compounding with functional-
ized pristine sodium montmorillonite and functionalized commercially organ-
ically modified Cloisite 20A. Thermal stability and tensile strength of the
nanocomposites prepared by twice-modified clay surpassed the neat PMMA
and PMMA/Pristine sodium montmorillonite microcomposites, which is
attributed to the formation of more favorable polymer-filler interaction in the
PMMA/funtionalized commercially organically modified Cloisite 20A nano-
composites [6]. Quentin Beuguel et al. [7] investigated the effect of the clay
mineral structure and of the polyamide-dispersed phase polarity on the struc-
ture and morphology of polypropylene/polyamide blends filled with nanopar-
ticles. The clay mineral nanofillers used were either organically modified
montmorillonite or synthetic talc with an affinity toward the polyamide-
dispersed phase. For all clay nanocomposites, a decrease of polyamide nodule
size was observed. Mechanisms governing the morphology establishment
were shown to depend mainly on the clay structure and also on polyamide po-
larity. Montmorillonite nanoparticles were shown to be mostly located at the
interface, forming a nanocomposite interphase. The decrease of polyamide
nodule size induced by montmorillonite nanoparticles was attributed to coales-
cence inhibition by steric repulsions, mediated by the interphase, which is
more developed in the case of polyamide 6. Synthetic talc particles were
shown to be exclusively dispersed within polyamide nodules. In this case,
nodule size reduction was attributed to the presence of some larger synthetic
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talc particles, exhibiting structural defects, which favor the nodule break-up,
especially in the case of polyamide 12 [7]. Hesham Moustafa et al. [8] carried
out facile and green modification of organoclay by stearic acid to obtain a
toxicity-free expanded organoclay. Biodegradable composites were prepared
from a novel Natureplast PBE 003/poly(butylene adipate-co-terephthalate)
blend in 80:20 with various expanded organoclay content by melt com-
pounding. Dynamic mechanical analysis (DMA) data confirmed that the
storage modulus obviously increased with increasing expanded organoclay
content, especially in the case of Natureplast PBE 003/poly(butylene
adipate-co-terephthalate)/expandable organoclay 15 compared to pristine
PBE 003 or PBE 003/poly(butylene adipate-co-terephthalate) blend.
Deformation state of the samples was monitored during the DMA test
and evidenced that the blend was deformed at 110�C, whereas the filled
blends did not deform until 150�C. A good correlation between tensile
strength and water vapor permeability barrier properties for PBE 003 com-
posites was observed, especially up to 5% expanded organoclay, which can
be a good candidate for food packaging and biomedical applications [8].
Zina Vuluga et al. [9] aimed to understand the block copolymer/layered
silicate interactions as a function of the content of polystyrene blocks and
the type of elastomer blocks in the block copolymer. Using the dynamic
melt intercalation method, styrene triblock copolymer/Dellite 67G nano-
composites were obtained. Polystyrene chains of block copolymer preferen-
tially intercalated into the galleries of Dellite 67G and probably interacted
with the surface of the silicates, increasing uniform dispersion of the silicate
in the polymer matrix. Homogenous nanocomposites with an ordered
lamellar structure were obtained. The block copolymer/Dellite 67G interac-
tion was reflected in the increase of stiffness (modulus and hardness) while
maintaining toughness up to 30 wt% of Dellite 67G. Above 30 wt% Dellite
67G the mechanical properties decreased, probably as a result of the
agglomeration of silicate particles [9]. Amit Das et al. studied the effect
of stearic acid on the properties of different rubbers/montmorillonite com-
posites. Alkyl quaternary ammonium modified montmorillonite (organo
montmorillonite), which was additionally modified with stearic acid.
Premixed with montmorillonite, the stearic acid expanded the clay mineral
layers, thus permitting the rubber molecules to be more easily intercalated
into the montmorillonite. Either complete intercalation or increased nano-
structure formation yielded rubber-clay mineral composites prepared with
a normal dosage of 2 parts per 100 rubber of stearic acid, which can be
achieved by adding a large amount of stearic acid, i.e., 10 parts per 100 rub-
ber to nonpolar rubbers that are known to form totally exfoliated structures
by the simple melt mixing of montmorillonite and rubber [10]. Lin Zhu et al.
[11] synthesized bioelastomer from soybean oil and filled it with nanoclay
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to generate nanocomposites. Morphology varied from a fully exfoliated to
intercalated structure with different types of clay and clay concentrations.
Mechanical properties are significantly improved by the addition of organo-
clays. The elongation at break increases as well as tensile strength. A
decrease in cross-link density of the elastic nanocomposites, measured by
a swelling test, indicates that the clay hinders chemical cross-linking and
also confirms the formation of physical cross-links. Percolation studies
show the improvement of the network structure by nanoclays. Onset of
the thermal decomposition was hindered by the loading of the nanoclay
[11]. In typical polymereclay nanocomposites, the filler concentration
hardly exceeds 10 wt%, whereas in common rubber composites the rein-
forcing fillers are often incorporated to above 30 wt%. Therefore it is of
great importance to meet the desired combination of different properties
in an elastomeric nanocomposite with a very small concentration of filler.
The major problem associated with nanoparticles is the degree of dispersion
in the rubber matrix. Due to the extraordinarily high viscosity of rubber
matrix, the dispersion of any foreign material is an extremely challenging
task. To achieve the desired dispersion of nanoparticles, various methods
have been taken into consideration, such as in situ polymerization, solution
casting, latex coagulation, melt compounding, etc. Though rubber is an
amorphous material, high temperature shear mixing could be a promising
technique because it is economical, more flexible in formulation, and the
existing facility for compounding and extrusion can be utilized without
any complication. Fig. 4.2 describes a method for the incorporation of
clay into a blend of chlorinated rubber/ethylene propylene diene monomer
(EPDM) rubber using two roll mills [12].

n FIGURE 4.2 Preparation of clay rubber composite.
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Compared with thermoplastics, the dispersion of organoclay in rubber is
more difficult; high viscosity, amorphous nature, and low surface energy
of the rubber polymers are the main causes. Significant attention has already
been paid to the preparation of rubbereclay nanocomposites, characteriza-
tion of their fundamental behavior, and their use in a wide variety of appli-
cations. Clay minerals and organoclay composites are still under
development. Clayepolymer nanocomposites were successfully marketed
because they fulfilled at least two market needs: increased stiffness and
increased resistance to the permeation of gases, at reasonable cost. For
example, organoclay-polypropylene nanocomposites with a high modulus
are suitable for use in automobile panels, whereas organoclay-polyamide
nanocomposites with low permeability can be used for packaging applica-
tions. Organoclay with natural rubber is used in tire applications, which im-
proves permeability of the natural rubber nanoclay composites [33].

4. CLAYePOLYMER NANOCOMPOSITES VIA
SOLUTION MIXING

The solution mixing method is based on a solvent system in which the poly-
mer or prepolymer is soluble and the silicate layers swell. The layered sil-
icate is first swollen in a solvent, such as water, chloroform, or toluene.
When the polymer and layered silicate in a solution are mixed, the polymer
chains intercalate and displace the solvent within the interlayer of the sili-
cate. Upon solvent removal, the intercalated structure remains, resulting
in clayepolymer nanocomposites [2].

Solution mixing of clayepolymer composites involves the dispersion of
clay in a polymer solution by energetic agitation, controlled evaporation
of the solvent, and finally composite film casting. Agitation can be done
by magnetic stirring, shear mixing, reflux, or most commonly sonication.
Sonication or ultrasonication excitation of filler/resin mixtures breaks up
nanoclay clusters through cavitation in the liquid and/or exciting resonance
vibrations of the clusters. Sonication can be achieved either by immersing a
beaker of solution of nanoclay in solvent in an ultrasonic bath or by partially
submerging an ultrasonic wand (tip or horn) directly into the nanoclay/sol-
vent solution. The processing parameters, such as nanoclay weight percent,
bath and tip sonication, sonication times, surfactant type and solvent type,
have an effect on the dispersion of nanoclay in the bulk polymer. Solution-
based processes make use of low viscosities to facilitate mixing and disper-
sion. This method can be used for processing both thermoplastic and
thermoset polymers [13]. The appropriate selection of solvent is crucial to
the efficacy of the process since it must not only provide complete
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dissolution of the polymer matrix material but also ensure the proper attain-
ment of viscosity to evenly disperse nanoclay with the aid of sonication.
Removal of the solvent also plays a critical role in the physical properties
of the composite, with the Tg decreasing if there is a residual solvent due
to the build-up of the solvent at the nanoclay/polymer interface. Thermo-
plastic nanocomposites are used in a wide array of applications. These
include the automotive sector for interior parts and under-the-hood applica-
tions and the packaging industry for carbonated beverage bottles, plastic
wrap, etc. Solution blending of thermoplastics begins with the dissolution
of the polymer in a solvent. Mechanical performance of the composite is
greatly influenced by the selection of solvent. The solution process may
be done at room temperature or with the application of external heat to accel-
erate the thermodynamic dissolution process. The nanoclay mixture is then
added to the liquid polymer solution and mixed via ultrasonication. To assist
in the dispersion of nanoclay, a suspension may be created with nanoclays in
the solvent prior to being combined with polymer solution. Once ultrasoni-
cation is complete for the polymer solution with nanoclays, the mixture can
be cast in a mold. Film casting may be done in a vacuum oven to assist in the
solvent removal; however, it has been observed by the authors that slow
evaporation of solvent (no vacuum oven) yields a composite with higher
polymer crystallinity than a more rapid solvent evaporation method. Both
the choice of solvent and sonication time have a profound effect on the dis-
tribution of nanoclay in the composites. The solvent choice is generally
made based upon the solubility of polymer. At the commercial scale, melt
blending is preferred over solution mixing for the preparation of thermo-
plastic/organo-clay nanocomposite. This is because:

1. Melt blending does not involve the use of toxic solvents as that needed
for solution mixing.

2. For solution mixing, the amount of solvent needed is large and also re-
quires high temperature because of the high degree of crystallinity and
low solubility of most olefin polymers.

3. Organoclays might be thermally unstable, hence they can be conve-
niently processed in the molten state at moderate temperature [13].

Solution mixing can prove beneficial at the laboratory scale because:

1. There is no requirement of expensive equipment, and the operative pro-
tocols, though involving a large number of steps, are quite simple. The
process can be applied at mild temperature conditions and lends itself
to the preparation of a large number of small sized specimens.

2. Organoclay agglomerates are effectively fragmented and result in an
excellent dispersion of thin particles, either platelets or tactoids,
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within the polymer bulk. To obtain the same effects for melt blending
the molten polymereclay composites need to be subjected to consid-
erable stresses, which may lead to unstable silicate platelets with a
lower aspect ratio. Hence, in many cases, solution blending is
preferred for nanocomposite synthesis to produce highly filled master
batches that can be subsequently diluted with neat polymer by melt
compounding.

3. Highly exfoliated nanocomposites can be obtained by coupling the
physical mixing process with chemical reactions, leading to tethering
polymer chains to the silicate surface [13].

Thermoset nanocomposites are complex hybrid materials, which integrate
nanoparticles with polymers to produce a novel nanostructure, with extraor-
dinary properties. Thermoset polymer nanocomposites have received less
interest in their scientific development and engineering applications than
their thermoplastic counterparts. Epoxy resins, unsaturated polyesters,
acrylic resins, and so on are considered to be the most commonly used

Table 4.1 Comparisons of Thermoplastic and Thermosetting Resin
Characteristics [14]

Thermoplastic Resin Thermosetting Resin

High MW solid Low MW liquid or solid

Stable material Low to medium viscosity, requires
cure

Reprocessable, recyclable Cross-linked, nonprocessable

Amorphous or crystalline Liquid or solid
Linear or branched polymer Low MW oligomers

Liquid solvent resistance Excellent environmental and
solvent resistance

Short process cycle Long process cycle

Neat up to 30% filler Long or short fiber reinforced

Injection/compression/extrusion Resin transfer molding (RTM)/
filament winding (FW)/sheet
molding compound (SMC)/prepreg/
pultrusion

Limited structural components Many structural components

Neat resin þ nanoparticles Neat or fiber
reinforced þ nanoparticles

Commodity: high-performance
areas for automotive, appliance
housings, toys

Commodity: advanced materials for
construction, marine, aircraft,
aerospace

4. ClayePolymer Nanocomposites via Solution Mixing 123



engineering resin for nanocomposites. The property comparison between
thermoplastic and thermoset resins is given in Table 4.1.

The epoxy system is considered to be the most popular matrix for
thermoset-based composites. Typically, nanoclay is dispersed in the system
using sonication. Solvent is added to lower the viscosity of the system to
ease the dispersion mechanism. Cross-linking takes place when a hard-
ener/accelerator is added, leading to an exothermic reaction. The nanoclay
is dispersed with a solution of block-copolymer in ethanol solvent, after
which the addition of liquid epoxy takes place, followed by removal of
ethanol by evaporation. The formation of this type of composite takes place
by pouring into a cast. While solution mixing may seem to be the most
effective technique for the dispersion of nanoclay, it has a major drawback
of environmental hazards, as it makes use of toxic solvent [15]. Epoxy-
organoclay composite can be made as follows:

1. Take a suitable amount of organoclay and epoxy resin mixture in a
250 mL flask. Maintaining a temperature of 70e260�C, stir this
mixture at different times. This helps keep the mixture in a liquid state.

2. To this mixture curing agent, i.e., methyl tetrahydroxy phthalic
anhydride (MeTHPA) is added along with curing accelerator agent
dimethyl benzyl amine (DMBA) in a beaker. The temperature of the
mixture is maintained around 50�C, and the bubbles are removed and
poured into a polytetrafluoroethylene (PTFE) mold to shape a sample.

High molecular weight epoxy-nanoclay composite can be made via comix-
ing. Polyethylene oxide (PEO) of 10 g was mixed in 200 mL solvent of
chloroform and kept for two days. Then this mixture was dispersed by ultra-
sonication technique. Then organoclay was added to this suspension fol-
lowed by heating to remove chloroform to obtain nanocomposite.

Thermoset nanocomposites result in improved dimensional/thermal stabil-
ity, flame retardancy, and chemical resistance and have potential applica-
tions in marine, industrial, and construction markets. Such nanocomposite
materials are particularly suitable to be used for a large variety of
applications.

The incorporation of fillers into elastomer matrices leads to a significant
improvement in the physical, mechanical, and electrical properties of
cross-linked elastomeric composites. This reinforcing effect is primarily
due to hydrodynamic interactions between the rubber and filler surfaces
[16]. Several studies have shown the possibility of preparing intercalated
or exfoliated rubber nanocomposites by different methods. It has been
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reported that the nanolayered silicate dispersed into a rubber matrix provides
an effective reinforcement. The solution mixing method (Fig. 4.3) was car-
ried out as follows (rubber sol mix). Natural rubber was swollen in toluene
under continuous stirring, while the organophilic clay was itself dispersed in
toluene. This dispersion was poured into the rubber/toluene solution and
maintained under vigorous stirring for 24 h, and the solvent was then evap-
orated under vacuum at room temperature. The organoclay content in the
nanocomposite was 10 parts per 100 parts of rubber (phr).

Higher compatibility between the filler and the polymer matrix was
achieved when the nanocomposites were synthesized by solution mixing.
A silane coupling agent is capable of interacting with the OeH groups of
the silicate through its eSi(OCH3)3 functionality, through hydrogen
bonding. The sulfide group of the coupling agent bonded to the silicate is
dissociated and reacts with the rubber molecule to form cross-links between
the silicate and the rubber. These chemical bonds lead to an enhancement of
bound rubber formation. For the solution mixing the organoclay is dispersed
in the solvent, which is a good solvent for the rubber at the same time. By
stirring, followed by evaporation of the solvent, rubber/organoclay nano-
composites are received. In the solution intercalation method the curatives
are usually added in the compound after the evaporation of the solvent.
This occurs on an open mill or in an internal mixer. In contrast, addition
of the curatives during the solution mixing can also be practiced [18].
When solvent molecules are still present within the silicate galleries, they
can be thermally “activated,” which contributes to the formation of exfoli-
ated structures [17,19]. López-Manchado et al. compared the structure and
properties of natural rubber (NR)/organophilic montmorillonite (MMT)
nanocomposites produced by solution and melt compounding, respectively.
MMT was modified (intercalated initially) with octadecylamine (MMT-
ODA). It was found that both methods delivered similar nanocomposite

n FIGURE 4.3 Schematic representations of the preparation of nanocomposites via the solution mixing method [17].
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structures. However, the solution technique (toluene served as solvent)
yielded a higher amount of bound rubber, improved dynamic mechanical
properties, and enhanced the compression set and hardness [17].

5. OVERVIEW OF MORPHOLOGY OF
CLAYePOLYMER NANOCOMPOSITES

Polymer clay nanocomposites have become a major potential research area
all over the world. The nanoscale dimension of silicate layers is very impor-
tant, because it causes strong interfacial interaction between silicate layers
and polymer chains. The addition of normal clay to the matrix also im-
proves mainly gas barrier properties. The morphology of clay-based com-
posites are very interesting; the newer electron microscopy techniques
were used to find the morphology of clay-based composites. Scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM) are
the two tools developed to measure the morphology of the composites.
The atomic force microscopy, which is based mainly on the atomic interac-
tion of the sample surface and the cantilever tip, is also used for measuring
and evaluating the morphology. The polymer clay nanocomposites can be
classified into three structures according to their interaction with the matrix;
they are intercalated, exfoliated, and phase separated structures.

5.1 Clay Morphology in Rubber Matrix
The clay nano- and microparticles show a layered structure in rubber com-
posites, and the morphology of clay nanocomposites are mainly focused in
tires because of their low gas permeability. SEM analysis mainly focuses on
the surface morphological analysis of clay rubber nanocomposites.

Ashish et al. analyzed the morphology of EPDM/carbon black and organo-
modified clay platelets using SEM and found out that the hybrid nanocom-
posites show rougher surface morphology compared to pure EPDM and
EPDM carbon black composites, which is shown in Fig. 4.4. This is due
to the homogeneous dispersion of carbon black and organo-modified clay
platelets in the EPDM matrix [20].

Fig. 4.5 shows TEM photomicrographs at four and eight parts of clay load-
ings, where the dark lines or area are the intersectional view of the dispersed
clay layers, and the off-white phases are the EPDM rubber matrix. Better ho-
mogeneity in nanoclay dispersion within EPDM has been observed for the
vulcanized samples at both low and high clay concentration than the unvul-
canized rubber/clay counterparts (intercalated-exfoliated morphology) [21].
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n FIGURE 4.4 (A) Scanning electron microscopy (SEM) image of pure ethylene propylene diene monomer (EPDM) compound. (B) SEM image of pure EPDM-
CB compound (ECB). (C) SEM image of Cloisite 15A nanocomposite. (D) SEM image of Cloisite 20A nanocomposite. (E) SEM image of Cloisite 30B
nanocomposite.

(A)

(C) (D)

(B)

n FIGURE 4.5 TEM photomicrographs of (A) EPgNA4, (B) EPNA4, (C) EPgNA8, and (D) EPNA8, where
EP stands for ethylene propylene diene monomer (EPDM) rubber vulcanizate; EPNA4 implies 4 phr
Cloisite Naþ containing EPDM rubber vulcanizate; NA means Cloisite Naþ; TEM, transmission electron
microscopy.
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Thomas et al. studied the ethylene-vinyl acetate (EVA)/clay nanocompo-
sites using SEM and found that the surface morphology changes according
to the clay loading being rougher for larger amounts of clay (Fig. 4.6). The
formation of microfiller (agglomeration of individual silicate layers) is

(A)

(C)

(E)

(G)

(D)

(F)

(H)(H)(H)

(B)

n FIGURE 4.6 Scanning electron microscopy (SEM) micrographs for ethylene-vinyl acetate (EVA)/clay
nanocomposites. (A) Cloisite 10A. (B) Cloisite 25A. (C) SEM image of 3 phr Cloisite clay EVA. (D) SEM
image of 5 phr clay EVA. (E) SEM image of 7 phr of clay EVA. (F) SEM image of 3 phr of organoclay
EVA. (G) SEM image of 5 phr of organoclay EVA. (H) SEM image of 7 phr of organoclay.
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obtained due to the difficulty achieving homogeneous dispersion and can
result in the deterioration of nanocomposite properties [22].

Kaushik pal et al. found that the smooth fracture surfaces and smooth filler
dispersion and unidirectional tear path oriented along the direction of flow,
which is smooth and rubbery in nature, were observed for all rubber sam-
ples in terms of extended nanoclay platelets and are partially wrapped by
the matrix due to the adsorption of the polymer on nanoclay, with some
tear line in branching. The micrographs of the entire rubber sample are char-
acterized by a smooth, rubbery failure [23].

TEM is another tool to assess the morphology of clay in the rubber matrix.
Clay appears as exfoliated, intercalated, and phase separated structures in
the rubber matrix.

In the studies of Ashish et al. [20], from the HR TEM images shown in
Fig. 4.7, the dark lines in these images show the layered silicates structure
in the EPDM matrix after the addition of Cloisite 15A, Cloisite 20A, and
Cloisite 30B. It also indicates the presence of intercalated structure after
the addition of compatibilizer. In the hybrid composites of the EPDM/carbon
black and clay composites, it was shown that carbon black and clay platelets
were partially exfoliated, and few were agglomerated in the EPDM matrix,
as shown in Fig. 4.8.

Thomas et al. studied the effect of clay nanocomposites in the EVA matrix,
and from their TEM analysis, they have found the visible evidence of clay
layers in the EVA matrix. The higher electron density of silicates compared
to the EVA matrix gives them a darker appearance, as shown in Fig. 4.9
[22].

(A) (B) (C)

n FIGURE 4.7 (A) Transmission electron microscopy image of Cloisite 15A nanocomposite, (B) Cloisite 20A nanocomposite, and (C) Cloisite 30B nanocomposite.
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The clay stacks of highly oriented, well-defined small structures are respon-
sible for individual silicate layers in the matrix; these layers lack a very
good distribution when the clay loading is high and these result in the
agglomeration of clay platelets. The average morphology can be considered
as the coexistence of exfoliated and intercalated silicate layers. The strong
interaction between EVA and clay might occur to such an extent that the
pure clay of a dense layered structure was shown to be broken apart and
dispersed with individual platelets in the matrix polymer. These samples
exhibit a better dispersed morphology consisting primarily of individually
dispersed clay platelets.

Fig. 4.10A and B represents SEM picture of peeled surfaces at across speed
of 50 mm/min and ambient temperature of the unmodified vulcanizates,
before and after failure; Fig. 4.10C and D shows the same for EPp/
EPNA4. The white features on the SEM photography are probably the

(A) (B) (C)

n FIGURE 4.8 (A) Transmission electron microscopy (TEM) image of Cloisite 15A CB nanocomposite. (B) TEM image of Cloisite 20A CB nanocomposite. (C)
TEM image of 30B CB nanocomposite.

(A) (B) (C)

n FIGURE 4.9 (A) Transmission electron micrographs of ethylene-vinyl acetate/Cloisite 10A nanocomposite; (A) Nanocomposite with 3 wt% Cloisite 10A;
(B) nanocomposite with 5 wt% Cloisite 10A; and (C) nanocomposite with 7 wt% Cloisite 10A.
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ingredients migrated to the surface (Fig. 4.10). It is clear that gross feature of
the surfaces before and after peel test does not change drastically for EPDM
rubber without nanoclay, while the nature of surface is changed slightly after
peeling for EPNA4 system. The former observation presumably elucidates
“interfacial failure” of EPDM vulcanizate surfaces after cooccurring with
EPDM. On the other hand, the peeled surface feature of clay containing
EPDM rubber apparently indicates mixed mode of failure [21].

Fig. 4.11 shows the SEM of wear surface of rubber samples that were tested
before being placed in the water medium. The wear surface of base rubber
shows a rough surface with the presence of wear debris, suggesting that
the material possesses low wear resistance. On addition of nanoclay in
base rubber, the wear surface morphology changes and the surface becomes
relatively smoother with less wear debris. This suggests that the nanoclay in-
duces more wear resistance to the rubber polymer. The nanoclay is a ceramic

(A)

(C) (D)

(B)

n FIGURE 4.10 (A, B) SEM photomicrographs of ethylene propylene diene monomer (EPDM) vulcanizates (A) and (B) before and after peel of EP (C) and
(D) before and after failure EPNA4, where EP stands for EPDM rubber vulcanizate; EPNA4 implies 4 phr Cloisite Naþ containing EPDM rubber vulcanizate;
NA means Cloisite Naþ; SEM, scanning electron microscopy

particle, and it is harder than that of rubber polymer, which results in
improved wear properties in nanoclay-filled rubber composites [23].
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In other studies from Thomas et al. [24], they found that montmorillonite
clay migration in the NR/nitrile butadiene rubber (NBR) phase occurs
mostly in the NBR phase, and the polar interaction between NBR and mont-
morillonite localizes clay in the NBR phase. This results in the increase of
NBR phase viscosity, which ultimately decreases the polymer chain mobility
and suppresses the coalescence of the NBR domains, leading to a fine
morphology in the NR matrix for the 70/30 NR/NBR system (Fig. 4.12). Ac-
cording to viscosity ratio, the increase in viscosity of the dispersed NBR
phase will not favor a fine morphology. However, in this situation the
decrease in dispersed domain size is also attributed to the comparable viscos-
ity of the NR and NBR phase as a result of the localization of montmoril-
lonite clay in the NBR phase.

5.2 Clay Morphology in Thermoplastic Matrix
Nanocomposites are materials in which the dispersed phase presents at least
one of the dimensions in the nanometer scale. In polymereclay nanocom-
posites, the dispersed phase (clay) is present in the form of flakes about

(A)

(B) (D)

(C)

n FIGURE 4.11 Scanning electron microscopy of wear surface of (A) base rubber and base rubber with (B) 1% clay, (C) 2% clay, and (D) 3% clay.

132 CHAPTER 4 ClayePolymer Composites: Design of Clay Polymer Nanocomposite by Mixing



1.0 nm thick and hundreds of nanometers wide and long and has a high
aspect ratio. Moreover, the concentration of clay in nanocomposites is less
than 5% by mass.

The process of preparation of nanocomposites using the melt intercalation
method is mainly followed for thermoplastic materials such as polyeth-
ylene, polypropylene (PP), polystyrene, poly(lactic acid) (PLA), etc. During
the melt intercalation process the particle size of the layered silicate is
reduced. In the TEM analysis of nylon 6 clay hybrids, Zongneng and co-
workers found that the silicate layers dispersed evenly in the matrix, as
shown in Fig. 4.13 [25].

The white area is the nylon 6 matrix, and the black area is made up of the
silicate layers. The particle size of the layered silicates in the nylon 6 matrix
is also reduced during melt intercalation. The silicate layers are exfoliated
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(C) (D)

(B)

n FIGURE 4.12 Transmission electron microscopy image showing the localization of montmorillonite clay
in 50/50 blend nanocomposites (A, B) in the nitrile butadiene rubber (NBR) phase and at the interface;
(C, D) the intercalated and exfoliated morphology of montmorillonite clay.

into nanometer layers and randomly dispersed in the nylon 6 matrix via
melt intercalation process.
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Dubois et al. [26] observed the clay dispersion in the polycaprolactone
(PCL) matrix by TEM; the addition of small stacks of montmorillonite gives
an intercalated and exfoliated structure, as shown in Fig. 4.13. PCL chains
are intercalated between the clay layers. In this consistent formation, an
intercalated/exfoliated structure has been observed.

The morphology of clay thermoplastic nanocomposites was also observed
by the cold emission SEM of PP-filled clay nanocomposites after drawing.
This experiment was done by J.M Gloaguen and Lefebvre [27]. From
Fig. 4.14A, the drawn composites after fracture can be seen, and it is
observed that fibrillation and cavitation has happened. In Fig. 4.14B at the
center, it shows that there was some polymer clay platelet interaction without
any treatment to the clay surface. The clay structures in the fibrillated zones

(A) (B)

n FIGURE 4.13 (A) High-resolution transmission electron micrograph of nylon 6/clay nanocomposites; (B) Fig. 4.10: transmission electron microscopy image for
the polycaprolactone nanocomposite containing 3 wt% montmorillonite-Alk.

(A) (B)

n FIGURE 4.14 Scanning electron microscopy observation of (A) cavitated polypropylene (PP) nanocomposite; (B) fibrillated PP nanocomposite clay intercalation.
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have been confirmed by the X-ray microanalysis and showed the presence of
Si, Al, and O at the specific locations of the irregular-shaped platelets.

G.D. Barber et al. [28] had done the comparison of different types of clay
nanoparticles in the polyethylene terephthalate (PET) matrix. They have
used Cloisite Na, Cloisite 10A, and Cloisite 15A. The TEM micrographs
of these clay nanocomposites on the sectioned injection molded parts are
given in Fig. 4.15.

In Fig. 4.15A the large dark area is indicative of the tactoid structure. In
Fig. 4.15B and C the PET can be seen to somewhat intercalate into the
clay galleries. The organic modification of the Cloisite allows the PET to
more easily intercalate into clay galleries. But even with the shear involved
in the extrusion process the pure PET does not appear to significantly exfo-
liate the clay platelets in the matrix.

A degree of intercalation of 8% m-SWy-2/PLA is visually evident, based on
the retention of ordered stacks of clay layers observed by TEM imaging,
which appear as dark lines bordering a gray interlayer space (white arrow,
Fig. 4.16A(a)). Also evident are the very small stacks, some consisting of
only two layers, as well as the presence of single clay layers (circled,
Fig. 4.16A(b)) within the sample, indicating their dispersion within the poly-
meric matrix; also observed in the TEM-acquired images is the curvature of
the clay layers, a feature noted in literature with other nanocomposites (black
arrows, Fig. 4.16A(a)). Photomicrograph of 8% m-clay fraction of the

(A) (B) (C)

n FIGURE 4.15 Transmission electron microscopy micrograph of polyethylene terephthalate containing (A) 5% Cloisite Na, (B) 5% Cloisite 10A, and (C) 5%
Cloisite 15A.
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Bragança material/PLA (Fig. 4.16B(b)) clearly indicates regions where the clay
layers are intercalated and well-ordered; moreover, the concurrent presence of
single clay layers (black arrows, Fig. 4.16B(a)), clay layers segregating or
breaking off from a parent stack of clay layers (white arrows, Fig. 4.16B(a)),
small stacks of clay layers (circled, Fig. 4.16B(a) and B(b)), along with the inter-
calated stacks, lend credence toward a classification of mixed morphology [29].

5.3 Clay Morphology in Thermoset Matrix
In the thermoset matrix, most of the scientists had done experiments in
phenol Formaldehyde (PF), urea formaldehyde, melamine formaldehyde,
epoxy, and polyester matrixes.

In the temperature-induced phase separation, it was observed that almost all of
the clay went into the low profile additives (LPA)-rich phase (the upper layer),

(A)

(B)

(a)

(a)

(b)

(b)

n FIGURE 4.16 (A) Transmission electron microscopy (TEM) images of 8% m-SWy2/poly(lactic acid) (PLA). (B) TEM images of 8% m-clay fraction of the
Bragança material/PLA.
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even though the density of the nanoclay is higher than that of the UP resin. The
bright images of the TEM micrograph in Fig. 4.17 reveal the formation of
microvoids in the LPA-rich phase or at the interface, although some of the
bright images came from the resin strip-off during TEM sample preparation.
The gray areas are the cured polymer matrix. The small gray areas dispersed
in the white area are the LPA-rich phase, while the large gray phase represents
the unsaturated polyester-rich phase. The morphological observation clearly
demonstrates that almost all the clay platelets (the dark aggregates) are distrib-
uted in the LPA-rich phase [30].

Epoxy resin is a thermoset polymer matrix used for technical applications
such as high chemical resistance, high temperature resistance, dimensional
stability, etc. Low molecular weight rubbers are used to improve the tough-
ness of the epoxy resin. To improve the epoxy performance, nanofillers
such as clay are used in the field of advanced high performance applica-
tions. Thomas et al. (Fig. 4.18) studied the epoxy/carboxy terminated poly-
butadiene co-acrylonitrile rubber (CTBN)/nanoclay composites. To obtain
the clear microstructure of the epoxy composites, TEM has been used.

n FIGURE 4.17 Transmission electron microscopy micrographs of unsaturated polyester (UP)/St/low
profile additives (LPA) system with 1.5% 20A cured at room temperature (0.5% cobalt octoate, 1.5%
methyl ethyl ketone peroxide, 300 ppm benzoquinone, and 3.5% LPA).

Both epoxy/clay and epoxy/clay/CTBN nanocomposites with 1 phr clay
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have fully delaminated clay layers, giving rise to fully exfoliated nanocom-
posites. In 2e3 phr clay-loaded epoxy/clay nanocomposites, the clay plate-
lets are mostly intercalated. However, some tactoids are visible in
micrographs taken from a different region of nanocomposites with 3 phr
clay [31].

The microphase, along with nanoclay distribution SEM of the fracture surface
of the nanocomposites, was studied by the same authors [31]. The surface of
pure epoxy samples was smooth and featureless, representing brittle failure of
a homogeneous material. The fracture surfaces of the clay-filled epoxies show
considerable roughness. Epoxy/1 phr clay nanocomposites have well-defined
fracture margins, representing a good adhesion between the matrix and clay
platelets. The interface quality decreases with an increase in clay loading. At
higher clay concentration (3 phr), a poor adhesion exists between the agglom-
erates and the matrix (Fig. 4.19).

Epoxy/CTBN blend without clay has a bimodal distribution of CTBN do-
mains. Upon the addition of 1 phr nanoclay, the smaller CTBN particles un-
dergo coalescence to give more unimodal distribution. Moreover, the

(A)

(D) (E) (F)

(B) (C)

n FIGURE 4.18 Transmission electron microscopy images of epoxy/clay nanocomposite with (A) 1 phr, (B) 2 phr, (C) 3 phr nanoclay and epoxy/clay/CTBN
nanocomposite with (D) 1 phr, (E) 2 phr, (F) 3 phr nanoclay.
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presence of clay platelets inside the CTBN increases the viscosity of the
CTBN phase and hence the possibility of further breakdown of the domains
would be less. However, the intercalated clay layers in 2e3 phr clay-loaded
epoxy/clay/CTBN nanocomposites are located in the epoxy matrix with a
tendency to align near the epoxyeCTBN interface. Clay platelets at the
epoxyeCTBN interface suppress the coalescence of the rubber particles dur-
ing phase separation and result in lower domain size (0.82 mm) of CTBN
particles compared with its domain size (1.2 mm) in epoxy/CTBN blend.

(A)

(C)

(E)

(G) (H)

(F)

(D)

(B)

n FIGURE 4.19 Scanning electron microscopy images of epoxy/clay nanocomposite with (A) 0 phr, (B)
1 phr, (C) 2 phr, (D) 3 phr nanoclay and epoxy/clay/CTBN nanocomposite with (E) 0 phr, (F) 1 phr, (G)
2 phr, (H) 3 phr nanoclay.

The change in CTBN domain size with clay content is further confirmed
from the optical images, as shown in Fig. 4.20.
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Kaynak and Tasan [32] investigated the effect of clay on the morphology
and properties of PF resin. Two different types of clay (unmodified classified
Na and modified rheospan) and PF resin were used for this. Two different
curing routes are used: one is the heat cure route and the other is the acid
cure route. From Fig. 4.21 it is shown that the TEM analysis of
Rheospan-containing specimen of PF resin shows layered structures with
widened interlayer galleries in the range of 40e60 nm. Therefore, these
wide galleries show that a certain level of exfoliation of the Rheospan
clay has occurred. From the SEM analysis, it is shown that unmodified
clay (Cloisite Naþ) sometimes formed tactoids with no proper interface
with the phenolic matrix due to certain incompatibility. When the clays
are organically modified with suitable modifiers, the interaction between
the matrix resin and the organoclays would be sufficient to lead to a certain
degree of intercalation and/or exfoliation, as shown in Fig. 4.22.

The electron microscopy techniques, such as SEM, TEM, and optical mi-
croscopy, can be used to investigate the morphology of clay-based nano-
composites. TEM analysis will give a clear picture of the dispersion and

(A)

(C) (D)

(B)

n FIGURE 4.20 Optical images of (A) epoxy/15 phr CTBN, (B) epoxy/1 phr clay 15 phr CTBN, (C) epoxy/
2 phr clay/15 phr CTBN, (D) epoxy/3 phr clay/15 phr CTBN (at 20 mm).
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distribution of clay in the polymer matrix. Atomic force microscopy anal-
ysis of the polymer surfaces will show the surface changes from the addi-
tion of clay particles. Scientists and researchers are studying more on the
development of a new tool for the analysis of dispersion and distribution
of nanofillers and their nanocomposites.

6. CONCLUSION
Clay minerals and polymers are used to prepare almost tailor-made clay
polymer nanocomposites with interesting physical properties, used in
some instances for commercial applications. Currently available

n FIGURE 4.21 Transmission electron microscopy micrograph showing exfoliation of the modified Rheospan clay in the phenolic matrix.

(A) (B)

n FIGURE 4.22 Scanning electron microscopy images of (A) weak interfacial adhesion between the phenolic matrix and tactoids of unmodified Cloisite Naþ;
(B) Proper interfacial adhesion between the phenolic matrix and modified Rheospan clay tactoids.
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nanocomposites should be optimized for their mechanical and functional
performance, as it could still be increased. In this respect, knowledge of
clay minerals (chemistry), as well as clay modification, polymer chemistry,
and processing, i.e., mixing, is of the upmost importance for the develop-
ment of clayepolymer nanocomposites. This chapter is not an exhaustive
summary of the published literature of clay polymer nanocomposites.
Rather the aim is to receive the attention of readers interested in the mixing
process of clay polymer nanocomposites, i.e., mixing equipment and the
various steps in mixing nanoclay in different polymer matrixes (rubbers,
thermoplastics, thermosets). Although melt mixing is considered the prefer-
able method industrially, more findings need to be carried out in melt mix-
ing. Polymer nanoclay composites prepared from template synthesis, which
follows sol-gel technology, are used in specialty applications like bone
biodegradable polymer composites for skeletal tissue repair, microelec-
tronics, dental applications, optical devices, catalyst support, stationary
phase for chromatography, electrolyte and highly conductive polymer,
nonlinear optical material for optical wave guides, gas separation composite
membrane, and abrasion resistant coating, depending on the sol and gel
phase involved. Polymer nanoclay composites from in situ intercalative po-
lymerizations also have a wide range of applications. They enhance the bar-
rier properties of rubber and reduce thermal expansion coefficient and
moisture absorption for polyimide/organomodified montmorillonite for mi-
croelectronics and nylon-based composite improvement in structural, me-
chanical, thermal, and barrier characteristics without significant loss in
clarity or strength. If more people research clay minerals and their polymer
composites but very few products are fabricated on an industrial scale, the
reason must be inefficient process, which does not suit present industry.
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List of Abbreviations
AGET ATRP Activators generated by electron transfer for atom transfer

radical polymerization
AIBN Azobisisobutyronitrile
ATRP Atom transfer radical polymerization
BuA Butyl acrylate
CROP Cationic ring-opening polymerization
CRP Controlled radical polymerization
CuAAC Copper(I) catalyzed alkyne azide cycloaddition
DA DielseAlder
DLS Dynamic light scattering
DMA Dynamic mechanical analysis
DMSO Dimethyl sulfoxide
DSC Differential scanning calorimetry
EHA 2-Ethylhexylacrylate
FMA Furfuryl methacrylate
FTIR Fourier transform infrared spectroscopy
GMA Glycidyl methacrylate
MMA Methyl methacrylate
NMR Nuclear magnetic resonance spectroscopy
PCL Poly(ε-caprolactone)
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PEHA Poly(2-ethylhexylacrylate)
PFMA Poly(furfuryl methacrylate)
PFPA 2,2,3,3,3-Pentafluoropropyl acrylate
PGMA Poly(glycidyl methacrylate)
PMMA Poly(methyl methacrylate)
Poly(BuA-co-MMA) Poly(butyl acrylate-co-methyl methacrylate)
PS Polystyrene
PTHF Polytetrahydrofuran
RAFT Reversible additionefragmentation chain transfer
rDA retro-DA
SEC Size-exclusion chromatography
SEM Scanning electron microscope
SI-ATRP Surface-initiated atom transfer radical polymerization
SIP Surface-initiated polymerization
TEM Transmission electron microscopy
TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy
TGA Thermogravimetric analysis
THF Tetrahydrofuran
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

1. INTRODUCTION
Polymers are fascinating molecules that dominate our day-to-day lives,
starting from diapers, toys, clothes, smart device chassis, comfortable
foam mattresses and cushions, food and beverage packaging, trash bags,
air/rail/road/water transportation, construction, and even implantable
sensors for in vivo glucose detection, heart patches, joint prostheses, and
dentures. Natural polymers are widely found in nature and have been a
keystone of human development and technology since the dawn of time,
urging inventors to develop synthetic substitutes. Camphor-plasticized
cellulose provides inexpensive imitation ivory giving rise to the Golden
Age of Natural versus Artificial. Since then, synthetic polymers have been

n FIGURE 5.1 Examples of macromolecular architectures.

146 CHAPTER 5 Chemical and Photochemical Routes Toward Tailor-Made PolymereClay Nanocomposites



designed in a variety of topological and chemical compositions leading to
the concept of complex macromolecular architectures (Fig. 5.1). Fine tuning
of polymer topology, chemical composition, and distribution of the chemical
functions along the polymer backbone were made possible through progress
in the macromolecular synthesis toolbox including controlled [1,2] and
living [3] free radical polymerization, and anionic [4] or cationic [5] ring-
opening polymerizations.

Similarly to natural polymers, the properties of synthetic polymers are
intimately related to their structures. For instance, highly branched poly-
mers exhibit unique chemical and physical properties in comparison with
their linear analogs, such as improved solubility and low solution and
melt viscosities, making them good candidates for coating applications,
while the large number of functional end groups allows for further modifi-
cation to meet specifications for high-performance applications [6]. Star
polymers exhibit distinct physicochemical properties as compared to their
linear analogs including chain morphologies, solution behaviors, and
mechanical properties [7]. Liquid crystalline polymers exhibit optoelectronic
properties that are dictated by the self-assembly ability of their polymer
backbone and side segments [8,9]. As an important branch of polymer
science with significant industrial output, polymer blends technology has
for a long time taken advantage of the synergistic effects of mixing polymers
with additives, blending two or more polymers [10], and combining poly-
mers with fibrous [11] or spherical [12] particulate materials. Such strategies
may offer improved processability, time-effective formulation changes,
improved dielectric properties, plant flexibility, and high productivity, all
of which prove to be economically profitable [13]. Indeed, polymer-based
materials with a large panel of specific properties, e.g., strength, toughness,
flame retardancy, solvent resistance, can be obtained at rather low prices as
compared to the investment efforts required for the design of new mono-
mers, catalysts, and/or polymerization methods [14e16]. However, remem-
bering the basis of thermodynamics where the FloryeHuggins model
(Eq. 5.1) is described by the Gibbs free energy of mixing (DGm) composed
of both entropic (DSm) and enthalpic (DHm) contributions, polymer blends
are homogeneous at the molecular scale only if DGm < 0. Taking into
account that the entropic term increases upon mixing, i.e., TDSm > 0, means
that achievement of single-phase polymer blends exhibiting optimal end-use
properties is possible only in TDSm > DHm.

DGm ¼ Hm � TDSm (5.1)

With the growing emphasis on nanotechnology, the “generic” area of poly-
mer mixing has been extended to the incorporation of nanofillers into linear
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[17], cross-linked [18], conducting [19], or even porous [20] polymers as
well as block [21], gradient [22], and comb-branched [23] copolymers.
Because nanosized objects are usually free of defects, they are considered
as high potential candidates for filler materials in comparison to their
conventional microscaled analogs. However, to benefit from the often-
promised nano-effect, it is crucial to achieve homogeneous dispersion of
single nanoparticles within the polymeric matrix allowing for the develop-
ment of a large interfacial area. This prerequisite leads to a significant
volume fraction of polymer surrounding the particle and whose properties
differ from the ones of bulk polymer. Similarly to polymer blending, the
main challenges in producing homogeneous polymer nanocomposites are
to achieve (1) chemical compatibility between the polymer matrix and the
nanofiller at the nanoscale and (2) homogeneous dispersion of the nanofiller
within the polymer matrix. These two intercorrelated features determine the
nanocomposites’morphology and thus final bulk properties such as strength,
elastic modulus, gas barrier resistance, heat distortion temperature, self-
healing and shape memory abilities, and thermal stability [24,25]. From a
thermodynamic point of view, here again the interplay between entropic
and enthalpic contributions will determine whether functionalized clay
will be aggregated, dispersed, intercalated, or exfoliated in a polymer. In
most cases, nanofillers, when used in their native form, exhibit poor interfa-
cial adhesion with organic polymers resulting in poor improvement of, or
being detrimental to, the composite materials’ properties. The two most
efficient strategies to compatibilize both partners rely on the chemical modi-
fication of nanofillers’ surface through the surface adsorption of grating of
either low molecular weight molecules, generally referred to as coupling
agents [26], or macromolecules [27]. The former approach can be combined
with the use of a polymeric compatibilizer providing ternary nanocomposites
with improved physical properties [28]. The latter enables designing
polymer-grafted particles with a nearly limitless range of surface function-
ality through proper selection of monomers and grafting conditions [29].
These approaches have been developed to date for both organic [30,31]d
carbon nanotubes, graphene, etc.dand inorganic [30]dsilica, titanium
oxide, clay, polyhedral-oligomeric silsesquioxane, etc.dnanostructures.

This chapter is presented as a mini-review discussing the preparation of
polymer nanocomposites through original and recent synthesis methods
with a specific focus on the surface modification of inorganic nanofillers
to provide improved dispersions in organic solvents or polymeric matrices.
The inorganic nanostructures usually used to prepare nanocomposites
mainly include layered silicate clays, metal powder, and a variety of
inorganic oxides. Herein, in regard to the theme of the Elsevier monograph
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“ClayePolymer Nanocomposites: Morphology, Structure, Properties and
Applications,” our words are purposely restricted to the case of clay
nanoparticles. In this respect, the use of the nanocomposite term is some-
times extended to polymer-grafted nanoclays, which are not true polymer
nanocomposites, but should be better viewed as functional nanomaterials.
Besides reviewing synthesis methods toward organiceinorganic polymere
clay materials preparation, specific characteristics and various applications
of the modified nanoparticles and nanocomposite materials are also
discussed.

2. SCOPE AND AIM
In this chapter, we discuss recent routes to the preparation of polymereclay
nanocomposites with a specific focus on advanced synthetic methods, such
as surface-initiated polymerization (SIP), controlled radical polymerization
(CRP), click coupling chemistry, photo-driven grafting, and polymerization.
All these methods have been successfully implemented for the chemical
modification of clay surface with low molecular or polymeric grafts
(Fig. 5.2) [32]. The former provides reactive nanofillers with intercalated
morphology, the extent of which is related to the amount of organics incor-
porated with the clay layer. The latter ensures a strong interaction between
the reinforcement and the matrix that is crucial for improved thermomechan-
ical properties. Hence the deliberate choice done by the authors is to discuss

n FIGURE 5.2 Schematic illustration summarizing trendy in-situ methods applied to the preparation of
polymereclay nanocomposites. ATRP, atom transfer radical polymerization; NMP, nitroxide-mediated
radical polymerization; RAFT, reversible additionefragmentation chain transfer; ROMP, ring-opening
metathesis polymerization. Reproduced from M.A. Tasdelen, J. Kreutzer, Y. Yagci, Macromol. Chem. Phys.
211 (2010) 279e285, with permission by Wiley.
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well-selected studies independently of chronological considerations but
mainly guided by relevance and benefits allowing scientific breakthrough
in the design of polymereclay materials with well-controlled morphologies.
Application and/or properties improvement of the as-prepared polymer
nanocomposites are also covered, and rationalized on the basis of the chem-
ical nature of the nanocomposites-forming partners. The discussion encom-
passes all types of clay nanoparticles, although abundant literature is devoted
to montmorillonite.

Because this chapter is not intended to be exhaustive in terms of preparation
methods, the reader is kindly invited to refer to previous research papers
[33] and reviews [34e36] in the field highlighting manufacturing techniques
such as solution mixing and melt mixing in the presence of clay.

3. KEY FEATURES OF LAYERED CLAY
Clay minerals that are made of the most abundant elements in the Earth’s
crust have been exploited all around the world for a long time, and their
presence on Mars soil has been suspected for more than three decades
[37]. Natural clays have been categorized depending on their geological
origin, and their structure is now well established. Among them, the phyllo-
silicate clays of the 2:1 type exhibit a platy morphology consisting of two
sheets of silicate/aluminum oxide with a corner-linked tetrahedra structure
and an edge-shared octahedral sheet sandwiched in between [38]. The nature
of the cations in the octahedra depends on the phyllosilicate’s origin. The
tetrahedral and octahedral sheets are joined together via a plane of oxygen
atoms and constitute the modular building elements of the phyllosilicate-
layered structure. Because of valence considerations, some of the oxygens
from the tetrahedral sheets belong to the octahedral layer. The 2:1 phyllosi-
licate clays include montmorillonite, hectorite, and saponite, to cite but a
few, and in the case of montmorillonite, the primary units have average
dimensions of c. 100 nm � 100 nm � 1 nm for individual sheets, agreeing
fully with the specifications for nanoparticles. Smectite clays are well-
defined layered structures made of multiple sheets including a large number
of ionic charge sites. Another important feature of clay is the so-called
isomorphous substitution corresponding to the substitution of one chemical
element for another. Although isomorphous substitution does not affect
substantially the layered structure of clay, it induces a net negative charge.
For instance, although the predominant atom in the tetrahedron sheet is
the Si4þ cation, the Al3þ cation occurs at some sites. Similarly, chemical
composition variations involving Al, Fe, Mg, and Li may occur in octahedral
cation sites. To fulfill the general principle of electrical neutrality, charge
deficiency must be balanced within the clay structure by Naþ, Ca2þ, and
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Mg2þ. These cations present at the interlamellar interface can be easily inter-
converted with any other species as long as they are positively charged.

The chemical composition, layered structure made of crystals with nano-
sized dimensions, and ion exchange ability are key parameters responsible
for some of the unique properties of clays such as large surface area, chem-
ical surface reactivity, high cation exchange capacity, and interlamellar
hydration ability (Fig. 5.3). Large volume applications of natural smectite
clays encompass varied industrial domains depending on their cation
composition such as foundry applications, civil engineering, oil well drilling,
iron ore industries, and wine production. The ion exchange-mediated
intercalation of organic cations within clay-layered structures may alter the
hydrophilic/hydrophobic balance of natural clays. This process has been
widely applied to the preparation of hydrophobic and engineering
polymer-compatible organoclays [39]. This beneficial compatibilization
effect arises from the decrease in the surface energy of the inorganic filler.
To date, cationic surfactants, including primary, tertiary, and quaternary
ammonium ions, have been applied and give rise to commercially available
organoclay.

Moreover, the use of short-chain ammoniums bearing a functional end
group allows incorporation of reactive units within the interlayer spacing.
These reactive moieties may provide anchoring or initiation sites for the
covalent attachment of the filler with the polymer matrix or induce the
polymerization from the clay surface, respectively. This approach leads to
strengthening of the interface between both inorganic and organic compo-
nents and is discussed in more detail in the following sections.

Although cation exchange is considered as a historical and classical,
approach, new trends in the literature describe the use of cationic diazonium
salt (N,N-dimethylbenzenediazonium tetrafluoroborate) [40], and clickable
[41] (propargyldimethylstearylammonium bromide) and azo-type free
radical initiator derived from 4,40-azobis(4-cyanovaleric acid) [42] surfac-
tants for ion exchange with sodium of montmorillonite. X-ray diffraction
(XRD) analysis indicated a slight increase in the interlamellar space upon

n FIGURE 5.3 Cation exchange capacity and particles’ dimensions of major layer clay. Reproduced from M. Alexandre, P. Dubois, Mater. Sci. Eng. R Rep. 28
(2000) 1e63, with permission by Elsevier.
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intercalation of the diazonium derivative, while X-ray photoelectron spec-
troscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) pro-
vided evidence for the presence of an NhNþ triple bond arising from the
diazonium [40]. The presence of the propargyl-containing intercalator within
the clay galleries was evidenced by an increase in the d-spacing from 1.42 to
3.73 nm for the native and clickable montmorillonite samples, respectively
[41]. Moreover, the FTIR spectrum of the clickable clay indicated strong
absorption bands at 1033 cm�1 (SieOeSi bond in the montmorillonite
silicate), 2800e2950 cm�1 (alkyl chain of the stearyl segment), and
2128 cm�1 (acetylene unit) suggesting that the ordered layered structure
remained. Exfoliation of the clay layers was finally obtained via the reaction
with mono- and multifunctionalized azido-polyhedral oligomeric silses-
quioxane nanoparticles.

4. KEY FEATURES OF POLYMEReCLAY
NANOCOMPOSITE CHARACTERIZATION

A crucial issue in investigating polymer nanocomposites is the determination
of the state of dispersion and exfoliation of nanoparticles within the
polymeric matrix. Indeed, as announced in the previous section, polymer
nanocomposites belong to the class of materials exhibiting morphology-
controlled properties, and the implementation of complementary experi-
mental methods enabling the gathering of structural, thermal, and mechanical
information is essential to establish structureeproperty relationships.

The most commonly applied method to assess clay structure is XRD.
Through monitoring position, shape, and intensity of the Bragg reflections
measured for chemically modified or in-polymer dispersed clays, and
comparison with the corresponding signal from native clay, one may easily
determine the degree of intercalation for organoclay, or identify delamina-
tion or even exfoliation in organic matrices (Fig. 5.4) [43]. In the former
case, increase in the interlayer spacing is ascertained from the shift of the
basal reflections toward lower 2q diffraction angles in concordance with
the inverse proportionality of the XRD calculated correlation distance d to
the scattering vector S (Eq. 5.2). The increase in the d-spacing is generally
within 1e4 nm, depending on the chemical structure of the modifier. For
intercalated nanocomposites with layer spacing exceeding 6 nm or for
exfoliated nanocomposites exhibiting disordered layered arrangement,
XRD analysis may not be relevant, providing less than conclusive data.

�
S ¼ 1

d
¼ 2 sinðqÞ

l

�
(5.2)

where l is the radiation source’s wavelength.
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For exfoliated structures, total disappearance of Bragg reflections (both first
and higher order) is obtained suggesting the disruption of the layer structure
and thus the distribution of a single clay layer, or sheet aggregates with
short-range layer-type order, within the dispersion polymer. Although
XRD offers a simple method requiring no specific sample treatment prior
to measurement to determine the interlayer spacing of silicate layers in
both their pristine and intercalated forms, it does not provide reliable
information about the spatial distribution of the silicate layers including
structural inhomogeneities in nanocomposites. Additionally, in some cases,
layered silicates, even in their native form, do not exhibit clear basal
reflections; moreover, peak broadening and intensity changes as observed
for samples with varied degrees of intercalation are very complicated to
interpret unambiguously. Therefore drawing final conclusions about
nanocomposites’ structure based solely on XRD data can only be tentative
and it is often necessary to complement XRD analysis with electron micro-
scopy observations. Transmission electron microscopy (TEM) allows a
thorough understanding of the internal structure, dispersion, and spatial
distribution of the clay particles within the polymer matrix (Fig. 5.5).
Moreover, TEM allows direct visualization of structural defects although
sample treatment and preparation are required to observe representative
cross-section sampling.

n FIGURE 5.4 Representative X-ray diffraction (XRD) profiles showing the shift of the Bragg’s peak to-
ward lower 2q values upon chemical modification of the native silicate clay (a) with initiator (b) and
grafting of block copolymer (c). Reproduced from J. Di, D.Y. Sogah, Macromolecules 39 (2006)
5052e5057, by permission of American Chemical Society.
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One may also mention that bulk characterization techniques conventionally
applied in polymer science, including differential scanning calorimetry
(DSC), size-exclusion chromatography (SEC), thermogravimetric analysis
(TGA), rheology, nuclear magnetic resonance (NMR) spectroscopy,
dynamic mechanical analysis (DMA), are useful to gather additional infor-
mation about structure and dynamics of polymer chains confined within the
interlayer space. Precise and fine knowledge of the nanocomposites
structure and morphology is essential to understanding the change in prop-
erties. Hopefully, the incorporation of clay at the nanometer scale enables
“general” improvement of bulk characteristics of the resulting polymer
nanocomposites for low or moderate (1e5 wt%) clay loading. It should
also be mentioned that enhancement of scratch resistance, tensile strength,
reduction in permeability to liquids and gases, decrease in flammability,
higher heat deflection temperature, and solvent uptake accompanied with
weight lightening are common beneficial “clay” effects [39].

5. POLYMEReCLAY NANOCOMPOSITES AND
CLICK CHEMISTRY METHODS

Numerous research efforts have been devoted to the development of
efficient and versatile methods for the chemical modification of the surface
of (nano)materials, with a special focus over the last 15 years on using click
chemistry [44]. The term click chemistry, originally used by Sharpless and
coworkers to describe the copper-catalyzed azideealkyne thioleepoxide
dipolar cycloaddition (CuAAC) reaction, has been generalized to a set of
particular organic reactions exhibiting specific synthetic features. Indeed,
according to Sharpless, such click reactions should be regio- and even ster-
eoselective, carried out in mild conditions and provide thermodynamically

n FIGURE 5.5 Representative transmission electron microscopy (TEM) image of
polypropyleneeorganoclay nanocomposites showing the clear coexistence of exfoliated/disordered
montmorillonite layers (A structures in the image) and intercalated tactoids (B structures in the image).
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stable products with high yields and very few inoffensive by-products, if
any, without the requirement for tedious purification protocols [45]. These
reactions encompassing the CuAAC reaction, the radical-mediated addition
of thiols on ene (thioleene) and yne (thioleyne), the thiole(meth)acrylate
Michael addition, the thioleepoxide, and the DielseAlder (DA) reactions,
have been successfully implemented for controlling the interface properties
of nanoparticulate structures [29], including clay [46]. However, implemen-
tation of the click and clay pair remains a niche and the few other examples
in the literature deal with the design of functional clay for depollution appli-
cations [46].

Achievement of click coupling reactions requires the presence of comple-
mentary functional groups on both partners. Polymers can be designed in
a nearly limitless range of click variants and many examples can be found
in the extensive literature including excellent reviews [47,48]. Both
strategies implying either azide [49] or alkyne [41] montmorillonite have
been evaluated for the preparation of chemically modified and exfoliated
montmorillonite via CuAAC.

Montmorillonite (Cloisite 30B) with azide interlamellar functionality was
prepared following a two-step process involving (1) the conversion of
hydroxyl groups of the silica nanolayers into methanesulfonate groups
using methanesulfonyl chloride, and (2) subsequent reaction with sodium
azide [50]. Step (1) was achieved in tetrahydrofuran (THF) in the presence
of trimethylamine as catalyst and the reaction was allowed to proceed over
night from 0�C to room temperature. Step (2) was performed at reflux
overnight. As schematically presented in Fig. 5.6, chemical modification
of hydroxyl groups was not complete providing unreactive OH sites.

The as-designed functional clay was reacted with poly(ε-caprolactone)
(PCL) prepared by ring-opening polymerization of the corresponding
monomer [49]. Bulk polymerization was performed using tin(II) 2-ethyl-
hexanoate (Sn(Oct)2) and propargyl alcohol as a catalyst and an initiator,
respectively; the latter allowing the introduction of click compatible alkyne
units at one of the polymer chain ends. Nanocomposites with varied clay
loading were prepared via the CuAAC reaction (70�C, overnight) in the
presence of copper(II)sulfate (Cu(II)SO4) and sodium ascorbate in a mixture
of dimethyl sulfoxide (DMSO) and water (Fig. 5.7).

TEM images of PCLeclay nanocomposites revealed the presence of stacks
of intercalated montmorillonite together with exfoliated silicate sheets,
consistent with TGA, suggesting limited enhancement of the thermal stabil-
ity. Click chemistry was also implemented for the preparation of polytetra-
hydrofuran (PTHF)eclay nanomaterials [50]. Alkyne-functionalized PTHF
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was obtained by cationic ring-opening polymerization (CROP) at 20�C
using methyl triflate and propargyl alcohol as an initiator and a terminating
agent, respectively. Variation in the polymerization time from 15 to 60 min
provided polymers with molecular weight in the range 38.0e11.3 g/mol Mn
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n FIGURE 5.6 Schematic illustration of the preparation of azide-functionalized montmorillonite via the
initial conversion of the surface hydroxyl groups into methanesulfonate units and further reaction with
sodium azide. The so-designed clay can be applied in a subsequent step to grafting methacrylate units
or polymer (PTHF) via copper(I)-catalyzed azide/alkyne cycloaddition click reaction. DMF, N,N-dime-
thylformamide; PTHF, polytetrahydrofuran; TEA, triethylaluminum; THF, tetrahydrofuran. Reproduced from
M.A. Tasdelen, W. Van Camp, E. Goethals, P. Dubois, F. Du Prez, Y. Yagci, Macromolecules 41 (2008)
6035e6040, by permission of American Chemical Society.

n FIGURE 5.7 Schematic illustration of the preparation of poly(ε-caprolactone)eclay nanocomposites
via copper(I)-catalyzed azide/alkyne cycloaddition (CuAAC) “click” reaction. The synthetic path implies
the preparation of alkyne-terminated poly(ε-caprolactone) and azide-functionalized montmorillonite.
DMSO, dimethyl sulfoxide; MMT, montmorillonite; PCL, poly(ε-caprolactone). Reproduced from M.A.
Tasdelen, Eur. Polym. J. 47 (2011) 937e941, with permission by Elsevier.
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as determined by size exclusion chromatography using polystyrene (PS) as a
standard and a correction factor of 0.44 as measured for linear PTHF with
polydispersity indices below 1.26. Click coupling between azide-
functionalized montmorillonite clay and alkyne-functionalized PTHF was
achieved in DMSO through subsequent addition of water solution of
CuSO4 and sodium ascorbate followed by overnight heating at 70�C (route
B in Fig. 5.6).

The nanocomposites exhibited improved thermal stability as compared to
native polymer as concluded from the significant shift of decomposition
onset and midpoint degradation temperature toward a higher temperature.
These results are well correlated with the TEM investigations showing
random distribution of thin clay nanoplatelets in PTHF matrices. This is
reflected in the presence of thin contrasted filaments corresponding to
edge side view of finely dispersed nanolayers (Fig. 5.8).

Daoxing Sun et al. designed azide-montmorillonite using 3-azidopropyltrie-
thoxysilane as a silanizing agent that was simply prepared via the reaction
between 3-chloropropyltriethoxysilane and sodium azide [51]. The reaction
was performed at reflux in acetonitrile during 18 h and under a nitrogen
atmosphere in the presence of tetrabutyl ammonium bromide. Evidence
for click grafting was provided by a combination of FTIR, elemental, and
XRD analyses. The clay loading affected significantly the properties of
the polymer nanocomposites as follows: tensile strength was increased by
more than 270% upon addition of 5 wt% of clay, and improvement of
heat, flame, and water resistance was obtained for a montmorillonite content

(A) (B)

n FIGURE 5.8 Transmission electron microscopy (TEM) micrographs showing the structure of polytetrahydrofuraneclay nanocomposites with (A) 5% and (B)
1% clay-loading obtained via cationic ring opening polymerization (CROP) and click chemistry, respectively. Reproduced from M.A. Tasdelen, W. Van Camp, E.
Goethals, P. Dubois, F. Du Prez, Y. Yagci, Macromolecules 41 (2008) 6035e6040, with permission by American Chemical Society.
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below 4%. These effects were attributed to both hydrogen bonds and
covalent linking between intercalated montmorillonite and polyurethane.

Other implementation of the polymereclay coupling via Cu(I)-catalyzed
alkyneeazide cycloaddition reaction involved the reversed strategy where
azide and alkynyl moieties were present on polymer and clay, respectively
[52]. To this aim, two silanization agents, namely, N-[3-(triethoxysilyl)pro-
pyl]propiolamide and (3-azidopropyl)triethoxysilane were prepared following
the synthesis paths illustrated in Fig. 5.9.

Effective attachment of click-reactive units to the silane precursors was
confirmed by 13C NMR and the click chemistry product was obtained using
CuBr as a catalyst in DMSO at 150�C. The formation of triazole was sus-
pected based on a qualitative FTIR investigation showing the disappearance
of the characteristic bands of eChCe and N3 at 2055 and 2117 cm�1,
respectively. Cui and Kuo reported the introduction of exfoliated montmo-
rillonite into polybenzoxazine [53,54]. The polymeric matrix was prepared
at 140�C from a reactive mixture containing paraformaldehyde, aniline,
and phenol. Exfoliation of the montmorillonite prior to the preparation of
polymer nanocomposites was achieved via the reaction between a polyhe-
dral oligomeric silsesquioxane derivative bearing an azido functional group
and a montmorillonite intercalated with propargyl-containing alkylammo-
nium salt. Physical properties of the nanocomposites were controlled by
the amount and dispersion homogeneity of clay, providing in the most favor-
able cases improvement of the polymer’s glass transition, thermal decompo-
sition temperatures, mechanical properties, and surface hydrophobicity.

In spite of the scope of this section, it is worth mentioning that photo-
induced click polymerization based on thioleene radical addition has been
applied to disperse nanoclay into a photo-cross-linked polymer network
[55]. Nanocomposite films were obtained via single one-step polymerization

n FIGURE 5.9 Schematic illustrations of the preparation routes to clickable derivatives with alkynyl and azide functionality applied to the silanization of clay
and cellulose, respectively. The approach for preparing the corresponding celluloseeclay nanocomposite is also presented. DCC, N,N’-dicyclohexylcarbodiimide;
DCM, dichloromethane; DMAP, 2,2-dimethoxy-2-phenylacetophenone; DMF, N,N-dimethylformamide. Reproduced from P. Yadav, S. Chacko, G. Kumar, R.
Ramapanicker, V. Verma, Cellulose 22 (2015) 1615e1624, by permission of Springer.
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using tetrafunctional thiol [pentaerythritol tetrakis(3-mercaptopropionate)]
and triene (1,3,5-triallyl-1,3,5-triazinane-2,4,6-trione) as monomers, nano-
clay surface hydrophobized with octadecylamine as inorganic filler, and
Irgacure 754 as phenylglyoxylate photoinitiator. Homogeneous dispersion
of clay with either intercalated or exfoliated morphology was observed by
TEM. Of particular importance, DSC profiles recorded for thin films contain-
ing 1 wt% of organoclay and UV irradiated for 10 min suggested that the
photopolymerization process was not significantly hindered by the presence
of nanoclay. Indeed, while DSC traces indicated a clear Tg signal, no
exothermic peak assigned to residual thermal polymerization was observed.
For clay loading up to 1 wt%, nanocomposite films remained transparent,
exhibited a decrease in thermal expansion coefficient (106 mm/�C), and
provided oxygen permeability comparable with poly(ethylene terephthalate)
films.

The potential and versatility of an atom transfer nitroxide radical coupling
reaction was demonstrated for the preparation of PSeclay nanocomposites
with exfoliated morphology [56]. The general strategy relied on the interca-
lation of quaternary ammonium-2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) with sodium montmorillonite as shown in Fig. 5.10. Then the
nitroxide-containing clay was coupled with the complementary bromide-
end-functionalized PS. The latter was prepared by atom transfer radical
polymerization (ATRP). The intercalable quaternary ammonium TEMPO
was first synthesized from 4-dimethylamino-TEMPO and methyl bromide.
The polymereclay coupling reaction was performed in toluene under

n FIGURE 5.10 Schematic representation of the general strategy applied to the preparation of
polystyreneemontmorillonite nanocomposites via reversible atom transfer nitroxide radical coupling.
MMT, montmorillonite. ATRNC, Atom transfer radical nitroxide coupling. Reproduced from M. Aydin, M.A.
Tasdelen, T. Uyar, S. Jockusch, N.J. Turro, Y. Yagci, J. Polym. Sci. Part A Polym. Chem. 51 (2013)
1024e1028, with permission by Wiley.
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thermal conditions (120�C, 4 h) in the presence of N,N,N0,N00,N00-pentam-
ethyl diethylenetriamine and copper chloride.

Combining XRD and TEM, the authors came to the conclusion that both
exfoliated and intercalated structures coexist in the nanocomposites. From
TEM it seemed that the latter morphology occurred more frequently for
higher clay loading content (Fig. 5.11).

6. POLYMEReCLAY NANOCOMPOSITES AND
RADICAL-MEDIATED POLYMERIZATION
METHODS

In this section, we mainly focus on the surface-initiated controlled/living
radical polymerization process for the preparation of polymer-decorated
nanoclays. However, important reference on traditional free radical
polymerization is also discussed. The basic advantage of SIP originates
from a sound assumption that exfoliation could be facilitated by polymer
chains growing from nanofiller surfaces, leading to finely dispersed polymer
nanocomposites. Traditional in situ intercalative polymerization methods
involve the initial swelling of layered silicates within a liquid monomer
or a monomer solution to enable formation of the polymer within the
monomer-intercalated sheets. In its simplest implementation, polymeriza-
tion is initiated by simple diffusion of a suitable initiator or catalyst
(Fig. 5.12) [57e60].

(A) (B)

n FIGURE 5.11 Transmission electron microscopy (TEM) micrographs showing the (A) exfoliated and (B) intercalated structures of polystyreneemontmorillonite
nanocomposites via reversible atom transfer nitroxide radical coupling. Reproduced from M. Aydin, M.A. Tasdelen, T. Uyar, S. Jockusch, N.J. Turro, Y. Yagci, J.
Polym. Sci. Part A Polym. Chem. 51 (2013) 1024e1028, with permission by Wiley.
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Herein we have purposely concentrated our discussion on in-situ processes
involving initiation or propagation of the polymerization from the clay
surface. In 2003, the group of C. Advincula discussed the grafting of PS
from the surface of clay via free radical polymerization [42]. Symmetric
and asymmetric azobisisobutyronitrile (AIBN) analog initiators bearing
two cationic groups at both chain ends and one cationic group at one end,
respectively, were synthesized from 4,40-azobis(4-cyanovaleric acid) precur-
sor (Fig. 5.13). Preparation of the asymmetric initiator involves blocking of
one carboxyl acid end through esterification with butanol.

TGA and XPS analyses suggested completion of the Naþ ion exchange with
the two types of initiators. However, organization of the mono- and
dicationic initiators differed significantly and was mainly controlled by the
interaction between the surfactant cationic ends and the negative clay layer
surface. The assumed intercalated organization is depicted in Fig. 5.14. On
the basis of the XRD-determined d-spacing values, the authors suggested
two intercalation patterns for the dicationic initiator where the quaternary
ammonium end groups may interact electrostatically either with the surfaces
of two neighboring sheets or with the surface of a unique clay layer. This
type of molecular arrangement at the layer surface leads to larger d-spacing
as compared to what was observed for the monocationic AIBN derivative.

The presence of PS on clay surfaces was evidenced for the two types of SIP
initiator by FTIR spectroscopy. The polymerization reactions were

n FIGURE 5.12 Schematic representation showing the various events, including surface clay polymer
grafting and in-solution growth of polymer chains, occurring simultaneously during the preparation of
polymereclay nanocomposites. MMT, montmorillonite. Reproduced from A.K. Nikolaidis, D.S. Achilias, G.P.
Karayannidis, Ind. Eng. Chem. Res. 50 (2010) 571e579, with permission by American Chemical Society.
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conducted at 60�C for 72 h under an N2 atmosphere. SEC analyses
suggested that the presence of clay nanostructures in the polymerization
mixture definitely affects the growth of the free polymer chains and that
the monocationic initiator enabled formation of a polymer with higher
molecular weight leading to a completely exfoliated structure. In contrast,
the XRD data indicated intercalated clay when the dicationic initiator was
used. This difference in behavior was rationalized based on the timescale
of diffusion of the monomer and kinetics of free radical polymerization in
solution. This fundamental study clearly highlighted important features of
preparation of polymereclay nanocomposites via SIP, i.e., a polymer can
only grow within the clay gallery when a monomer effectively diffuses
into the radicals within the interlayer spacing, and clay dispersion and mono-
mer diffusion are crucial factors in performing a successful SIP and in
achieving complete exfoliated clay structures.

Cui et al. discussed the first preparation of exfoliated poly(methyl methac-
rylate) (PMMA)eclay nanocomposites via the in-situ polymerization
method initiated with a coordination catalyst [61]. The strategy involved
the anchoring of the polymerization catalyst, namely, nickel(II) acetylaceto-
nate, onto the surfaces and/or into the interlayer of the clay and the
subsequent polymerization of methyl methacrylate (MMA).

n FIGURE 5.13 Schematic illustration of the preparation routes to mono- and dicationic free radical initiators for the chemical modification of clay interlayer
space allowing further growth of polymer chains via a surface-initiated process. DCC, N,N’-Dicyclohexylcarbodiimide; DMAP, 2,2-Dimethoxy-2-phenylacetophenone.
Reproduced from X. Fan, C. Xia, R.C. Advincula, Langmuir 19 (2003) 4381e4389, with permission by American Chemical Society.
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To control length and length distribution of surface-grafted polymer chains as
well as to provide the opportunity for designing grafted block copolymers,
controlled/“living” radical graft polymerization was applied to design
polymereclay nanocomposites. Bifunctional intercalators containing both a
quaternary ammonium-end meant for anchoring to a montmorillonite surface
via cation exchange with Naþ ions and either a bromine terminus [62] or
nitroxide end moiety [63] to activate ATRP or nitroxide-mediated radical
polymerization, respectively, have been recently described (Fig. 5.15).
ATRP initiator-modified montmorillonite exhibited improved solubility in
acetone, which was selected as polymerization solvent to favor accessibility
toward the within-layered silicate-incorporated initiating sites. First-order ki-
netic behavior was observed for the polymerization of MMA at 60�C in the
presence of CuBr and 1,1,4,7,10,10-hexamethyltriethylenetetramine as transi-
tion metal catalyst and ligand, respectively. SEC analysis using multiangle
light scattering detection was performed on cleaved polymer grafts and
confirmed that the molecular weight increases with TGA-determined conver-
sion and the polydispersity index remained below 1.14. For a polymerization
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n FIGURE 5.14 Schematic illustration of organization of mono- and dicationic free radical initiators
within the clay interlayer space. Reproduced from X. Fan, C. Xia, R.C. Advincula, Langmuir 19 (2003)
4381e4389, with permission by the American Chemical Society.
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time lower than 4 h, the layered structure of polymer-grafted clay was pre-
served, while after 4 h of polymerization no diffraction peak was observed
in the XRD pattern suggesting delamination of clay layers.

No TEM morphology investigation was reported by the authors; however,
this initial study on implemented surface-initiated CRP for the design of
polymereclay nanocomposites inspired other research groups to enlarge
the scope of in-situ ATRP to styrene, n-butyl acrylate (nBuA) [64], and gly-
cidyl methacrylate (GMA) [65]. Prior to polymerization the montmorillonite
was ion exchanged with presynthesized 110-(N,N,N-trimethylammonium
bromide)-undecyl-2-bromo-2-methyl propionate (Fig. 5.16). Chemical modi-
fication improved significantly the dispersion ability of the nanofiller notably
because of the compatibility of surface-grafted polymer chainsdPGMAd
with the polymeric matrixdepoxy resin with triamine hardenerdyielding
an increase in the storage modulus in the rubbery plateau domain.

Roghani-Mamaqani et al. combined the use of ARTP initiator, namely,
ethyl a-bromoisobutyrate, dissolved in styrene with vinyl clay, prepared
via cation exchange of native clay with quaternary benzylic ammonium
cation with a vinyl end groupdvinylbenzyltrimethylammoniumdto
prepare tailor-made PS nanocomposites [66]. The approach was extended
to ATRP using activators generated by electron transfer (AGET ATRP)
for the synthesis of poly(styrene-co-butyl acrylate)eclay nanocomposite
[67]. Dodecyltrimethylammonium bromide was combined with vinylben-
zyltrimethylammonium chloride to chemically modify the surface of sodium

n FIGURE 5.15 Schematic illustration of the intercalation an atom transfer radical polymerization (ATRP)-initiator [11-(N,N,N-trimethylammonium bromide)
undecanyl-2-bromoisobutyrate] containing an ionic anchoring group for intercalation between individual layers of a silicate via cation exchange. Reproduced from
H. Böttcher, M.L. Hallensleben, S. Nuß, H. Wurm, J. Bauer, P. Behrens, J. Mater. Chem. 12 (2002) 1351e1354, with permission by the Royal Society of
Chemistry.
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montmorillonite (Fig. 5.17). The former increases the interlayer d-spacing,
while the latter provides a reactive double bond to firmly anchor the
poly(styrene-co-butyl acrylate) chains in the course of the propagation
process.

Intercalation of a trifunctional ATRP initiator containing a cationic ammo-
nium anion and a C18 aliphatic arm afforded a series of well-defined A(3)-
type star polymereclay nanocomposites (Fig. 5.18) [68]. MMA was
polymerized in situ in toluene in the presence of N,N,N0,N00,N00-pentamethyl-
diethylenetriamine and copper(I) bromide at 90�C for 16 h. A linear kinetic
plot together with the increase in molecular weight with conversion
suggested controlled radical polymerization MMA. Complex morphology,
with partial intercalationeexfoliation, was obtained depending on the clay
loading.
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n FIGURE 5.16 Schematic illustration of the intercalation of an atom transfer radical polymerization
(ATRP)-initiator [110-(N,N,N-trimethylammonium bromide)-undecyl-2-bromo-2-methyl propionate] con-
taining an ionic anchoring group for intercalation between individual layers of a silicate via cation ex-
change. MMT, montmorillonite. Reproduced from H. Zhao, S.D. Argoti, B.P. Farrell, D.A. Shipp, J. Polym.
Sci. Part A Polym. Chem. 42 (2004) 916e924, with permission by Wiley.

6. PolymereClay Nanocomposites and Radical-Mediated Polymerization Methods 165



Survey of the polymereclay nanocomposite literature indicates the covalent
anchoring of controlled radical polymerization initiators. For instance,
ATRP-initiator-modified clay was obtained via a two-step process [69].
First, clay with nucleophilic surface reactivity was obtained via silanization
with 3-aminopropyltriethoxysilane. Second, aminated clay was allowed to
react for 12 h at room temperature with 2-bromoisobutyryl bromide in the
presence of trimethylamine. The as-designed macroinitiator proved suitable
for the polymerization of GMA. X-ray diffraction measurements, thermog-
ravimetric analysis, and XPS analyses suggested that the nanocomposites
exhibit exfoliated morphology with PGMA-like bulk and surface character-
istics. Graft polymer loading up to 65 wt% was obtained. Karejosa et al. fol-
lowed another approach relying on the use of presynthesized initial synthesis
of ATRP initiator-bearing silane derivative [70]. 11-(2-Bromo-2-methyl)
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n FIGURE 5.17 Schematic illustration of the combined intercalation a polymerizable surfactant (vinylbenzyltrimethylammonium chloride) together with an
interlayer spacer (dodecyltrimethylammonium bromide) both containing an ionic anchoring group for intercalation between individual layers of a silicate via
cation exchange. MMT, montmorillonite; PMDETA, N,N,N0 ,N00 ,N00-Pentamethyldiethylenetriamine. Reproduced from L. Ahmadian-Alam, V. Haddadi-Asl, H. Roghani-
Mamaqani, L. Hatami, M. Salami-Kalajahi, J. Polym. Res. 19 (2012) 1e12, with permission by Springer.

n FIGURE 5.18 Quaternization of trifunctional atom transfer radical polymerization (ATRP)-initiator
serving for the preparation of A(3)-type star polymereclay nanocomposites by in-situ ATRP. Reproduced
from M. Aydin, M.A. Tasdelen, T. Uyar, Y. Yagci, J. Polym. Sci. Part A Polym. Chem. 51 (2013)
5257e5262, with permission by Wiley.
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propionyl-oxy-undecyl trichlorosilane, the Karstedt-catalyzed adduct
from 10-undecen-1-yl-bromo-2-methylpriopionate and trichlorosilane, was
reacted with ion-exchanged (octadecylamine) and acid-treated (HNO3)
clay. The macroinitiator particles were used for the thermal (90�C) polymer-
ization in bulk or in solution using DMSO as solvent of butyl acrylate (BuA)
and MMA on the clay surface (Fig. 5.19). Success of the copolymerization
process was ascertained by FTIR and TGA measurements.
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n FIGURE 5.19 Schematic illustration of the preparation of an atom transfer radical polymerization
(ATRP)-initiator [11-(2-bromo-2-methyl)propionyl-oxy-undecyl trichlorosilane] containing a trichlorosilane
anchoring group for incorporation between individual layers of a silicate via silanization. The so-
designed clay can be used as macroinitiator for the controlled radical polymerization (CRP) of acrylate
and methacrylate monomers. BuA, butyl acrylate; MMA, methyl methacrylate; THF, tetrahydrofuran.
Reproduced from M. Karesoja, H. Jokinen, E. Karjalainen, P. Pulkkinen, M. Torkkeli, A. Soininen, J.
Ruokolainen, H. Tenhu, J. Polym. Sci. Part A Polym. Chem. 47 (2009) 3086e3097, with permission by
Wiley.
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Preparation of tailor-made hybrid nanostructures through surface-initiated
ATRP (SI-ATRP) of ethyl acrylate was reported by Singha’s group based
on the esterification of the surface hydroxyl groups of clay (Cloisite 30B)
with 2-bromopropionyl bromide in anhydrous tetrahydrofuran using
triethylamine as catalyst [71,72]. The so-designed bromopropionate-
containing clay was prone to thermally initiate (90�C) controlled radical
polymerization of ethyl acrylate in the presence of CuBr, 2,20-bipyridine,
and methyl 2-bromopropionate as sacrificial initiator. Qualitative and quan-
titative data confirming the grafting of the initiator were obtained by means
or FTIR. Indeed, on the one hand, characteristic vibration of the carbonyl
group was observed at 1746 cm�1 ascertaining the presence of the propio-
nate moiety. On the other hand, monitoring of the intensity ratio of the
said absorption band at 1746 cm�1 to the intensity of the one at
1049 cm�1 (SieO in plane stretching that is unaffected for grafted clays)
yielded to carbonyl index determination. A grafting percentage up to 40%
was obtained for the initiator on clay depending on the feed ratios used in
the esterification step.

Complementary data obtained by XPS, XRD, and TGA pointed out the
success of both initiator grafting and growth of poly(ethyl acrylate) chains.
For instance, the d-spacing increased from 1.85 to 2.31 nm after esterifica-
tion, while no diffraction peak was seen after polymerization. These results
were fully substantiated by TEM observations showing an increase in the
interlamellar distance and dispersion of disordered clay platelet for the
initiator- and polymer-functionalized clays, respectively (Fig. 5.20).

(A) (B)

n FIGURE 5.20 Transmission electron microscopy (TEM) micrographs showing the structures of (A) initiator-grafted clay and (B) functionalized polyacrylatee
clay nanocomposites casting from diluted tetrahydrofuran (THF) suspension. Reproduced from H. Datta, A.K. Bhowmick, N.K. Singha, J. Polym. Sci. Part A Polym.
Chem. 46 (2008) 5014e5027, with permission by Wiley.
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With the aim of preparation of dielectric elastomer materials, poly(butyl
acrylate-co-methyl methacrylate) [poly(BuA-co-MMA)]-grafted nanofiller
was mixed with poly(BuA-co-MMA) [70]. Composite films were obtained
via a solvent evaporation process involving initial dispersion of
copolymer-grafted clay in toluene and poly(BuA-co-MMA) matrix.
Although the presence of surface-grafted poly(BuA-co-MMA) enhanced
significantly the homogeneous dispersion of the clay into the corresponding
matrix, XRD measurements revealed superiority of the solution (DMSO)
polymerization process over the bulk one. Indeed, diffraction peak
corresponding to a layer distance of 1.87 nm was observed for the
polymer-grafted clay synthesized in a bulk monomer, while for the
in-solution polymerized sample, only a diffuse halo reminiscent of the amor-
phous polymeric matrix was observed. This was further confirmed by TEM
observations.

A comprehensive investigation reported by Singha and coworkers high-
lighted the role of nanoclay as an additive in the ATRP of ethyl acrylate
(Fig. 5.21) [73]. The polymerization was performed in bulk in the presence
of methyl 2-bromopropionate, CuBr, and 2,2-bipyridine. The importance of
interaction between the nanoclay and the monomer was evidenced by using
native (Cloisite Naþ) and hydrophobized (Cloisite 30B and Cloisite 20A)
clays exhibiting variations in their gallery heights. The authors demonstrated

n FIGURE 5.21 Semilogarithmic kinetic plots for the atom transfer radical polymerization (ATRP) of
ethyl acrylate in bulk at 90�C in the presence of Cloisite 30B. The plots illustrate the beneficial effect
of the clay polymerization rates. *, Nanoclay used: Cloisite 30B (2 wt%). Reproduced from H. Datta,
N.K. Singha, A.K. Bhowmick, Macromolecules 41 (2008) 50e57, with permission by American Chemical
Society.
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through investigation of polymerization kinetics the accelerating effect
induced by nanoclay additives. This effect was controlled by dispersion
time of the clay particles in the monomer prior to polymerization as well
as the clay loading. Indeed, significant increase in the polymerization rate
was noticed as the value for the apparent rate constant increased by 62%
for 1 h dispersion, 247% for 10 h, and 866% for 20 h.

Although the reported route did not utilize surface initiation, it is worth
mentioning because it allowed one-pot preparation of tailor-made polymer
nanocomposites, i.e., with controlled molecular weights, well-defined end
functionalities, and mostly exfoliated structure (Fig. 5.22).

The influence of nanoclay on bulk polymerization of MMA was further
investigated by the group of P. Karayannidis using commercially available
organically modified montmorillonite clays (Cloisite 15A, Cloisite 25A,
and Cloisite 30B) and benzoyl peroxide as free radical initiator [60].
The authors pointed out the crucial role of the organic montmorillonite
modifier. Indeed, while sodium montmorillonite induced a retarding
effect, some of the organoclays enhanced both reaction rate and conversion
over the same period of time. This feature was assigned to the role of
the ammonium salt diffusion-controlled phenomena occurring during
polymerization.

n FIGURE 5.22 Transmission electron microscopy (TEM) micrograph showing the exfoliated nature of
Cloisite 30B dispersed during 10 h in the monomer prior to bulk polymerization at 90�C. Reproduced
from H. Datta, N.K. Singha, A.K. Bhowmick, Macromolecules 41 (2008) 50e57, with permission by
American Chemical Society.
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Synthesis of hybrid architectures with well-defined structure, morphology,
and composition remains a hot topic in current materials science as it is
expected to provide scientific breakthrough beyond traditional polymer
chemistry and physics and to affect other fields such as medicine, biology,
nanotechnology, etc. One of the key areas of such complex organice
inorganic nanostructured materials consists of combining polymerization
processes followed, eventually, by postpolymerization decoration of mono-
mers’ functional groups or end functionalization of the polymer chains via
advanced coupling methods [74]. Here, we report on the major advance-
ments discussed in the recent literature about the combination of such
synthesis methods for the design of tailor-made clay-containing polymer
nanocomposites. This contribution, as a part of our ongoing research on
the implementation of both radical-mediated polymerization and radical
addition reactions, initiated from the surface of organic (carbon nanotubes,
monolith-constituting polymer nuclei) [44,75] and inorganic particles
(clay, metal oxide-based nanomagnet) [29,76], is mainly focused on
multimechanism-based methods involving, in the course of at least one of
the synthetic steps, free radical species.

7. POLYMEReCLAY NANOCOMPOSITES AND
TANDEM PREPARATION METHODS

Marrying click chemistry with living/controlled polymerization methods
has proved a smart and elegant route to design an impressive library of
tailor-made macromolecular architectures [77,78] and composite materials
[79,80]. This success results from the versatility and robustness of both these
processes including tolerance toward a plethora of solvents and functional
groups, including water and relatively inexpensive and benign starting
materials such as commercially available vinyl monomers, technical grade
solvents, or water.

The general idea associated with the use of block copolymer-modified
nanoparticles for compatibilizing nanostructures with polymer blends relies
on the possibility of the blocks to provide favorable interactions and/or form
entanglements with the appropriate partners of the blend. This strategy has
been successfully applied to polymer blends for a long time and has be
envisioned in the case of dispersion of clay particles in polymer blends
over the last few years [81,82]. Jianbo Di and Dotsevi Y. Sogah reported
on the synthesis of poly(styrene-b-caprolactone)esilicate nanocomposites
via a one-step, one-pot in-situ block copolymerization approach relying on
the simultaneous living free radical polymerization and anionic ring-
opening polymerization of styrene and ε-caprolactone, respectively [43].
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A multifunctional initiator containing a benzyltrimethylammonium group
allowing anchoring onto a silicate layer surface via ion exchange, together
with a primary alcohol and alkoxyamine providing initiating sites for living
ring-opening polymerization of heterocyclic ethers/lactones and for
nitroxide-mediated living free radical polymerization, was synthesized using
benzoic acid 2-[4-(chloromethyl)phenyl]-2-(2,2,6,6-tetramethylpiperidin-1-
yloxy)ethyl ester as starting material [5]. By using initiator-bearing orthog-
onal reactive sites, the authors expected to produce in a straightforward way
block copolymeresilicate nanocomposites with exfoliated morphology,
which had been demonstrated by previous literature to be highly challenging
[83]. The originality of the approach relied on the attachment of the PS and
PCL chains to the surface of the silicate layers at the junction between the
two blocks (Fig. 5.23).

XRD measurements showed evidence for the successful intercalation of the
bulky initiator (increase in the interlayer spacer from 1.18 to 2.03 nm), the

n FIGURE 5.23 Schematic illustration of the general strategy applied to the preparation of poly(styrene-
b-caprolactone)esilicate nanocomposites via a one-step, one-pot in-situ block copolymerization approach.
The particularity of the so-designed polymereclay nanocomposites relies on the attachment of the two
homopolymeric segments at the junction between the two blocks. Reproduced from J. Di, D.Y. Sogah,
Macromolecules 39 (2006) 5052e5057, with permission by American Chemical Society.
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crystalline structure of PCL (with peaks at 21.5 and 23.8 degrees), and exfo-
liated morphology (absence of diffraction peaks in the range 2q between
0 and 16 degrees). The latter feature was complemented by scanning trans-
mission electron microscopy clearly showing dispersion of silicate particles
into single layers with random orientation within the polymer matrix
(Fig. 5.24).

The group of Singha extended its investigation of the use of bromideeclay
as ATRP macroinitiator to the preparation of all acrylic block copolymere
clay nanocomposites [84]. Bromo-functionalized poly(hydroxyl ethyl
acrylate)-grafted clay as prepared in Ref. [72] served as macroinitiator for
the preparation of block copolymerenanofiller with MMA. Linear kinetic
plot and linear increase in molecular weight versus reaction time were consid-
ered as indicative of the controlled character of the 2-ethylhexylacrylate
(EHA) polymerization. 1H NMR spectroscopic analysis of cleaved copol-
ymer evidenced the successful block copolymerization of EHA with MMA
and confirmed the presence of living eBr end units.

The successful click-mediated intercalation step, presented in Fig. 5.6 and
affording methacrylic units into the interlayer regions of organophilic clay,
was followed by typical free radical photopolymerization (300 nm, 3 mW/
cm) of the said particles and MMA [85]. Benzoin was used as photoinitiator.
Random dispersion of silicate layers in the PMMA matrix with exfoliation/
intercalated structures depending on the clay loading was suggested based
on XRD, TEM, and atomic-force microscopy measurements.

n FIGURE 5.24 Scanning transmission electron microscope (STEM) micrograph showing the dispersion
of poly(styrene-b-caprolactone)-grafted clay platelets. Reproduced from J. Di, D.Y. Sogah, Macromolecules
39 (2006) 5052e5057, with permission by American Chemical Society.
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Singha et al. described the combined use of surface-initiated ATRP from
a nanoclay surface and postpolymerization functionalization via DA
and retro-DA (rDA) click reactions to prepare a thermoreversible
polymer, which can have potential applications in paints and coatings
(Fig. 5.25) [86].

A poly(2-ethylhexylacrylate) (PEHA)eclay nanocomposite was prepared in
a first polymerization step via the SI-ATRP of EHA from bromo-
functionalized nanoclay and was further used as macroinitiator for the
preparation of block copolymereclay nanocomposites using furfuryl
methacrylate (FMA) as reactive methacrylate comonomer. Furfuryl groups
of a poly(furfuryl methacrylate) (PFMA) unit of block copolymer PEHA-b-
PFMAeclay nanocomposite was used as a diene in DA reaction with bisma-
leimide as dienophile. XRD and TEM investigations revealed the dispersion
of the nanoclay within the polymeric matrix (Fig. 5.26), while differential
scanning analysis was applied to investigate the thermoreversible property
of the polymereclay nanocomposite.

Success of both disconnection, i.e., rDA occurring at 160�C, and reconnec-
tion, i.e., DA [4 þ 2] cycloaddition at 60�C, of the linkage between the
fufuryl and maleimide functionalities provided block copolymereclay
nanocomposites with a reversible cross-linking ability.

n FIGURE 5.25 Schematic illustration of the reversible cross-linking of poly(2-ethylhexylacrylate)-block-
poly(furfuryl methacrylate)eclay nanocomposites via thermally driven DielseAlder (DA) and retro-
DielseAlder (rDA) click reactions. Reproduced from N.B. Pramanik, D.J. Haloi, D.S. Bag, N.K. Singha, Am.
J. Macromol. Sci. 1 (2014) 31e45, with permission by Columbia International Publishing.
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8. POLYMEReCLAY NANOCOMPOSITES AND
RADICAL-MEDIATED PHOTOPOLYMERIZATION
METHODS

As for thermal processes, photo-driven polymerization enables the prepara-
tion of polymers and copolymers with well-controlled molecular weight and
topology starting from a broad range of functional monomers with the
additional advantages of fast polymerization rates, easy process, and low
temperature. To date, photopolymerization in its large variety of implemen-
tations has also been successfully applied to the synthesis of tailor-made
polymer-based nanocomposites [87]. Although they are well-established

(A) (B)

(C) (D)

n FIGURE 5.26 Transmission electron microscopy (TEM) micrographs showing the (C and D) intercalated morphology of thermoreversible block copolymereclay
nanocomposites where no aggregates were observed as for (A and B) native clay. Reproduced from N.B. Pramanik, D.J. Haloi, D.S. Bag, N.K. Singha, Am. J.
Macromol. Sci. 1 (2014) 31e45, with permission by Columbia International Publishing.
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methods and particularly well suited to the field of polymer nanocomposite
preparation, we do not emphasize herein thiol-mediated processes involving
polymerization with acrylate or ene derivatives [88]. The group of Yagci
(2006) discussed the use of intercalated phenacyl pyridinium salt initiators
to grow polymer chains inside the montmorillonite galleries upon UV
irradiation [89]. N-phenacyl-N,N-dimethylanilinium hexafluorophosphate,
the product from the reaction between bromoacetophenone and N,N-dime-
thylaniline, was inserted via an ion exchanged with montmorillonite-Naþ

leading to an increase in the basal spacing from 1.21 to 1.76 nm. The as-
designed macroinitiator served for the polymerization of MMA. The authors
assumed that electronically excited N-phenacyl-N,N-dimethylanilinium
hexafluorophosphate underwent homolytic cleavage leading to the forma-
tion of free radicals able to initiate the polymerization (Fig. 5.27). A
nitrogen-degassed homogeneous mixture of MMA and initiator-modified
clay (1%, 3%, and 5% of the monomer by weight) was placed in a reactor
emitting light at l > 300 nm equipped with 16 Philips 8 W/06 lamps and
a cooling system to ensure true photoprocess.

For the nanocomposites containing 3 wt% of inorganic component, large
aggregates (with sizes up to 11.11 mm) together with small aggregated par-
ticles were observed by scanning electron microscope (SEM) (Fig. 5.28A).
These structural elements were assigned to intercalated or partially
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n FIGURE 5.27 Scheme of the mechanism for the initiation of the free radical polymerization of methyl
methacrylate (MMA) via hemolytic cleavage of electronically excited N-phenacyl N,N-dimethylanilinium
hexafluorophosphate. Reproduced from A. Nese, S. Sen, M.A. Tasdelen, N. Nugay, Y. Yagci, Macromol.
Chem. Phys. 207 (2006) 820e826, with permission by Wiley.
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exfoliated structures suggesting poor interaction of the initiator-modified
interlayer galleries with the PMMA matrix.

Decreasing the clay content to 1 wt% was found beneficial to exfoliation
because solely small clay particles’ clusters (with a size of one order of
magnitude lower at about 1.18 mm) were seen by SEM (Fig. 5.28B). This
finding was further confirmed by TEM.

In a 2008 report, Tan et al. investigated the incorporation of an organic
silane photoinitiator obtained through the reaction of (3-isocyanatopropyl)
triethoxysilane and 2-hydroxy-2-methyl-1-phenylpropane-1-one (1173)
[90]. As schematically shown in Fig. 5.29, the originality of the approach
relied on the implementation of solegel reaction between cationic triethox-
ysilanepropylamineformylethyl trimethyl ammonium iodide and the initiator
silane to afford quaternary ammonium species bearing photocleavable units.
The solegel step was achieved at 50�C in the dark to avoid any photolysis
events. After 24 h of reaction, a water dispersion of sodium montmorillonite
was added for the ion exchange process.

The functionalized clay (5 wt% loading) was further mixed with 1,6-
hexanediol diacrylate (30%) and urethane acrylate oligomer (70%) to
produce polyurethaneemontmorillonite nanocomposites through photoirra-
diation under a 2 kW mercury lamp. The ratio between the two silanes was
changed (from 1/1 to 1/5 for quaternary ammonium silane/photoinitiator
silane) and corresponding effects on XRD patterns and TEM morphologies
of modified clays and polymer nanocomposites were estimated. XRD
measurements confirmed the effective incorporation of the solegel products
providing an increase in the basal spacing from 1.31 nm up to 3.65 nm. The

(A) (B)

n FIGURE 5.28 Scanning electron microscope (SEM) micrographs comparing fracture surfaces of poly(methyl methacrylate) (PMMA)eclay nanocomposites with
(A) 3% and (B) 1% clay loading content. Reproduced from A. Nese, S. Sen, M.A. Tasdelen, N. Nugay, Y. Yagci, Macromol. Chem. Phys. 207 (2006) 820e826,
with permission by Wiley.
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larger increase was obtained for the initiator silane-rich formulations. After
photopolymerization, the XRD traces recorded for the clayepolyurethane
nanocomposites demonstrated the disappearance of all diffraction peaks
independently of the silane composition. The authors rationalized these
observations on the basis of either the ordered exfoliation of the silicate or
high disordering of the clay, referred to as disordered exfoliation. TEM
morphology investigations displayed the presence of 1-nm-thick intercalated
layers stacked together in parallel, while dispersion of monolayer in the
polyurethane matrix was not observed (Fig. 5.30).

The cationic exchange process for the within-clay galleries’ incorporation
of organoclays exhibiting a dual role as intercalant and initiator for
photopolymerization has been exploited by other research groups.
Tertiary or quaternary amine derivatives have thus been synthesized us-
ing hydroxy-2-methyl-1-phenylpropane-1-one [91], benzophenone [92],

n FIGURE 5.29 Schematic illustration of ammonium moiety-containing photoinitiator prepared by solegel from the corresponding silane precursors and further
intercalated within clay layers via an ion exchange process. APS, triethoxysilanepropylamineformylethyl trimethyl ammonium iodide; IPS, (3-isocyanatopropyl)
triethoxysilane; MMT, montmorillonite. Reproduced from H. Tan, D. Yang, J. Han, M. Xiao, J. Nie, Appl. Clay Sci. 42 (2008) 25e31, with permission by Elsevier.
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or 2-benzyl-2-(dimethylamino)-1-[4-(4-morpholinyl) phenyl]-1-butanone
[93] as precursors with free radical generation ability. In the latter case,
the initiator exposed two cationic charges providing two possibilities for
interactions with the clay layer as discussed earlier (Fig. 5.31). Upon
exposure to 30 mW/cm2 light intensity and cleavage of the a-amino
ketone bond, two types of radicals were formed initiating the growth of
urethane acrylate oligomers.

Real-time infrared spectroscopy monitoring enabled the study of photopo-
lymerization kinetics, optimizing the irradiation time and evaluating the
effect of the presence of nanoclay in the reactive mixture on the

(A) (B) (C)

(D) (E)

n FIGURE 5.30 Transmission electron microscopy (TEM) micrographs showing the morphology of polyurethaneeclay nanocomposites (5% clay loading)
prepared via photoprocess using various contents of quaternary ammonium/photoinitiator silanes. The images show different morphologies with an greater
extent of exfoliation from (A) to (E). Reproduced from H. Tan, D. Yang, J. Han, M. Xiao, J. Nie, Appl. Clay Sci. 42 (2008) 25e31, with permission by Elsevier.
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polymerization process. The content in the initiator containing montmoril-
lonite was the key parameter affecting both photopolymerization rate and
final double bond conversion. As expected, the higher the modified clay
concentration, the earlier the polymerization started and the faster the poly-
merization rate. For instance, when 1 wt% of modified clay was added,
polymerization started after 60 s, while it was nearly instantaneous when
the loading was increased to 5 wt%.

Other studies reported on the use of polymerizable dispersants acting as both
intercalating agent and reacting monomer in the course of the photopolymeri-
zation step [94]. Representative examples mention the use of acrylamide [95],
tetradecylethylmethacrylate dimethylammonium bromide, undecylmethacrylate
trimethylammonium bromide [96], tetradecyl-2-acryloyloxy(ethyl)dimethylam-
monium bromide, and octadecyl-2-acryloyloxy(ethyl)dimethylammonium

n FIGURE 5.31 Schematic illustration of the general synthetic route applied to the preparation of polymereclay nanocomposites by photopolymerization using
an intercalated photoinitiator bearing two cationic groups. MMT, montmorillonite. (A) Chemical structure of the photoinitiator and cleavage mechanisms. (B)
General illustration of the preparation method. MMT, montmorillonite; BDMBAC, 2-benzyl-2-dimethylamino-1-(4-morpholinphenyl) butanone ammonium chloride.
Reproduced from X. Qin, Y. Wu, K. Wang, H. Tan, J. Nie, Appl. Clay Sci. 45 (2009) 133e138, with permission by Elsevier.
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bromide [88]. Covalent strategies for the robust incorporation of initiator/cata-
lyst, polymerizable groups, or free radical providers have also been described
in the context of photopolymerization.

Thiolated-bentonite served as a chain transfer agent for the bulk polymeri-
zation of GMA initiated by 2,20-azobisisobutyronitrile [97]. The chain’s
growth was achieved upon exposure to UV light (at 365 nm, 5 mW/cm2)
for 2000 s under magnetic stirring. Surface analysis by XPS was primarily
used to ascertain not only the grafting of (3-mercaptopropyl)-trimethoxysi-
lane within the clay layers but also the surface attachment of in-solution
grown PGMA chains. PGMA mass loading up to 81 wt% was determined
depending on the preparation conditions. Oxirane-decorated clay nanofillers
were dispersed within epoxy matrix based on diglycidyl ether of bisphenol A
through thermal reaction (curing 4 h at 180�C followed by postcuring at
200�C for 1 h) using 4,4-diaminodiphenyl sulfone as hardener. Bulk proper-
ties of the as-designed polymer nanocomposites with a pure clay loading of
3% were investigated by means of DMA and modulated force thermome-
chanometry. Tan d spectra revealed a shift in the main relaxation peak
toward higher temperatures upon addition of polymer-functionalized nano-
clays. General improvement in the mechanical properties, namely, increase
in the storage modulus E0 and drop in the loss factor, was consistent with the
fracture behavior as observed by SEM. In another study, the grafting of
methacrylate monomer onto the hydroxyl groups of organomodified clay
was performed [98]. Cloisite 30B containing intercalated methylbis(2-
hydroxyethyl) (tallow alkyl)ammonium via cationic interaction was allowed
to react with methacryloyl chloride in the presence of trimethylamine. The
monomer-containing clay was dispersed in polysulfone dimethacrylate in
CH2Cl2 solution, and the polymerization was initiated after precautious
stirring and homogenization of the reactive solution upon UV exposure
for 4 h under UV lamps emitting light at l > 350 nm using 2,2-
dimethoxy-2-phenylacetophenone as photoinitiator. A cooling system was
employed to avoid any thermal side effect. Such in-situ photo-triggered
cross-linking polymerization afforded exfoliated morphology of the silicate
layers. Yagci et al. explored the chemical modification of bentonite with
N,N-dimethylaminopropyltrimethoxysilane to prepare clay particles bearing
hydrogen-donor groups (Fig. 5.32) [99]. When used in combination with
benzophenone as photosensitizer, the dimethylamino-grafted bentonite
could initiate the photo-triggered polymerization (365 nm, 5 mW/cm2,
2000 s) of GMA. Optical observations of chloroform suspensions of native
clay, clay macroinitiator, and PGMAeclay nanocomposites hoped for the
success of each functionalization step affording improved solubility. Quan-
titative date were gathered from XRD and TEM analyses showing an
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increase in the interlayer spacing from 1.2 nm for purified clay to 1.8 nm
after silanization and up to w5 nm for the polymer-grafted clay.

In their work, Xie et al. prepared nanocomposites via intercalating triacry-
lated siloxane into the cetyltrimethyl ammonium bromide-modified mont-
morillonite layers prior to performing thioleene polymerization reaction
by exposure to a light source; the reactive clay formulation was based on
bisphenol A epoxy acrylate and trifunctional thiol [100]. Combination of
FTIR, XRD, and TGA measurements ascertained the successful grafting
of the triacrylate derivative to the clay interlayers. The d-spacing was
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n FIGURE 5.32 Schematic representation of the synthetic route applied to the preparation of polymereclay nanocomposites by photopolymerization using a
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enlarged from 1.55 nm for the pristine material to 2.23 nm for the polymer-
izable clay. Accordingly, TGA confirmed the increase in organics content
following successive incorporation of surfactant and triacrylate. The latter
gave rise to the characteristic signals of the carbonyl group in ester moiety
and acrylate double bond at 1732 and 1410 cm�1, respectively, after clay
modification.

On the basis of a qualitative analysis of high-resolution TEM micrographs,
the authors concluded that the thioleene photopolymerization process occur-
ring in the confines of the interlayer of reactive montmorillonite afforded
intercalated structure and random orientation of layers in the matrix. Thermo-
mechanical behavior of the nanocomposites was also analyzed. Although the
polymer nanocomposites exhibited similar thermal behavior as pure polymer,
the onset temperature of thermal decomposition and the char residue rose
slightly as the clay loading increased. DMA also suggested an increase in
the glass transition temperature of about 4�C when the clay loading reached
5 wt%. The presence of a unique peak without any multimodal behavior in
the tan d curves was considered as indicative for improved compatibility of
the organomodified clay with the polymeric matrix (Fig. 5.33).

As a part of our ongoing research project aimed at designing polymere
nanoparticle composite materials with well-defined surface functionality
[76,101,102], we developed a set of generic polymer-grafted nanofillers
with versatile reactivity toward a (meth)acrylic polymeric matrix [103].
As schematically depicted in Fig. 5.34, hydroxylated clay particles are
reacted with silane derivatives providing either methacrylic- or
bromide-modified clays. The former can react in the course of free radical
polymerization, while the latter enables initiation of controlled radical
polymerization processes. Experimental conditions for both approaches
were adapted to photo-driven initiation, enabling fast and efficient
polymerization. As evidenced by the foregoing discussion, implementa-
tion of photo-triggered ATRP has not yet been proposed for the design
of reactive polymereclay nanofillers and here we present fragmentary
results for the case of propargyl methacrylate [103]. Of particular interest,
the interlayer d-spacing exhibited direct dependence on the polymeriza-
tion time allowing the design of tailor-made reactive nanofillers with
predictable interlayer spacing.

The so-obtained polymer-grafted clays exhibit versatile clickable and elec-
trophilic characters because they can be reacted with low (mercaptosuccinic
acid and azidomethyl benzene) and high (polysaccharides, biobased epoxy
resins from epoxidized vegetable oils) molecular weight compounds, via
thioleene, thioleyne, thioleepoxy, CuAAC, and ring-opening reactions.
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Silicate layers chemically modified with dithiocarbarmate photoiniferter,
namely, 4-(N,N-diethyldithiocarbamylmethyl)benzyltrimethylammonium
bromide, were applied to living free radical polymerization of a variety of
monomers, including styrene, MMA, and tert-butyl methacrylate [104]. In
all the cases, the polymer chains were attached to the silicate layers through
ionic interactions. Of particular interest, the method worked reproducibly
and enabled the preparation of well-dispersed polymer nanocomposites,
even for nanocomposites with high (above 20 wt%) silicate contents. The
PMMA-based nanocomposites exhibited higher storage moduli compared
to neat PMMA.

9. POLYMEReCLAY NANOCOMPOSITES AND
MINIEMULSION METHODS

Hybrid materials consisting in polymer-encapsulated nanostructures can be
readily prepared via emulsion polymerization and the process has been
considered for the preparation of varied polymereclay nanocomposites
including PMMA- [105], PS- [106,107], poly(vinyl chloride)- [108], and
poly(styrene-co-methyl methacrylate)-montmorillonite [109]. The minie-
mulsion method exhibits specific attributes as compared to other polymeri-
zation methods such as elimination of harmful solvents, high monomer
conversion, and molecular weight; the nucleation step is not as complex
as in emulsion polymerization accounting for its success to encapsulate
both nonexfoliable and exfoliable organic and inorganic particles. Major

n FIGURE 5.33 Plots of the temperature dependences of the storage modulus (E0) and tan d for cross-
linked polymereclay nanocomposites obtained by photopolymerization using a clay-grafted triacrylate
derivative in combination with cation-exchanged hydrophobic quaternary ammonium. Reproduced from H.
Xie, Q. Wu, W. Shi, Appl. Clay Sci. 99 (2014) 164e170, with permission by Elsevier.
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studies published before 2010 and dealing with the implementation of mini-
emulsion polymerization for the design of structured clayepolymer nano-
composites have been discussed by Faucheu et al. in a review article
published in Polymer [110]. Of particular relevance to the topic of the pre-
sent contribution, one may cite the study by Khezri and coauthors dealing
with implementation of the miniemulsion technique to disperse montmoril-
lonite (Cloisite 30B) platelets within a PMMA matrix (Fig. 5.35) [111].

ATRP was used as the polymerization method employing simultaneous
reverse and normal initiation. AIBN, selected as an oil-soluble radical

n FIGURE 5.34 Schematic illustration of the general synthetic route developed for the preparation of a series of generic clay-based nanofillers with reactivity
toward epoxy resin precursors and functional thiols and azides click partners. FRP, Free radical polymerization; MAPS, 3-(Trimethoxysilyl)propyl methacrylate;
MMT-PPGM, montmorillonite-poly(glycidyl methacrylate); SI-ATRP, surface-initiated atom transfer radical polymerization.
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initiator, was added to the organic phase containing classical ATRP formu-
lation made of monomer (MMA), radical deactivator [copper(II) bromide],
ligand (4,40-dinonyl-2,20-bipyridine), and initiator (ethyl alpha-
bromoisobutyrate) as well as organoclay. The latter was initially dispersed
in MMA (1, 2, and 3 wt% vs. MMA). The polymerization was initiated via
mixing the organic solution with the aqueous surfactant (cetyltrimethylam-
monium bromide) solution and increasing the temperature to 80�C. In the
course of the polymerization performed, the reaction mixture changed
from light green to light brown. Droplet size as estimated by dynamic light
scattering (DLS) measurements on samples taken before the polymerization
process was in the range 145e185 nm with low polydispersity index. Corre-
spondingly, SEM imaging revealed homogeneous distribution of spherical
polymer particles with sizes around 170 nm (Fig. 5.36), while TEM sug-
gested partially exfoliated morphology. Some of these authors extended their
miniemulsion approach to the use of activators generated by electron transfer
for atom transfer radical polymerization (AGET ATRP) of styrene and BuA
[112]. Ascorbic acid was added as a reducing agent to reduce termination
reactions. Latexes with sphere-like morphology were in the size range
140e170 nm as determined by DLS. Although XRD analysis evidenced
the interlayer space increase upon copolymerization, the low molecular
weight of the poly(styrene-co-butyl acrylate) did not permit full exfoliation
of the clay stacks.

n FIGURE 5.35 Schematic representation of the general synthetic route applied to the preparation of poly(methyl methacrylate)eclay nanocomposites by
miniemulsion. AIBN, azobisisobutyronitrile; CTAB, cetyl trimethylammonium bromide; MMA, methyl methacrylate. Reproduced from K. Khezri, V. Haddadi-Asl, H.
Roghani-Mamaqani, M. Salami-Kalajahi, J. Polym. Res. 19 (2012) 1e10, with permission by Springer.
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In a study, Singha et al. reported an interesting alternative for the prepara-
tion of polymer-decorated clay particles by cationic reversible additione
fragmentation chain transfer (RAFT)-assisted Pickering miniemulsion
polymerization (Fig. 5.37) [113]. 2,2,3,3,3-Pentafluoropropyl acrylate
(PFPA), MMA, and nBuA were copolymerized in miniemulsion using
laponite-RDS as stabilizer and S-1-dodecyl-S-(methylbenzyltriethylammo-
nium bromide) trithiocarbonate as RAFT agent. The latter played a key
role in the preparation process promoting ionic attraction-driven interaction
between polymer and clay.

(A) (B)

n FIGURE 5.36 Scanning electron microscope (SEM) micrographs showing polymereclay nanocomposites obtained by miniemulsion. (A) 10,000x and (B)
20,000x. Reproduced from K. Khezri, V. Haddadi-Asl, H. Roghani-Mamaqani, M. Salami-Kalajahi, J. Polym. Res. 19 (2012) 1e10, with permission by Springer.
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Optimization the laponite (30 wt%) content as well as the nature (2-cyano-
2-propyl dodecyl trithiocarbonate vs. S-1-dodecyl-S-(methylbenzyltriethy-
lammonium bromide) trithiocarbonate) and content of RAFT (1.2 wt% for
S-1-dodecyl-S-(methylbenzyltriethylammonium bromide) trithiocarbon-
ate) agent allowed a drastic increase in the polymerization rate. The
miniemulsion was characterized by particle sizes in the range between
200 and 300 nm resulting in laponite-armored spherical copolymer parti-
cles as observed by atomic force microscopy and TEM.

Because of low surface energy, the as-obtained fluorinated copolymer/
laponite is expected to be specialty candidate for hydrophobic coating
surfaces or fire-retarding applications because of the presence of polyphos-
phate in the laponite-RDS.

10. POLYMEReCLAY NANOCOMPOSITES BESIDES
RADICAL-MEDIATED POLYMERIZATION
METHODS

The thought of achieving anionic polymerization in the presence of clay
particles may give a headache to most materials scientists. Indeed, the high-
ly challenging nature of such a process is inherent to the intrinsic hydration
characteristics of clay. The on-silicate layer-adsorbed water molecules may
interfere with growing anions leading to termination of the living propaga-
tion step. As such, one may acknowledge the work of Zhang et al. who
implemented in-situ living anionic polymerization to butadiene, styrene,
and isoprene to prepare a set of rubbereclay nanocomposite-incorporated
homo- and copolymeric partners [114e116]. Z. Yenice et al. described
the preparation of poly(styrene-b-tetrahydrofuran)eclay nanocomposites
by mechanistic transformation [82]. Montmorillonite was first modified
with 6-[(2-bromo-2-methylpropanoyl)oxy]hexan-1-ammonium chloride via
a cation exchange reaction and then used to initiate in situ the atom transfer
radical polymerization of styrene. The presence of both intercalated and
exfoliated structures was evidenced by TEM. Poly(styrene-block-tetrahy-
drofuran) was finally obtained by mechanistic transformation from ATRP
to CROP using silver hexafluorophosphate as initiator. The so-designed
polymereclay nanocomposites exhibited an exfoliated structure. In two
reports, Advincula’s group investigated the beneficial effects of living
anionic surface-initiated polymerization to improve the stabilities and graft-
ing of polymers on clay [117,118]. The montmorillonite clay surface and
intergallery interfaces were intercalated with an organic cation derived
from 1,1-diphenylethylene, enabling initiation of anionic polymerization
(Fig. 5.38).
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Dealing with in-situ ring-opening polymerization, a lot of effort has been
devoted to polymerizing ε-caprolactone to prepare clay-grafted PCL chains
with controlled molecular weight and delaminated morphology [119e121].
Liao et al. proposed the use of microwave assistance to initiate the polymer-
ization of ε-caprolactone in the presence of unmodified (Cloisite Naþ) and
modified (Cloisite 30B) clay [121]. In the latter case, the intercalated surfac-
tant contained hydroxyl groups. The microwave-assisted ring-opening
polymerization afforded higher monomer conversion and Mn as compared
to what was observed with conventional thermal ring-opening polymeriza-
tion. The microwave approach was also applied to the preparation of
polycarbonate [122], poly(ethylene oxide) [123], polyepoxy [124], and
clay nanocomposites including the use of montmorillonite, hectorite, and
laponite. Here again the reader is referred to original papers and review ar-
ticles [32,36,38] to learn more about original and efficient polymereclay
nanocomposite preparation based, for instance, on ring-opening metathesis
polymerization [125,126].

11. FUTURE PROSPECTS
The functionalization of clay surfaces with molecular or polymeric
segments bearing reactive groups has emerged over the last few years as
a trendy strategy to develop a new generation of reactive nanofillers.
Indeed, taking advantage of the intrinsic properties of both partners, i.e.,
compatibility/reactivity with/toward the dispersion polymer matrices or
their precursors, and favorable surface area, excellent mechanical

n FIGURE 5.38 Schematic illustration of the synthetic route applied to the preparation of polymereclay nanocomposites by living anionic surface-initiated
polymerization from a clay surface. Reproduced from X. Fan, Q. Zhou, C. Xia, W. Cristofoli, J. Mays, R. Advincula, Langmuir 18 (2002) 4511e4518, with
permission by American Chemical Society.
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performances for the organic layer and inorganic clay, respectively, allow
for the design of ternary nanomaterials, true nanocomposites, with advanced
properties. As witnessed by the numerous examples cited here, the in-situ
polymerization of reactive monomers is by far the most widely applied
method. This success arises undeniably from the possibility of adjusting
the grafted amount of organics and thus controlling the clay interlayer
spacing by changing the polymerization conditions. Polymerization time,
monomer concentration, in-solution versus from clay surface initiation,
and thermally or photochemically driven initiation, to name but a few,
are many parameters of polymer-grafted clay with preexfoliated
morphology and dispersion matrix-compatible characteristics. The combi-
nation of in-situ polymerization with efficient coupling methods is key to
successfully achieving the most important challenge inherent to the fabrica-
tion of polymereclay nanocomposites, that is, effective clay dispersion in
the form of individual platelets, in the polymer matrix. The covalent
coupling between nanofillers and the matrix ensures improved mechanical
properties to the final polymer nanocomposites. In this regard, the currently
invogue click chemistry reactions, including the azidation of oxirane, thiole
epoxy , thioleene, and thioleyne click chemistries and copper-catalyzed
azideealkyne cycloaddition, are good candidates for being implemented
subsequently or concomitantly in in-situ polymerization, and although the
first examples have been recently described in the literature [103], the poten-
tial for tandem use has not yet been fully explored. The new generation of
consumers has been immersed since its childhood in the era of sustainable
development and responsible consumption, and this will guide their future
choices as users. Taking into account the reduction of fossil resources and
the need to preserve and protect our environment, the design of bio-
inspired materials, which have known a fast growth over the last 10 years,
is expected to provide a turnkey for various scientific and technological
fields such as the building and transport industries. Bionanocomposites are
an emerging group of nanostructured organiceinorganic materials derived
from natural polymers and inorganic solids, such as polysaccharides and
clay, interacting at the nanometric scale.

12. CONCLUSION
Polymereclay nanocomposites have been synthesized using a plethora of
synthetic routes aimed at controlling both the surface chemistry of clay
nanoplatelets and bulk properties of the corresponding polymer nanocom-
posites (Table 5.1). The former affords improved miscibility of the clay
layers through grafting of matrix-compatible chemical units and intercala-
tion or exfoliation of the silicate-layered structure. Undoubtedly, the
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Table 5.1 Summary of Relevant Methods Applied to the Preparation of PolymereClay Nancomposites Using Functional Clay.
The Nature of the Polymer Chemical Functionality Involved in the PolymereClay Coupling is also Presented if Necessary

Preparation Method Functional Clay Monomer/Polymer References

Clayepolymer coupling CuAAC Azide-Cloisite Alkyne-PCL [49]

Alkyne-kaolinite Azide-cellulose [52]

Azide-montmorillonite Alkyne-polyurethane [51]
In-situ polymerization Free radical polymerization Azo-initiator-intercalated

Cloisite Naþ
St [42]

ATRP Vinyl clay (CE)a St [66]

Bromine-terminated clay (CE) MMA [62]

St, MMA, BuA [64]

MMA [68]

Bromine clay (graft)b EHA [86]
Vinyl clay (CE) St [66]

AGET ATRP Vinylbenzyl
trimethylammonium chloride-
modified montmorillonite

Poly(St-co-BuA) [67]

Initiation with a coordination
catalyst

Triethylaluminum-modified
clay

MMA [61]

Living radical polymerization Nitroxide end moiety (CE) St [63]

Atom transfer radical
nitroxide coupling

Nitroxide clay (CE) Polystyrene with bromide
end

[56]

ATRP Bromine clay (graft) GMA [69]

BuA, MMA [70]
Block copolymerization living
ring-opening polymerization
of heterocyclic ethers/
lactones and for nitroxide-
mediated living free radical

Primary alcohol and
alkoxyamine clay

St, ε-caprolactone [43]

Surface-initiated
photoinduced ATRP

Bromine clay (graft) Propargyl methacrylate [103]

Photopolymerization Phenacyl pyridinium salt clay
ion exchanged

MMA [89]

Continued
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Table 5.1 Summary of Relevant Methods Applied to the Preparation of PolymereClay Nancomposites Using Functional Clay.
The Nature of the Polymer Chemical Functionality Involved in the PolymereClay Coupling is also Presented if
Necessary Continued

Preparation Method Functional Clay Monomer/Polymer References

and 2-hydroxy-2-
methyl-1-phenylpropane-
1-one clay ion-exchanged

benzophenone

1,6-Hexanediol diacrylate
(30%) and urethane acrylate
oligomer

[90]

Urethane acrylate oligomer
(CN964) and tripropylene
glycol diacrylate

[92]

2-Benzyl-2-(dimethylamino)-1-
[4-(4-morpholinyl) phenyl]-1-
butanone

Urethane acrylate oligomers [93]

Acrylamide-treated
organophilic clay hosts (CE)

Acrylamide, benzyl as initiator [95]

Acrylate clay (CE) 1,6-Hexanediol diacrylate and
tripropylene glycol diacrylate

[96]

Thiolated clay silanized GMA [97]

Methacrylate clay Polysulfone dimethacrylate [98]
Grafted ester

N,N-dimethylamino-grafted
clay

GMA benzophenone as
coinitiator

[99]

UV thioleene Triacrylate clay (graft) Bisphenol A epoxy acrylate
and trifunctional thiol

[100]

Emulsion e Montmorillonite -Naþ MMA [105]
Montmorillonite -Naþ or Ca2þ St [106,107]

Montmorillonite -Naþ Vinyl chloride [108]

Miniemulsion Hydroxylated clay ion
exchanged

MMA [111]

ATRP with reverse and
normal initiation

Miniemulsion St and BuA [112]

AGET ATRP
Pickering emulsion cationic
RAFT

Trithiocarbonate-modified
clay ion exchanged

PFPA, MMA, BuA [113]

AGET ATRP, activators generated by electron transfer for atom transfer radical polymerization; BuA, butyl acrylate; CE, cation exchange; EHA, 2-ethylhexylacrylate; GMA,
glycidyl methacrylate; MMA, methyl methacrylate; PCL, poly(ε-caprolactone); PFPA, 2,2,3,3,3-pentafluoropropyl acrylate; RAFT, reversible additionefragmentation chain
transfer; St, styrene.
aIndicates that the interaction between organic and inorganic components is of ionic nature and arises from cation exchange.
bIndicates that the interaction between organic and inorganic components is of covalent nature and arises from a grafting reaction at the clay surface.
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in situ approach has allowed the development of fast and robust, sometimes
one-step if not one-pot, preparation methods for highly functional nanofillers
providing advanced solutions in materials science.
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1. INTRODUCTION
Inherently conductive polymers (ICPs) are specialty polymers that
conduct electricity without any addition of metallic fillers, in contrast to
traditional conductive composites obtained by mixing insulating polymers
with metals. The research on ICPs took off when the group of McDiarmid
discovered the inherent conductivity of polyacetylene upon doping with
halogens [1]. Global development has led to the Nobel Prize in Chemistry
awarded to McDiarmid, Shirakawa, and Heeger in 2000 for the discovery
of ICPs [2].

Since the seminal work of the Nobel Prize winners, extensive
research has been conducted with other conjugated polymers such as
polypyrrole (PPy), polyaniline (PANI), polythiophene (PT), and later
poly(3,4-ethylenedioxythiophene) (PEDOT) (Fig. 6.1) [3].

n FIGURE 6.1 Chemical structure of the main conjugated polymers in their neutral state.
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During the same blooming era of conductive polymers, much research
was undertaken on clayepolymer nanocomposites because clays impart
high specific surface area as well as reinforcement and barrier properties
to polymer matrices [4e7]. It was thus logical to investigate the making
of clay/ICP nanocomposites and examine their physicochemical
properties.

Looking back at the developments on clay/ICP nanocomposites, much work
has been achieved in electrochemistry because ICPs (e.g., PPy and PANI)
can readily be prepared as thin films on metallic and carbon electrodes.
To make clay/ICP nanocomposites, electrodes were coated with clay
(hectorite)/PPy by electropolymerization of pyrrole in the presence of
clay suspensions [8] to provide adherent or free-standing hectorite/PPy
films. However, it soon became clear that electrochemistry was not suitable
for mass production, whereas oxidative polymerization of conjugated
monomers produces ICPs in high yields. Interestingly, this can be achieved
in various media (mostly aqueous) by employing several oxidizing agents,
dopants, and eventually surfactants [9]. Similarly, in the case of coatings
on electrodes, research has been directed toward the making of clay/ICP
nanocomposite powders [10]. These materials have many features: electrical
conductivity, thermal stability, possible total exfoliation of the clay within
the conductive polymer matrices, and barrier properties. In addition, they
have unique applications such as conductive fillers [11], reinforcements
[12], catalysts [13], antibacterial nanocomposites [14], heavy metal ion
sensors [15], and controlled drug delivery systems [16].

In this chapter we will describe general methods of synthesis of clay/ICP
systems by in-situ polymerization of conjugated monomers in the presence
of clays or by mixing clays with prefabricated ICPs. We will restrict the
chapter to PPy, PANI, PT, and PEDOT and their characteristics. For each
of these conductive polymers we will detail some eye-catching, timely
applications.

2. GENERAL PREPARATIVE METHODS
Clay/ICP nanocomposites can be prepared by various approaches. Most
probably the very first trials were done by Alan Bard and coworkers
who prepared nanocomposite films by electropolymerization of pyrrole
on hectorite clay-coated Pt or glassy carbon electrodes [8]. The method
provides adherent films that can be detached from the electrodes. However,
chemical oxidative polymerization is scalable and has been the subject of
numerous studies. It is performed with pristine or organophilic clays to
improve wetting and adhesion of the ICPs to the underlying clay [17].
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Usually, polymerization in the presence of organophilic clays yields
clay/ICP nanocomposites with higher conductivity than the reference
nanocomposite prepared with hydrophilic, pristine clay. This is because of
(1) a better intercalation and eventually exfoliation of the clay, and (2) in
particular, an excellent wetting of the lamellae by continuous conductive
polymer monolayers.

Photopolymerization uses photosensitizers such as AgNO3, AuCl3, and
CuCl2 [18]. Upon exposure to UV light, Agþ (taken as an example) strips
an electron from the conjugated monomer and reduces to metallic silver
nanoparticles (AgNPs), while the oxidized monomer undergoes polymeri-
zation. For the AgNO3/pyrrole system there is an interest in conducting
photopolymerization because it reduces the time of preparation from
2 days to 2e3 h or even much less, as claimed by Zang et al. [14].
Photopolymerization could be conducted with AuCl3 but in our own
experience we noted immediate oxidative polymerization of pyrrole
upon contact with AuCl3. For PANI, the benefit is marginal because
photopolymerization must be conducted over 6 h, still lower than the usual
time set of 12e24 h [19].

Surprisingly, to the very best of our knowledge, sonochemical preparation
of clay/ICP nanocomposites has not been conducted despite its efficiency
and rapidity for making polymer nanocomposites, including those of PPy
and PANI [20].

3. CLAY/POLYPYRROLE NANOCOMPOSITES
3.1 Synthesis, Characterization, Morphology, and

Potential Applications
3.1.1 Electropolymerization
An excellent review by Sadki et al. [21] summarized the knowledge
of mechanisms of pyrrole electropolymerization. The most accepted
mechanism is depicted in Fig. 6.2.

After electrooxidation of the monomer at anodic potential Epa, radical
cations form dimers that lose protons and are further oxidized at lower
potential than those of a single monomer. The mechanism continues until
formation of the final polymer chain with higher repeat units. The final
polymer exhibits one positive charge for each 3e4 pyrrole repeat units.

Electropolymerization can be conducted in two ways to prepare clay/PPy
films: (i) on a clay-coated electrode, or (ii) in a clay suspension therefore
leading to the codeposition of clay and PPy (Fig. 6.3).
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The procedures displayed in Fig. 6.3 were conducted on platinum and glassy
carbon electrodes in either water or acetonitrile. Thick free-standing films
were obtained and detached from the electrodes; they exhibited superior
stability compared to PPy [8]. A variant of method (i) displayed in
Fig. 6.3 was proposed by Trueba et al. [22]: pyrrole was first loaded in
pristine and acid-treated montmorillonite (MMT) and in zeolite, then the
inorganic/pyrrole hybrids were immobilized on a Pt electrode from a mixture
of colloidal dispersions and a tetrahydrofuran solution of polystyrene (PS).
Electropolymerization was conducted in aqueous solution and led to the for-
mation of PPy nanowires in the host proton-modified natural zeolite clinop-
tilolite. It was concluded that PPy synthesis with electrochemical activity is
favored in a strong acidic nanoscaled environment lattice.
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Similarly, a composite film of laponite-nitrate reductase-poly(pyrrole-
viologen) was prepared in two steps: deposition of laponite-nitrate reductase
on a glassy carbon disc followed by adsorption of pyrrole-viologen [23],
and electropolymerization of the adsorbed pyrrole derivative in aqueous
0.1 M LiClO4 solution, in a second step. The resulting composite film served
as the electrochemical biosensor of nitrate reduction.

In another bioelectrochemical, pyrrole was electropolymerized in phosphate
buffer saline suspension of palygorskite-loaded aspirin (Pal/Asp). Palygor-
skite retained its Palwas fibrillar single crystal with a diameter ranging from
20 to 30 nm; PPy was coated evenly all along the fibers in a core/shell
structure. Clay provided high surface area and therefore large loading of
aspirin. The electrochemical effective surface area, determined by chrono-
coulometry, was found to be 4.0 cm2 for the Pal/PPyAsp nanocomposite,
much higher than 0.7 cm2 for PPyAsp.

The Pal/PPyAsp nanocomposite served for the release of aspirin by
applying �0.6 V. At this potential, PPy was reduced and thus dedoped by
expelling aspirin.

Fig. 6.4 shows cumulative aspirin release versus time for Pal/PPyAsp
and PPyAsp with or without electrical stimulation. Higher release for the
Pal/PPyAsp is caused by the large specific surface area of the clay and
its capacity of loading aspirin by electrostatic interactions between the
carboxylate group in aspirin and the metal cations Mg2þ, Al3þ, and Fe3þ.

3.1.2 Oxidative Polymerization
If electrochemical processes are seldom reported for the making of clay/PPy
nanocomposites, oxidative polymerization has attracted much interest

Pyrrole + Pyrrole

(i)

(ii)

n FIGURE 6.3 Schematic illustration of the electrochemical preparation methods of clay/polypyrrole (PPy)
nanocomposites by electrosynthesis of PPy on a clay-coated electrode (i), and by electropolymerization of
pyrrole in the presence of a clay colloidal suspension (ii).
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because of its scalability and widespread applications. Indeed, nanocompo-
sites prepared by electrochemistry are adherent and thus applicable in
electrochemical processes only. Instead, nanocomposite powder particles
prepared by oxidative polymerization are versatile and amenable to diverse
applications encompassing catalysis, electrorheology, mechanical reinforce-
ment, and bioactivity.

The mechanism of oxidative polymerization of pyrrole is similar to that of
electropolymerization in the sense that it is based on the coupling between
radical cations [24]. Herein, one has to insist that PPy is not a perfect linear
polymer; instead it has substantial cross-linking, as shown in Fig. 6.5, for the
synthesis of PPy in an acidic medium [25]:

In most cases, polymerization of pyrrole is conducted in aqueous solutions,
in the presence of pristine or organomodified clays using surfactants or not.
Particularly, the latter [e.g., dodecylbenzenesulfonic acid (DBSA)] are
useful in the case of oxidative polymerization in the presence of organomo-
dified clays, which are hydrophobic and must thus be dispersed in water,
hence the necessity of surfactants [17]. For example, it has been
demonstrated that DBSA acts as a dopant on top of serving as a surfactant
since it is found in the final composition of the clay/PPy nanocomposite.
DBSA is deprotonated in water and its anionic form is inserted in the PPy
matrix together with anion from the dopant.
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Organomodified clays are commercially available or can be prepared using
a range of cationic surfactants such as distearyldimethyl-ammonium
chloride [17], hexadecyltrimethyl ammonium bromide (C19H42NBr) [26]
also called cetyl-trimethylammonium bromide, octadecyl-phenyl-dimethy-
lammonium [27], didodecyl-dimethylammonium [27], and 2,2-bis[4-(4-
aminophenoxy)phenyl]propane (BAPPP) [28]. Polymerization is conducted
in the colloidal suspension of clay and proceeds as shown in Fig. 6.3, step
(ii), except in the absence of the substrate. Fig. 6.6 schematically shows
the preparation of MMT/PPy in water using ammonium persulfate as
oxidant (Fig. 6.6A) [29]. The morphology examined by scanning electron
microscopy (SEM) (Fig. 6.6B) exhibits deposition of PPy agglomerates on
the surface of clay particles, while transmission electron microscopy
(TEM) evidenced an intercalated structure of MMT/PPy. Fig. 6.6D schemat-
ically illustrates the synthesis of organoclay/polymer nanocomposite with an
intercalated cation and the polymer chain.

Kim et al. [30] have described the synthesis of clay/PPy nanocomposites in
inverted emulsion, that is, water-in-oil emulsion. Based on the procedure
described in Ref. [30], Fig. 6.7 schematically illustrates the prepolymerization
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system in inverted emulsion, after mixing aqueous solution of the oxidant,
aqueous suspension of clay, isooctane solution of DBSA, and toluene solution
of pyrrole. An intercalated MMT/PPy nanocomposite was obtained with a
high DC conductivity of 6 S/cm at room temperature.

Clay/PPy nanocomposites were seldom prepared in organic media. This
strategy concerned the preparation of nanocomposites by mixing PPy

: clay : alkylammonium : polymer

Cation 
exchange

Polymerization

or mixing

(D)

(A)

(B) (C)

n FIGURE 6.6 Synthesis (A) and morphological characterization by scanning electron microscopy (SEM)
(B) and transmission electron microscopy (TEM) (C) of montmorillonite/polypyrrole (MMT/PPy)
nanocomposite. Arrows in (B) indicate agglomerated particles of PPy at the surface of clay. (D) Shows a
scheme of the possible structure of an organoclay/polymer nanocomposite. (AeC) Reproduced with
permission of Elsevier from K. Boukerma, J-Y. Piquemal, M.M. Chehimi, M. Mrav�cáková, M. Omastová, P.
Beaunier, Polymer 47 (2006) 569e576.
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n FIGURE 6.7 Prepolymerization system in inverted emulsion for the synthesis of clay/polypyrrole (PPy)
nanocomposite. DBSA, dodecylbenzenesulfonic acid.
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block copolymers and organoclays [28,31]. Fig. 6.8 presents the strategy of
making highly exfoliated organomontmorillonite (oMMT)/PPy-based
nanocomposite in three main steps [28]. Pyrrole is polymerized in the
presence of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (styrene
ethylene butylene styrene, SEBS) block copolymer in chloroform to provide
SEBS-grafted-polypyrrole (SEBS-g-PPy) (step (A)), BAPPP is cationized in
dimethyl sulfoxide (step (B)) and exchanged with Naþ fromMMT (step (C)),
and finally, BAPPP cation-exchanged MMT is mixed with SEBS-g-PPy to
provide a highly exfoliated nanocomposite (second reaction in step (C)).
Addition of oMMT up to 3 wt% improved remarkably well the toughness
and tensile modulus of the SEBS-g-PPy. The organoclay imparted
substantial thermal stability as the thermal decomposition temperature was

n FIGURE 6.8 (A) Synthesis of SEBS-grafted-polypyrrole (SEBS-g-PPy) block copolymers. (B) Cationization of 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP)
in dimethyl sulfoxide (DMSO). (C) Preparation of organomontmorillonite (oMMT) and mixing with SEBS-g-PPy. Adapted with permission of Elsevier from M.
Zahra, S. Zulfiqar, C.T. Yavuz, H-S. Kweon, M.I. Sarwar, Compos. Sci. Technol. 100 (2014) 44e52.
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found to be in the 435e448�C range, at a higher temperature than the unfilled
matrix. Although electrical conductivity was low, it increased upon addition
of oMMT until reaching 7 wt% (from 2 � 10�14 to 3 � 10�14 S/cm).

3.1.3 Photopolymerization
As introduced earlier, photopolymerization of pyrrole with the incorpora-
tion of Group 1B metal particles is interesting for the following reasons:
it is conducted in one pot using metal salts as photosensitizers and is
very efficient because of the tremendous time saving particularly in the
case of PPy/silver nanocomposites.

A proposed mechanism of photopolymerization of pyrrole is depicted in
Fig. 6.9. Under UV light, nitrates are decomposed to give the hydroxyl
radical �OH [32], which initiates the oxidative polymerization of pyrrole.
The resulting oligomers have lower oxidation potential so that they in turn
can be oxidized by Agþ yielding AgNPs. Nitrates dope the PPy chains
and AgNPs are incorporated in the PPy network.
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Similarly, for gold the proposed reaction is given in the presence or absence
of surfactant [here sodium dodecylsulfate, (SDS)] [18]:

3Pyþ 6AuCl4
� þ hn/½Py� Py� Py�þAuCl4� þ 3HAuCl4 þ 2Au0 þ 8HCl

3Pyþ 4AuCl3 þ NaDSþ hn/½Py� Py� Py�þDS� þ HAuCl4 þ NaCl

þ 3Au0 þ 7HCl

The process makes pure PPyAg or PPyAu binary nanocomposites [18] in
water or nanocomposite films on various substrates such as woven cotton
textile [33] and polyethylene terephthalate plastic sheets [19].

Unfortunately, despite its interest, photopolymerization of pyrrole has
rarely been conducted in the presence of clay. This could be ascribed to
the excessive price of gold and silver salts. We shall summarize next two
case studies of clay/PPyAg systems.

The first example was reported by Jlassi et al. [13] who silanized MMT with
N-(3-trimethoxysilypropyl)pyrrole prior to photopolymerization of pyrrole
(Fig. 6.10). Silanization was left to proceed for 72 h because silanes
with large groups react slowly with material surfaces. Interestingly, a
pyrrole-functionalized silane was used to initiate photopolymerization at
the pyrrolyl pending groups tethered to clay. Photopolymerization was
conducted for 3 h, which is 16 times shorter compared to the same polymer-
ization in the absence of UV light.

The yield is very good as can be noticed in Fig. 6.10 (right-hand side). The
ternary nanocomposite is exfoliated in the case of organoclay (prepared
with silane), whereas the reference nanocomposite using Na-MMT has a
persisting intercalated structure. The end material was found to be an
excellent catalyst of the reduction of methylene blue (MB) taken as a model
molecule. Discoloration of the MB solution occurs immediately upon
addition of oMMT/PPyAg catalyst powder.

In a similar procedure, ternary attapulgite/PPyAg (ATP/PPyAg) nanocom-
posite was prepared by photopolymerization of pyrrole [14]. The general
procedure is illustrated in Fig. 6.11 (upper panel). TEM permitted the
inspection of the deposition of PPyAg all along the clay fibers. AgNPs
have a particle size in the 33e40 nm range and the conductivity of the
nanocomposites is in the 0.12e0.44 S/cm range depending on the initial
clay/pyrrole mass ratio. The ATP/PPyAg was compounded with poly(buty-
lene succinate) (PBS), a biodegradable polymer, and the final PBS-based
composite material was evaluated in antibacterial application against
Escherichia coli and Staphylococcus aureus. Fig. 6.11 (lower panel, left)
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shows many more E. coli colonies than in the Petri dish containing PBS
filled with ATP/PPyAg.

3.1.4 Synthesis Conditions and Figures of Merit of Selected
Clay/Polypyrrole Systems

Table 6.1 reports the synthesis conditions and physicochemical characteristics
of selected clay/PPy nanocomposites prepared by in-situ electrochemical,
chemical, and photochemical polymerization methods. We have also imple-
mented data related to the preparation of clay/PPy by mixing. Other strategies
of design of clay/PPy nanocomposites were reviewed by the team of Choi [34]
and by Omastová and Mi�cu�sík [35].
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n FIGURE 6.10 Upper panel: Protocol of preparation of silanized MMT/PPyAg ternary nanocomposite by photopolymerization. Lower panel: Reduction of
methylene blue (MB) by the organoclay/PPyAg. (A) Digital photographs showing the interaction of MB with the reducing solution in the absence and
presence of organoclay/PPyAg. (B) Spectra of MB and its reduced form. Reproduced with permission of Elsevier from K. Jlassi, A. Singh, D.K. Aswal, R. Losno, M.
Benna-Zayani, M.M. Chehimi, Colloids Surf. A 439 (2013) 193e199.
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4. CLAY/POLYANILINE NANOCOMPOSITES
PANI is one of the most used conducting polymers [37,38] because of
its remarkable environmental stability, electrical conductivity (PANI is a
p-type conductor) [37], low cost [39], light weight, flexibility, facile
synthesis [40], and reactivity imparted by the reactive NH groups in the
polymer chain [41,42]. PANI is used in a wide range of innovative
applications such as batteries [43], sensors [44], electronic devices [45],
supercapacitors [46], corrosion control protection by PANI-based coatings
[47], and thermoelectric power generators [48]. The electrical conductivity
of PANI is a very important parameter and it could be tuned by acid/base

n FIGURE 6.11 Upper panel: Pathway to the making of attapulgite/PPyAg nanocomposite. Lower panel:
Antibacterial activity against Escherichia coli of poly(butylene succinate) (PBS) (left) and PBS filled with
attapulgite/PPyAg (right). Reproduced from L. Zang, J. Qiu, C. Yang, E. Sakai, Sci. Rep. 6 (2016) 20470,
http://dx.doi.org/10.1038/ srep20470.
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Table 6.1 Summary of Synthesis Conditions, Physicochemical Properties, and Potential Applications of Selected Clay/Polypyrrole
Nanocomposites

Polypyrrole/
Dopant Clay

Medium/
Conditions

Other
Component Structure

Mass
Loading
(wt%) s (S/cm)

Potential
Application References

Electropolymerization

BF4� Hectorite Process in aqueous
colloidal suspension
or on clay-coated
electrode in
acetonitrile

Intercalated Electrode
materials or
electrochemical
devices

[8]

ClO4
� Laponite Process in aqueous

solution on glassy
carbon coated with
clay/nitrate
reductase/pyrrole
hybrid

Nitrate
reductase

Nitrate
biosensor

[23]

Presumably
aspirin

Palygorskite 500 s at 0.8 V in
aqueous suspension
of Pal-Asp-PPy
mixture in
poly(butylene
succinate) (PBS) on
indium tin oxide
electrode

Aspirin Core/shell
fibrillar Pal/PPy

Controlled drug
release

[16]

Oxidative Polymerization

SO4 Montmorillonite
(MMT),
Wyoming type

1 h polymerization
in MMT suspension,
potassium
persulfate/
pyrrole ¼ 1/2, MMT/
PPy left to decant 24
h

e Intercalated 2.8%
e21.4%

Insulating to
10�3 S/cm

Conductive filler [29]

MMT Kunipia
type

Aqueous solution of
DBSA, FeCl3 oxidant

e 15%
(PPy)

9.1 � 10�3

e5.9 � 10�2
Conductive filler [17]

Nanofil 15 Aqueous solution of
DBSA and FeCl3
oxidant

15%
(PPy)

1.1 � 0.1 Conductive filler [17]
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Iodine Various naturally
Fe-rich or Fe(III)-
exchanged MMT
and smectites

Water/methanol Intercalated NA but
initial
pyrrole
loading
provided

10�9e10�5

for clay/PPy
and 10�5

e10�3 for
organoclay/
PPy

Electrode
materials

[27]

Cl� Ce(IV)-
exchanged MMT

1 g of [Ce(IV)/MMT],
0.05 M pyrrole in
0.1 M HCl, 48 h

Intercalated,
d001 ¼ 1.83 nm

Residue
wt of
86% at
500�C for
[Ce(III)/
PPy/
MMT]

1.8e4.9 �
10�3 S/cm

Cathodes in fuel
cells

[36]

Photopolymerization

PPyNO3 Bentonite
silanized with
TMSPP

Process in water in
the presence of
silanized clay

AgNPs Exfoliated 19%
(PPy) and
27% (Ag)

e Catalyst of
methylene blue
reduction

[13]

PPyNO3 Attapulgite Process in water.
ATP dispersed first,
pyrrole added, then
AgNO3, 10 min
photopolymerization

AgNPs (33
e40 nm)

e e 0.12e0.34 Antibacterial
PBS/attapulgite/
PPyAg
composite

[14]

DBSA, dodecylbenzenesulfonic acid; Nanofil 15, bentonite exchanged with distearyldimethyl-ammonium chloride; Pal, palygorskite; PPy, polypyrrole; TMSPP, N-(3-trimethoxysilylpropyl)pyrrole.
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doping/dedoping chemistry [49,50] or by the addition of inorganic fillers
[51], among other approaches.

The rationale for making clay/PANI nanocomposite is that the anilinium
cation can be intercalated easily in the clay interlayer spacing, in a similar
manner to that of ammonium ions.

In the following we will summarize the literature pertaining to the synthesis
of clay/PANI by electrochemical and chemical methods and report some
interesting applications; note however, that electrochemical methods tend
to have lower yields than chemical routes [52]. Moreover, uncommon
methods such as enzyme-catalyzed polymerization [53] and photochemi-
cally initiated polymerization were also employed [54].

4.1 Oxidative Electropolymerization
Electrochemical synthesis of PANI offers many advantages: simplicity of
the process, formation of adhering films on the working electrodes, and
reversible switching from oxidized to reduced form of PANI. As far as clays
are concerned, Chen and Yang [55] intercalated MMT with platinum by in-
situ reduction of PtðNH3Þ42þ using NaBH4 (Pt/MMT) and further interca-
lated anilinium ion in acidic solution (Pt/MMT). The intercalated MMTs
were coated on platinum electrodes and electropolymerization triggered at
0.8 V (vs. Ag/AgCl). The authors found much higher oxidation peak current
for platinum electrodes coated with PANI

�
Pt
�
C6H5NH3

þMMT compared
to PANI/MMT and hybrid coatings without Pt inside the clay (Fig. 6.12).
Without any MMT, a much lower oxidation peak area was recorded.

In another study, electropolymerization of anilinium-MMT dispersions by
potentiostatic electrolysis resulted in the deposition of an adherent film of
MMT/PANI nanocomposite on the electrode surface [56]. The authors
optimized the making of adhering film by testing the electrochemical
method, aniline concentration, and acid employed. The MMT/PANI films
did not form and adhere to the electrode in the case of potentiodynamic
cycling (in the �200e900 mV range) and use of high speed. A constant
potential of 700 mV (vs. saturated calomel), stirring at 80 rpm, and an
aniline concentration of �0.1 M and pH 1e2 in H2SO4, HClO4, or oxalic
acid were the optimized conditions. Intercalation was noted by X-ray
diffraction (XRD) given the increase of the MMT d001 spacing from
1.0 nm to 1.28, 1.26, and 1.25 nm for anilinium-MMT, MMT/PANI
oxidized form, and MMT/PANI reduced form, respectively. The authors
ascribed the sharp diffraction peak of anilinium-MMT to a better crystal-
linity or clay-layer stacking order. In-situ electrochemical determination
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of film resistance versus potential indicated highly conductive films; MMT/
PANI is about twofold more resistant than pure PANI despite an important
loading of clay (90 wt%).

4.2 Oxidative Chemical Polymerization
Oxidative chemical synthesis of PANI requires three reactants: aniline, an
acidic medium (aqueous or organic), and an oxidant. The more common
acids are essentially hydrochloric acid (HCl) and sulfuric acid (H2SO4).
Ammonium persulfate [(NH4)2S2O8], potassium dichromate (K2Cr2O7),
cerium sulfate [Ce(SO4)2], sodium vanadate (NaVO3), potassium ferricya-
nide (K3[Fe(CN)6]), potassium iodate (KIO3), and hydrogen peroxide
(H2O2) are recommended as oxidants [57].

The mechanism of oxidative polymerization of aniline through electro-
chemical and chemical synthesis usually involves (Fig. 6.13) [58]:

1. Oxidation of nitrogen atom of monomer followed by oxidation of end
nitrogen atom of the oligomers and polymers;

2. Addition of monomer in the “nitrogenecarbon” fashion as a result of
chain reaction (electrophilic substitution of a proton in the aromatic
ring of the monomer by an oxidized polymer fragment).

Most probably in the induction period, aniline radical cations are formed; this
process is followed by their recombination (according to the electrophilic
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substitution mechanism) to afford a dimer, namely, N-phenylphenylene-1,4-
diamine (p-semidine). The subsequent propagation step is assumed to be
similar to the electrophilic substitution process where the oxidized terminal
amino group of oligomer (polymer) attacks the paraposition in the monomer.

PANI can exist in several oxidation states ranging from the completely
reduced base state to the completely oxidized state (leucoemeraldine,
emeraldine, and pernigraniline forms) that differ in chemical and physical
properties. For example, PANI conductivity depends directly on the extent
of oxidation (variation in the number of electrons) and the degree of proton-
ation (variation in the number of protons, see Fig. 6.14 [58]).

The most studied form of the polymer is emeraldine, obtained with a 1 mol
aqueous hydrochloric acid solution and ammonium persulfate as oxidant
with an oxidant/aniline molar ratio 	1.15 to obtain high conductivity and
yield [59]. The reaction is conducted under 0 and 2�C for a duration between
1 and 2 h to limit secondary reactions.

Clay induces drastic improvement in the thermal and conducting properties
of clay/PANI nanocomposites. This is attributed to the presence of PANI in
the nanoscaled clay interlayer spaces in a high aspect ratio where the clay
layers are acting as barriers protecting PANI from degradation. In the
case of organoclays, PANI undergoes more favorable molecular interactions
and eventually grafting. Particularly, because of the reactivity of PANI
through its NH groups, Jlassi et al. [12,60] have demonstrated that
diphenylamine-grafted clay via interface diazonium reactions provide a

n FIGURE 6.13 Mechanism of aniline oxidative polymerization. Reproduced from I.Y. Sapurina, M.A.
Shishov, Oxidative polymerization of aniline: molecular synthesis of polyaniline and the formation of
supramolecular structures, in: A. De Souza Gomes (Ed.), New Polymers for Special Applications, InTech,
2012, http://dx.doi.org/10.5772/48758. Available from: http://www.intechopen.com/books/new-polymers-
for-special-applications/oxidative-polymerization-of-aniline-molecular-synthesis-of-polyaniline-and-the-
formation-of-supramol.
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macromonomer that is copolymerized with aniline. This process results in
the formation of exfoliated, conductive clay/PANI nanocomposites
potentially useful as conductive fillers for epoxy. Mixing diazonium-
modified bentonite/PANI filler with epoxy and diaminodiphenylsulfone
(DDS) hardener results in a unique interfacial chemistry (see Section 4.3).

The most widely used methods to prepare PANI/clay nanocomposites are
based on solution intercalation polymerization techniques [61]. Clay
materials cannot induce spontaneously the polymerization of aniline,
therefore the use of oxidant is crucial. Ammonium persulfate is the most
popular oxidant used for aniline polymerization since it is suitable for
mass production of PANI; some studies have investigated the use of other
oxidants such as iron(III) chloride/ozone [62] or Fe3þ present in clay as
interlayer cation [63,64]. Work of the team of Srasra [64,65] has shown
that Fe3þ ions present in the octahedral structure of MMT act as efficient
initiator for aniline polymerization by a simple grinding activation of clay,
that is, by mechanochemical processing. The authors obtained a branched
fibrous morphology of PANI caused by the templating effect of the clay
structure and the oxidant role of the octahedral Fe3þ cations.

4.3 Applications of Clay/Polyaniline Systems
Table 6.2 reports, for selected systems, the synthesis conditions, physico-
chemical features, and potential applications. Eye-catching case studies
will be reported later.

n FIGURE 6.14 Polyaniline forms. Reproduced from Reproduced from I.Y. Sapurina, M.A. Shishov, Oxidative polymerization of aniline: molecular synthesis of
polyaniline and the formation of Supramolecular structures, in: A. De Souza Gomes (Ed.), New Polymers for Special Applications, InTech, 2012, http://dx.doi.org/10.
5772/48758. Available from: http://www.intechopen.com/books/new-polymers-for-special-applications/oxidative-polymerization-of-aniline-molecular-synthesis-of-
polyaniline-and-the-formation-of-supramol.
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Table 6.2 Summary of Preparation Methods and Electrical and Morphological Features of Clay/Polyaniline (PANI) Nanocomposites

PANI/Dopant Clay
Coupling
Agent

Other
Component Structure Mass Loading

Potential
Application

Conductivity
(S/cm) References

Oxidative Polymerization

Fe3þ cations
localized at clay
octahedral layers
and atmospheric
oxygen act as
oxidant
Anilinium chloride
(AnCl)

Montmorillonite
(MMT)

e O2

Oxidation of
MMT
octahedral
Fe2þ Fe3þ

Exfoliated AnCl/CEC ¼ 3,
3.5, 5, 10, 30

MMT ground
using a
Retsch mortar
grinder for
30 min
Mechano-
chemical
grinding
MMT þ AnCl/
2 h
14 days’
aging/room
temperature

Solar cell 1.66 � 10�3 [65]

APS
Sulfuric acid

Palygorskite e Same
as
pristine

Palygorskite/
aniline/sulfuric
acid/APS
7 g/5.58 g/
200 mL, 2 M/
0.4 M

Vigorous
stirring for
6 h/room
tempersture
Drying at
60�C/24 h

Electrical
engineering
applications

10e3 [63]
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APS
Hydrochloric acid

Attapulgite e Polyvinyl
alcohol (PVA)

NA Clay/aniline/
HCl/APS
NA/7.3 mL/
100 mL
�2.0 mM/0.4 M

Vigorous
stirring, e4 h/
0�C

Electrochemical
removal of Pb(II)
from aqueous
solutions

NA [66]

APS
Nitric acid

Bentonite DPA e Exfoliated DPA/
CEC ¼ 0.6,
1.3, 2
B-DPA/
aniline/APS
8 mg/
154.5 mg/
91.3 mg
4 h/ice bath

Epoxy
mechanical and
dielectric
improvement

2.4 � 10�3 [12,60]

APS
Hydrochloric acid

Cloisite 30B Methyl-
tallow-bis-2-
hydroxyethyl

Epoxy
N-methyl
pyrrolidone

Exfoliated Clay/aniline ¼
3 wt%
Molar ratio of
APS/
aniline ¼ 1.15

Corrosion
protection by
epoxy coatings

NA [67]

APS, ammonium peroxodisulfate [(NH4)2S2O8 ]; CEC, cation exchange capacity; DPA, 4-diphenylamine diazonium; NA, not available; PVA, poly(vinyl alcohol).
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n CASE STUDY 1: CONDUCTIVE, EXFOLIATED
CLAY/POLYANILINE NANOCOMPOSITE FILLER
Jlassi et al. [60] described the preparation of ternary epoxy composites
using clay/PANI hybrids as nanofillers. The latter were prepared by
oxidative polymerization of aniline in the presence of pristine or
4-diphenylamino-diazonium-exchanged clay-modified bentonite (B and
B-DPA, respectively). The B-DPA/PANI was evaluated as filler for a
diglycidyl ether of bisphenol-A epoxy matrix.

The mechanism of reaction of diphenylamine diazonium cation and clay
followed by in-situ oxidative polymerization of aniline is displayed in
Fig. 6.15.

The exfoliated clay has NH groups from either DPA or PANI, which react
with epoxy groups via ring opening, therefore ensuring covalent attachment
of the resin to the clay sheets (via PANI and DPA). Similarly, the
DDS hardener has two amino groups that react with epoxy by ring opening
leading to cross-linking of the resin (Fig. 6.16).

First, the diazonium cation-exchanged bentonite imparts high interlamellar
spacing in the nanocomposites and a high exfoliation is reached for an
initial concentration of the diazonium salt equal to two times the cation
exchange capacity (Fig. 6.17B). Moreover, the diazonium modification
of clay induces five orders of magnitude higher conductivity compared
to the pristine clay/PANI nanocomposite. As schematically shown in
Fig. 6.17A, diphenylamine groups impart excellent wetting of the clay
lamellae by PANI. After reaction with the epoxy resin, synergetic effects
of DPA and PANI on the mechanical and dielectric properties of the epoxy
matrix were noted. The fracture toughness increased by 20%e30% in the
case of the B/PANI filler, while the addition of B-DPA/PANI increased the
fracture toughness by 210%e220% (Fig. 6.17D). This was assigned to
DPA groups grafted to bentonite lamellae, which favored effective stress
transfer medium. SEM permitted the visualization of completely different
fracture surfaces depending on the filler nature. B-DPA/PANI induces a
very particular fibrillar structure indicating ductile failure mode, whereas
the B/PANI induces a smooth fracture surface, which accounts for brittle
failure mode (Fig. 6.17C). It is thus clear that diazonium salts contribute
remarkably well to achieve very strong adhesion between the nanofiller
and the epoxy matrix.

220 CHAPTER 6 Clay/Conductive Polymer Nanocomposites



The dielectric properties were also found to be affected by the use or not of
the diazonium compounds to make a nanocomposite filler. The filled epoxy
was found to be nonconductive in the case of B/PANI in contrast to filling
with 0.5 wt% B-DPA/PANI.
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n FIGURE 6.15 Chemical route for intercalating bentonite by diazonium cation exchange reaction and
in-situ polymerization (A, upper panel). Simplified mechanism of interfacial oxidative polymerization of
aniline (B, lower panel). ACN, acetonitrile; APS, ammonium persulfate; DPA, 4-diphenylamino-diazonium.
Reproduced with permission of RSC from K. Jlassi, A. Mekki, M. Benna-Zayani, A. Singh, D.K. Aswal, M.M.
Chehimi, RSC Adv. 4 (2014) 65213e65222.
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n FIGURE 6.16 Molecular view of the ternary 4-diphenylamino-diazonium-exchanged clay-modified bentonite/polyaniline (B-DPA/PANI) reaction with the
diglycidyl ether of bisphenol-A/diaminodiphenylsulfone (DGEBA/DDS) system. Reproduced with permission of ACS from K. Jlassi, S. Chandran, M. A Poothanari, M.
Benna-Zayani, S. Thomas, M.M. Chehimi, Langmuir 32 (2016) 3514�3524.

n FIGURE 6.17 Upper row: Oxidative in-situ polymerization of polyaniline in the presence of diazonium salt-modified bentonite (B-DPA). Lower row: Oxidative
in-situ polymerization of polyaniline in the presence of pure bentonite B. (A) Synthesis of hybrid fillers with (upper) and without (lower) diazonium; (B) small
angle X-ray scattering patterns; (C) scanning electron microscopy (SEM) image of fracture surface of epoxy matrix filled with B-DPA/PANI (upper row) and
B/PANI (lower row); (D) fracture toughness of epoxy reinforced with B-DPA/PANI and B/PANI. (B) Reproduced with permission of RSC from K. Jlassi, A. Mekki,
M. Benna-Zayani, A. Singh, D.K. Aswal, M.M. Chehimi, RSC Adv. 4 (2014) 65213e65222 and other images (A, C, and D) reproduced with permission of ACS
from K. Jlassi, S. Chandran, M. A Poothanari, M. Benna-Zayani, S. Thomas, M.M. Chehimi, Langmuir 32 (2016) 3514�3524.



n CASE STUDY 2: OMMT/PANI FILMS FOR THE
SIMULTANEOUS DETECTION OF METAL IONS
De Barros et al. [15] described the preparation of 20 monolayer Langmuire
Blodgett (LB) films on indium tin oxide (ITO) from mixtures of camphorsul-
fonic acid-doped PANI solution (in an m-cresol/chloroform mixture) and
oMMT dispersion (in a butanol�benzene mixture). The LB films were
employed to trap Cd2þ, Pb2þ, and Cu2þ metal ions that were reduced
electrochemically at the surface of the nanocomposite-coated ITO and
then stripped in the anodic wave.

The authors demonstrated with XRD that PANI-emeraldine salt (ES)/
oMMT LB films exhibit an unmodified clay structure. In contrast, the
polaronic state of PANI-ES is affected in the sense that semiconducting
polymers and clay minerals may be combined for enhancing the electrical
properties of nanostructures, which is beneficial for sensing. Surface
plasmon resonance studies indicated hybrid films to be much better ordered
than those of the neat PANI.

As far as the electroanalytical application of the LB films is concerned, the
square wave anodic stripping (SWAS) voltammetry approach is schemati-
cally depicted in Fig. 6.18 (upper panel). The SWAS voltammograms
(Fig. 6.18, lower panel) show for the hybrid film (Fig. 6.18C) no overlapping
of the broad oxidation peak of PANI with the stripping peaks of the metal
ions as noted for PANI-ES and oMMT LB films taken separately
(Fig. 6.18A and B). The enhanced performance in the nanocomposite is
most probably attributed to the stabilizing and ordering effect promoted
by oMMT clay in PANI-ES Langmuir films leading to changes in the
PANI-ES conformation chains, which may be enveloping oMMT layers,
and then to more homogeneous LB films.

5. CLAY/POLYTHIOPHENE NANOCOMPOSITES
5.1 Synthesis, Characterization, Morphology, and

Potential Applications
PT derivatives, particularly PEDOT, form an interesting class of conductive
polymers because of the variety of properties such as relatively high elec-
trical conductivity (up to 500 S/cm), transparency in the visible range, and
excellent thermal and structural stability. For this reason they have also
been investigated in view of making clay/PT nanocomposites with important
technological applications.
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n FIGURE 6.18 Upper panel: Mechanism of detection of metal ions with the LangmuireBlodgett (LB
films). Lower panel: Square wave anodic stripping voltammograms for simultaneous detection of Cu2þ,
Pb2þ, and Cd2þ. (A) Polyaniline-emeraldine salt LangmuireBlodgett (PANI-ES LB) films. (B) Orgao-
montmorillonite (oMMT) clay LB films. (C) PANI-ES/oMMT nanocomposite LB films. All the films had 20
layers deposited onto indium tin oxide (ITO) plates. Electrochemical conditions: solutions in HCl 0.1 M;
deposition potential: �1.0 V; accumulation time of 300 s; amplitude of 50 mV; frequency of 15 Hz. ITO,
indium tin oxide. Reproduced with permission of ACS from A. de Barros, M. Ferreira, C.J.L. Constantino,
J.R. Ribeiro Bortoleto, M. Ferreira, ACS Appl. Mater. Interfaces 7 (2015) 6828�6834.
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5.1.1 Oxidative Polymerization
PEDOT is one of the most investigated conducting polymers because of its
relatively high conductivity in the doped state (500e1000 S/cm) and
remarkable thermal stability. However, a significant problem in the practical
uses of PEDOT is related to the infusible character of the material as well
as to its poor solubility. Good aqueous dispersions of PEDOT using
poly(styrene sulfonate) (PSS) as dopant constitute the usual way to supply
this polymer as PEDOT:PSS [68]. Oxidative polymerization can
be conducted in three synthetic approaches: (1) intercalation of
3,4-ethylenedioxythiophene (EDOT) and in-situ polymerization, (2) clay
expansion and in-situ oxidative polymerization of EDOT, and (3) direct
intercalation of PEDOT from PEDOT:PSS (Fig. 6.19).

Organomodified clays can be prepared using a range of cationic surfactants;
among them octadecylamine salt has been adopted to successfully fabricate
the exfoliated oMMT/PEDOT nanocomposites by in-situ polymerization in
aqueous media. Hydrochloric acid, 1,5-naphthalenedisulfonic acid, and
sodium benzenesulfonate have been employed to trigger the polymerization
of 3,4-ethylenedioxythiophene by offering active sites on the layers of
MMT [69].

Similarly, a composite of proton-exchanged Maghnite-H (an Algerian
MMT-type clay) and PEDOT was prepared by in-situ chemical polymeriza-
tion of the 3,4-ethylenedioxythiophene, without the use of solvent or

n FIGURE 6.19 Idealized processes of interaction of 3,4-ethylenedioxythiophene (EDOT) and
poly(3,4-ethylenedioxythiophene) (PEDOT) with Na-montmorillonite following the three synthetic
approaches (from top to bottom): intercalation of EDOT and in-situ polymerization; clay expansion and
in-situ oxidative polymerization of EDOT; direct intercalation of PEDOT. Scheme based on data previously
published in S. Letaıef, P. Aranda, R. Fernandez-Saavedra, J.C. Margeson, C. Detellier, E. Ruiz-Hitzky, J.
Mater. Chem. 18 (2008) 2227e2233.
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oxidant. Formation of Maghnite-H-separated plates indicates partial
exfoliation of the clay upon synthesis of the nanocomposite (Fig. 6.20) [70].

Synthesis of clay/PT nanocomposites was achieved in high-yield polymer-
ization of thiophene in the presence of pristine MMT without any externally
added oxidant (FeCl3). Ballav et al. [71] have succeeded in preparing com-
posites by solvent-free direct reaction between the monomer andMMT-Naþ.
The composites produced showed that the PT was intercalated in the inter-
layer space and that the resultant material showed a modest but nonzero elec-
tronic conductivity on the order of 10�4 S/cm.

A hybrid nanocomposite was prepared by graft copolymerization of thio-
phene onto a PS backbone by a multistep approach. The graft copolymer-
ization of thiophene monomers onto PS was initiated after addition of
ferric chloride (FeCl3) oxidant, therefore providing FeCl3-doped PT chem-
ically grafted to PS chains [72]. Khalfaoui-Boutoumi et al. [73] reported

n FIGURE 6.20 Scanning electron micrograph images of Maghnite-H (A) hybrids Maghnite-H-poly(3,4-ethylenedioxythiophene) (PEDOT) (B) obtained with 50%
Maghnite-H, 24 h, 90�C, and Maghnite-H-PEDOT (C and D) obtained with 10% Maghnite-H, 96 h, 90�C, with a work distance of 7.0e7.4 mm and an amplifi-
cation of 1.5e6.0 k. Reproduced from A. Megherbi, R. Meghabar, M. Belbachir, J. Surf. Eng. Mater. Adv. Technol. 3 (2013) 21e27.
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the preparation of the hybrid material TiO2eMMT/PTeSDS by the in-situ
chemical oxidative polymerization of thiophene in the presence of the
anionic surfactant SDS, into the matrix of TiO2eMMT at a thiophene/
(TiO2eMMT) mass ratio of 0.2. The end hybrid material TiO2eMMT/
PT20%eSDS was found to act as a sono-, photo-, and sonophotocatalyst
of the degradation of rhodamine 6G (R6G). Interestingly, Fig. 6.21 shows
that photodegradation of the dye was relatively rapid under ultrasonic action
in the presence of the catalyst, which attained a maximum dye removal of
96%, that is, under sonophotocatalysis conditions [ultrasonic degradatione
simulation sun test (USeST)]. There is thus a synergetic effect of ultrasound
and simulated sunlight, in contrast to the reference hybrid photocatalyst
TiO2eMMT and TiO2eP25 (commercial catalyst), which did not exhibit
any synergetic effects of sonocatalysis and photocatalysis of the dye degra-
dation. In the presence of TiO2eP25, no synergy was observed between
sonocatalysis and photocatalysis. The rate constant of the sonophotocatalytic
and sonocatalytic degradation was almost equal and the dye degradation
attained only 32.4% and 29%, respectively. A similar behavior was observed
with the TiO2eMMT catalyst at the same experimental conditions, but
compared to the results obtained in the presence of TiO2eP25, the rate
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n FIGURE 6.21 Kinetic analysis for each R6G degradation process (ST, US, and USeST) with an R6G
concentration of 125 ppm at room temperature and natural pH (pH 5.1) in the presence of TiO2e
montmorillonite (MMT)/PT20%eSDS and with 0.5 g/L of TiO2 in the catalyst (TiO2eMMT/PT20%
eSDS) considering a pseudo-first-order reaction. The corresponding removal with the degradation time
is given in the inset panels ST, simulation sun test; US, ultrasonic degradation; US-ST, combination of
sonocatalysis and photocatalysis. Reproduced with permission of Elsevier from N. Khalfaoui-Boutoumi, H.
Boutoumi, H. Khalaf, B. David, Appl. Clay. Sci. 80e81 (2013) 56e62.
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constants and dye removal percentage were high using each process alone
(ST and US).

5.1.2 Electropolymerization
The preparation of exfoliated PEDOTeMMT nanocomposites by electro-
polymerization in aqueous solution has been reported by Aradilla et al.
[74]. MMT was first dispersed for 24 h and then EDOT was added and
electropolymerized. The nanocomposites were prepared with MMT at
0 (EDOT in the absence of MMT), 1, 5, and 10% w/w relative to EDOT.
The conductivity change was marginal as it decreased from 5.5 S/cm to
3.8, 2.7, and 1.3 S/cm upon incorporation of MMT at 1, 5, and 10% w/w.
The electroactivity of PEDOTeMMT nanocomposites, which increases
with the concentration of clay, is higher than that of individual PEDOT,
whereas the electrostability is only slightly lower for the former than for
the latter. Similarly, a composite with concentrations of clay ranging from
5% w/w to 50% w/w have been prepared. The resulting composites were
found to be suitable for ultracapacitor devices (Fig. 6.22) [75].

5.1.3 Sonochemical Polymerization
Polymereclay nanocomposites based on PEDOT:PSS and MMT were
synthesized by sonochemical polymerization [76]. PEDOT:PSS was water
dispersible because of the PSS dopant. Sodium dodecylbenzene sulfonate and
ionic liquid were used to increase the interlayer spacing and the conductivity
of the nanocomposites, respectively. Different routes have been explored to
fabricate conductive-coated nanoclays. Using surfactant along with ionic liquid
resulted in a good basal spacing (dL) and also a good electrical conductivity.
Surfactant not only helped in the dispersion of clay but also made it possible
for the ionic liquid to form a microemulsion in water.

Kuila et al. [77] reported the synthesis of clay/PT nanocomposites by
sonochemical polymerization: poly(3-dodecyl thiophene) (P3DDT)/organi-
cally modified MMT are prepared using the melt-cooled procedure and by
solvent cast. MMT/poly(3-hexyl thiophene) were also prepared in the
melt-cooled state [78] and by solvent casting [79]. In the case of P3DDT,
conductivity was the highest for the regioregular polymer upon doping
with I2. For the undoped P3DDT, the regular P3DDT is again more
conductive than the irregular one. The melt-cooled samples of the irregular
P3DDT exhibited a slightly higher conductivity than the same polymer
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prepared by solvent casting. All samples exhibit progressive decrease of
conductivity for increasing mass loading of clay.

5.1.4 Self-assembly
Mäkiniem et al. [80] reported the synthesis of electrically and ionically
conducting nacre-mimetic nanocomposites using synthetic nanoclay,
PEDOT:PPS, and a poly(ionic liquid) polymer from aqueous disper-
sions (Fig. 6.23). The nanocomposites exhibit high degrees of mesoscale
order and mechanical robustness in the sense that they have both
high stiffness and strength. Electrical conductivity of PEDOT:PSS is

n FIGURE 6.22 Scheme of the type I (A) and type II (B) ultracapacitors. Reproduced with permission of
RSC from D. Aradilla, D. Azambuja, F. Estrany, M.T. Casas, C.A. Ferreira, C. Aleman, J. Mater. Chem. 22
(2012) 13110e13122.
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440 S/cm and the clay/PEDOT:PSS has a conductivity of 250 S/cm,
which was raised to 560 S/cm after tempering the nacre-mimetic at
200�C. This was ascribed to the orientation of conducting domains favored
by the nanoconfinement of the polymer. The authors also noted a dramatic
increase of the d001 from 1.23 to 2.08 nm on going from the clay to the
nanocomposite.

5.1.5 Summary of Synthesis Conditions and Properties of
Selected Clay/Polythiophene and Clay/PEDOT
Nanocomposites

Table 6.3 reports the synthesis conditions and physicochemical character-
istics of selected clay/PT nanocomposites prepared by oxidative polymer-
ization, electropolymerization, and sonochemical polymerization in the
presence of clay.

n FIGURE 6.23 General approach for the waterborne self-assembly of nacre-mimetic films based on
Sumecton (SUM) nanoclay and conducting polymers. PEDOT:PSS ¼ poly(3,4-ethylenedioxythiophene):
polystyrenesulfonate; poly(ionic liquid) ¼ poly(1-ethyl-3 vinylimidazolium dicyanamide). The
photograph at the bottom right shows an LED connected via conducting PEDOT:PSS/SUM nacre-
mimetics and powered at 3.5 V. Reproduced with permission of ACS from R.O. Mäkiniemi, P. Das, D.
Hönders, K. Grygiel, D. Cordella, C. Detrembleur, J. Yuan, A. Walther, ACS Appl. Mater. Interfaces 7
(2015)15681e15685.
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Table 6.3 Summary of Preparation Methods and Electrical and Morphological Properties of Clay/Polythiophene Nanocomposites

Polythiophene/Clay Clay
Coupling or
Intercalating Agent

Other
Component Structure Mass Loading s (S/cm)

Potential
Application References

In-Situ Oxidative Polymerization FeCl3

PEDOT/montmorillonite
(MMT)

MMT [MMT (SWy-2)] e e Intercalated 3 g (SWy-2)/300 mL 5.10�4 S/cm Conductive films [68]

1.3 g EDOT

Direct Intercalation of Poly(3,4-Ethylenedioxythiophene) (PEDOT) From an Aqueous Dispersion of it Doped With Polystyrene Sulfonate

PEDOT/MMT MMT (SWy-2) e e Intercalated 1 g (SWy-2)/100 mL 5.10�4 S/cm Conductive films [68]

1.0 g PEDOT:PSS

Intercalation of 3,4-Ethylenedioxythiophene (EDOT) and In-Situ Polymerization

PEDOT/MMT MMT (SWy-2) e e Intercalated (i) 3g (SWy-2)/
300 mL
1.3 g EDOT

5.10�4 S/cm [68]

(ii) 1.0 g of the
intercalate EDOT-
SWy-2100 mL
aqueous solution of
Fe(III)

In-Situ Anodic Polymerization

PEDOT/MMT MMT e e Exfoliated 5% to 50% w/w (dry
weight)

5.5 S/cm Ultracapacitor
devices

[75]

Anodic Electropolymerization

PEDOT Bentonite e e Exfoliated 1% to 10% w/w 5.6 S/cm Electrochemical
application

[74]

In-Situ Polymerization (Hydrochloric Acid, 1,5-Naphthalenedisulfonic Acid, and Sodium Benzenesulfonate Have Been Employed to
Activate the Polymerization of 3,4-Ethylenedioxythiophene)

oMMT/PEDOT MMT, organically
modified by
octadecylamine salt

Octadecylamine salt e Exfoliated oMMT (0.1 g):
EDOT
monomer ¼ 1 mmol
V ¼ 20 mL

10�7 to 10
�2 S/cm

Electrical
conductivity

[69]

In-Situ Chemical Polymerization

Clay (Maghnite-H)/
PEDOT

Maghnite-H e e Intercalated 10% by weight of
Maghnite-H/
monomer

e e [70]

Continued



Table 6.3 Summary of Preparation Methods and Electrical and Morphological Properties of Clay/Polythiophene Nanocomposites Continued

Polythiophene/Clay Clay
Coupling or
Intercalating Agent

Other
Component Structure Mass Loading s (S/cm)

Potential
Application References

Mechanically Robust Self-Assembly

PEDOT:PPS/poly(ionic
liquid)/clay
nanocomposites

Synthetic nanoclay Poly(ionic liquid) ¼ poly(1-
ethyl-3-vinylimidazolium
dicyanamide)

e Adsorption
on the
nanoclay
surfaces

Polymer/clay
ratio ¼ 66/34 w/w

440 S/m
increased to
580 S/m at
200�C

Nacre-mimetics
films bioinspired
materials

[80]

Sonochemical

PEDOT:PSS and nanoclay
MMT

MMT clay (Cloisite Naþ) Ionic liquid (containing metallic
ions)

e Interaction Clay (2 g)
2.0 g of PEDOT:PSS

e Electrical
conductivity

[76]

Polythiophene (PT)

In-Situ Oxidative Polymerization FeCl3

Thiophene/MMT MMT e e Interaction e (1e4) � 10�4 e [71]

(oMMT)/thiophene-
polystyrene PS-g-PTh/
MMT

Organomontmorillonite
(oMMT)

e Polystyrene Intercalation (0.5 g) of PS-g-PTh/
oMMT (5 wt%)

e Electrical
conductivity

[72]

TiO2eMMT/PT-SDS MMT Anionic surfactant sodium
dodecylsulfate (SDS)

TiO2 Intercalative TiO2eMMT/PT 20%-
SDS monomer: SDS
7:1

e Sonocatalytic,
photocatalytic, and
sonophotocatalytic
degradations of
R6G

[73]

Sonochemical

Poly(3-hexylthiophene)/
MMT

MMT e e Exfoliated Higher clay content
(5%, w/w)
intercalated
structures appear
(WAXS and TEM)

6.67 � 10�5

e1.17 � 10�4
Electrical
conductivity,
electrolumine
scence

[79]

Poly(3-hexyl thiophene)
eMMT in the melt-
cooled state

MMT e e Exfoliated The
nanocomposites are
designated as PNC1,
PNC2.5, and PNC5,
the number at the
right-hand side
indicates the clay
percentage (w/w) in
the composite

3.3 � 10�3

e1.15
Mechanical, optical,
and conductivity
properties

[78]



Solvent-Cast and Melt-Cooled Procedures

Poly(3-dodecyl
thiophene)dorganically
modified MMT clay

MMT Exfoliated The solvent cast
P3DDTI-om-clay
nanocomposite
exhibit exfoliated
clay structure below
2.5% (w/w)

e [77]

In-Situ Polymerization (PHDT/oMMT) and by the Solvent-Casting Method

Poly(3-
hexadecylthiophene)
(PHDT) with MMT

MMT clay, Brasgel A,
from Bentonit, Brazil,
Naþ form (MMT),
(oMMT), Claytone-40,
USA,

Mostly
exfoliated (in-
situ
polymerized
MMT,
obtained by
solvent
casting, is an
intercalated
nanocompo
site)

MMT clay (5%) e e [81]

LatexeColloid Interaction [ Mixture

Polypyrrole/
polythiophene/MMT

MMT Sodium dodecylbenzene sul-
fonate

Polypyrrole Interaction e [82]

In-Situ Oxidative Polymerization

Organophilic clay/poly(3-
hexylthiophene)

MMT Tetradecyltrimethylammonium
chloride

e 1 wt% clay e Electrochemical
corrosion gas
barrier

[83]



6. CONCLUSION
Materials science has witnessed dynamic research on clay/conductive
polymer nanocomposites since the mid-1980s. This chapter does not intend
to be an exhaustive review of the literature over the last three decades but
rather to describe the main strategies to design clay nanocomposites of the
most investigated, inherently conductive polymers, namely, PPy, PANI,
and PT including PEDOT:PSS. Conductive polymers not only impart
electrical conductivity because of their conductive nature, but are
themselves relatively high surface area polymers compared to traditional,
insulating polymers. This ensures they have high surface area clay
nanocomposites, which is beneficial for all applications where surface
area is needed. This is the case of (bio)sensors, catalysts, and fillers among
other materials.

As in previous chapters, it is needless to say that premodification of clays is
an essential step to successfully enhance intercalation or eventually
exfoliation by the conductive polymers. Throughout this chapter, we have
stressed the essential role of surfactants, reactive diazonium, and silanes
in providing adhesive clay sheets for the conductive polymers once
their synthesis by any means is triggered. Taking PPy as an example, it
is a hydrophobic conductive polymer that adheres much better to
hydrophobic materials, hence the essential role of the organomodification
of clays.

Concerning the benefits of designing intercalated or exfoliated nanocompo-
sites, the latter were demonstrated usually to exhibit superior properties
compared to the intercalated ones. It is thus clear that new strategies should
be envisioned to successfully design exfoliated nanocomposites.

Through selected past and recent applications, it is clear that academic
research into clay/conductive polymer nanocomposites will continue to
grow because these materials combine the best of two worlds: low-cost
abundant minerals with remarkable nanostructural properties and nanostruc-
turing abilities, on the one hand and ease of synthesis, reactivity, and
electrical conductivity of conjugated polymers, on the other hand.
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Chapter7
Bionanocomposites

Jordi Puiggalí1 and Ramaz Katsarava2
1Universitat Politècnica de Catalunya, Barcelona, Spain; 2Agricultural University of Georgia, Tbilisi, Georgia

1. DEFINITION AND CLASSIFICATION OF
BIONANOCOMPOSITES

Bionanocomposites are composite materials that contain constituent(s) of
the biological origin and particles with at least one dimension in the range
of 1e100 nm [1]. Material scientists are making huge efforts in this research
area because of the excellent features of these nanohybrids as structural or
functional materials, with interesting applications as components of hetero-
geneous catalysts and optical, magnetic, and electrochemical devices, to
name but a few.

Polymer nanocomposites are materials in which an organic component
(matrix) is a polymerdeither naturally occurring or synthetic. The nanoscale
filler embedded in the polymer matrix may have an inorganic (e.g., silica
clays) or an organic (e.g., nanocellulose) origin. Moreover, the filler leads
to the generation of vast interfacial contacts with the organic matrix and
better performance attributes than the constituent polymers. The polymers
commonly used for preparing polymer nanocomposites are nonbiodegradable
and therefore less friendly environmentally.

Material scientists are focusing efforts on the development of biopolymer-
based nanocomposites (known as bionanocomposites) that display the
well-known properties of nanocomposites provided by synthetic polymers
(improved mechanical properties, higher thermal stability, and gas barrier
properties) [2,3]. In addition to these characteristics, bionanocomposites
have the remarkable advantage of exhibiting biocompatibility, biodegrad-
ability, and, in some cases, functional properties provided by either biological
or inorganic moieties. To create environmentally friendly materials, a number
of biopolymers have been employed for constructing bionanocomposites in
recent years. Polymers that are increasingly used in the bionanocomposite
technology to replace nonbiodegradable polymers include both naturally
occurring starch, cellulose, poly(hydroxyalkanoates), pectin, chitosan, etc.
and synthetic poly(lactic-co-glycolic acids) (PLGA), poly(ε-caprolactone)
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(PCL), poly(butylene succinate), etc. Other synthetic biodegradable polymers,
particularly those composed of physiological and nontoxic building blocks
such as a-amino acids, fatty diols, and carbonic acid or dicarboxylic acids,
have been developed during the last few decades. Specifically, the derived
poly(ester amide)s, poly(ester urethane)s, poly(ester urea)s, and their copoly-
mers [4e11] are receiving great attention as matrices for constructing bio-
nanocomposites. Significant improvements in mechanical, barrier, and
thermal properties over pure polymers have been reported. The biodegradation
rate of a polymer after incorporating an inorganic nanofiller also changesdit
is either enhanced or decreased, but biodegradation ability is retained.

Apart from having high-performance characteristics, the properties inherent
to biopolymers such as biocompatibility and biodegradability open new
prospects for bionanocomposite materials in medicine and environmentally
friendly materials (green nanocomposites). Bionanocomposite materials are
highly promising for regenerative medicine applications as drug-eluting ma-
terials, antibacterial coatings to protect surgical devices from biofilm forma-
tion, structural materials, coatings for vascular stents, wound-dressing
materials with enhanced wound-healing potential, and antibacterial coatings
of public goods, among others. The preparation, study, and applications of
bionanocomposites represent a new interdisciplinary field closely related to
important topics such as chemistry of biodegradable polymers, biomineral-
ization processes, bioinspired materials, and biomimetic systems.

The upcoming development of novel bionanocomposites introducing multi-
functionality is a promising research topic that takes advantage of synergis-
tic assembling of biopolymers with inorganic nanometer-sized solids.

Bionanocomposites can be classified according to the morphology of incor-
porated nanoparticles, which logically influences final properties. In general,
the effect increases as the particle aspect ratio does, namely, in the order iso-
dimensional particles (e.g., silica, metal nanoparticles) < layered particles
(e.g., monolayered clays, layered double hydroxides) < elongated particles
[e.g., cellulose nanofibrils, carbon nanotubes (CNTs)]. The degree of disper-
sion also plays a fundamental role. Thus layered nanocomposites can be inter-
calated, exfoliated, and flocculated (or phase separated) nanocomposites. It
should also be considered that the inorganic part of the hybrid nanocomposite
may have a natural origin, as is the case of hydroxyapatite (HAp), which could
also contribute to the improvement of final biocompatibility in this case.

In general, bionanocomposites can be prepared by in situ synthesis of nano-
particles inside the biopolymer matrix or by simple mechanical mixing of
the two components [12]. In addition, strategies based on the generation
of appropriate hybrid building blocks by coupling the nanoparticle with
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the biomolecule are gaining interest [13,14]. In this sense, much effort is be-
ing focused on controlling and understanding interface interactions between
the nanoparticle and the biopolymer (e.g., by promoting surface modifica-
tions that lead to covalent bonds, hydrogen bonds, and electrostatic
interactions).

2. PREPARATION OF BIONANOCOMPOSITES
Different techniques can be considered to prepare bionanocomposites, being
logically dependent on the final morphology (e.g., thin films, fibers, or bulk).
Assembly techniques have been successfully employed to obtain thin film
nanomaterials with high dispersion and content of nanofillers. Layer-by-layer
assembly (Fig. 7.1A) and spin coating (Fig. 7.1B) are probably the best known
processes. In the first case, different layers of components able to establish
strong interactions between them are deposited alternately with good control
of their respective thickness [15]. In the second case, ultrathin films are pro-
duced from a solution or a dispersion of the nanocompound after evaporation
of the solvent at a high rotation speed. The thickness of the film depends on the
viscosity and concentration of the solution/dispersion, angular speed, and char-
acteristics of the solvent/dispersion medium.

Vertical (LangmuireBlodgett film [16]) (Fig. 7.1C) or horizontal (Langmuire
Schaefer film [17]) assembling of one or more monolayers of an organic
amphiphilic molecule may give rise to films with very accurate thickness.
Successive monolayers are adsorbed onto a solid substrate by immersion/
emersion into a liquid solution containing the organic compound. These
processes have been satisfactorily applied, for example, to obtain cellulose
nanocrystal layers [18,19].

Micro- and nanofibers can be easily obtained by electrospinning
(Fig. 7.1D), which is based on application of a high voltage to a viscous
polymer solution to induce the formation of a liquid jet. This jet is continu-
ously stretched because of electrostatic charges generated on the surface
while it solidifies as a consequence of solvent evaporation [20]. The tech-
nique is highly versatile since it can be applied to a wide variety of polymers
and allows for some control on final morphology, diameter size, and surface
texture by proper selection of solution properties (e.g., polymer concentra-
tion, conductivity, viscosity), processing parameters (voltage, flow rate,
distance between the solution and the collector), and ambient parameters
(e.g., temperature and humidity).

Hydrogels can be obtained from different nanocrystals and even from com-
posites of nanocrystals and different polymer matrices if strong intermolec-
ular interactions (e.g., hydrogen bonds and ionic bonds) can be established.
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(A)

(B)

(C)

(D) (E)

n FIGURE 7.1 Usual techniques to prepare bionanomaterials: (A) layer-by-layer assembly; (B) spin coating; (C) LangmuireBlodgett films; (D) electrospinning;
(E) ultrasound micromolding (1. Generator; 2. Controller; 3. Amplifier; 4. Sonotrode; 5. Mold; 6. Transducer). Reprinted with permission from J. Matovic, Z.
Jak�si�c, in: K. Takahata (Ed.), Micro Electronic and Mechanical Systems, InTech, 2009 (Chapter 5); S.A. Kandjani, S. Mirershadi, A. Nikniaz, in: L.K. Kosyachenko (Ed.),
Solar Cells-Approaches and Reviews, InTech, 2015 (Chapter 8); S. Athira, K.P. Sanpui, K. Chatterjee, J. Polym. Biopolym. Phys. Chem. 2 (2014) 62e66; A. Díaz, M.T.
Casas, J. Puiggalí, Appl. Sci. 5 (2015) 1252e1271.
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Polysaccharides such as nanocellulose and chitin have been widely
employed to obtain new hydrogels with enhanced structural stability and
elastic modulus and high capability to absorb water.

Bionanocomposites incorporating nanoparticles (e.g., silver, clay, and HAp
particles) can be prepared by solvent casting, melt processing, and in situ
polymerization. In the first case, we can distinguish between a sample ob-
tained by evaporation of the solvent after dispersing the preprepared nano-
particles in a polymer solution and a sample obtained by fabrication of
nanoparticles in the polymer solution [e.g., by reducing silver nanoparticles
(AgNO3) in an ethanol solution of polymers; in this case the solvent serves
as a reductant and the polymer as a stabilizing agent]. In the second case, the
polymer matrix and the particles are heated under either batch or continuous
shear (e.g., extruder). Usually, powdered polymer and nanoparticles are
initially dispersed in a high-speed mixer. The in situ polymerization tech-
nique involves dispersion of nanometer-sized inorganic particles in the
monomer followed by polymerization using a simple bulk or solution
method in the presence of a small amount of catalyst. Ultimate dispersion
of nanoparticles in resulting nanocomposites is usually better in this process
as the nanoparticles can be distributed homogeneously in the low-viscosity
monomer.

Attempts to reduce the softening point of natural polymers such as cellulose
to obtain new thermoformable bionanocomposites have also been made.
For example, suitable nanocomposites to be processed by thermoforming
or injection molding were obtained by grafting dense polymer brushes
(e.g., PCL) onto the surface of cellulose nanocrystals [25]. Ultrasound
micromolding technology has also been proposed as an ideal system to
improve dispersion of clay nanoparticles into polylactide (PLA) matrices
(Fig. 7.1E) [26].

3. APPLICATIONS AS GREEN MATERIALS
Development and production of new biobased packaging materials is
currently a hot topic because of the growing demand for high-quality prod-
ucts, environmental concerns, and limitations in the use of compounds
derived from fossil resources. Furthermore, applications can be clearly
enhanced by incorporation of biologically active substances such as antiox-
idants, antifungal agents, antimicrobials, and other nutrients. Specifically,
these extra biofunctional properties increase the potential application of
polymer-based nanocomposites in the food packaging industry, for
example, by improving food quality and extending shelf-life [27,28]. Prob-
ably, PLA-based bionanocomposites are now the most relevant
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bionanocomposites in view of the continuous increase in scientific publica-
tions in the last few years [29,30].

3.1 Bionanocomposites Based on Polylactide
PLA is currently one of the most interesting biodegradable polymers since
the monomer can be obtained from renewable sources (e.g., corn, wheat,
and rice), synthesis can be performed with a high yield and in a highly
controlled manner considering molecular weight average and distribution,
and the resulting polymer is biocompatible and has relatively good mechan-
ical and thermal properties. Nevertheless, PLA has some intrinsic problems
caused by its difficulty to be crystallized from the melt, a low degradation
rate, and even poor toughness (i.e., PLA has less than 10% elongation at
break), which may be problematic in some cases. Performance can be
improved by preparing bionanocomposites (usually by adding clays during
in situ polymerization) and also by forming stereocomplexes since that
constituted by a 1:1 mixture of poly(L-lactide) and poly(D-lactide) exhibited
a higher melting temperature and better mechanical properties than polymers
derived from each stereoisomer [31].

PLA is a highly promising material for packaging applications [32], with
good properties being reported, such as having better UV light barrier prop-
erties than low density polyethylene. In addition, PLA has mechanical prop-
erties comparable to those of poly(ethylene terephthalate), lower melting and
glass transition temperatures, and low migration of lactic acid and its deriv-
atives to food simulant solutions.

In fact, PLA is a potential alternative to the most widely employed films
mainly based on linear low-density polyethylene, branched low-density
polyethylene, and linear high-density polyethylene. These films are usually
processed by melt blowing, which may be more difficult for PLA because
of its poor viscoelastic behavior and extremely low melt strength. Therefore
it has been proposed to increase chain entanglement (e.g., by increasing mo-
lecular weight or producing long chain branching) or extend melt relaxation
times of PLA chains [33]. Incorporation of nanoparticles able to build a
fillerematrix network has also been proposed as an effective alternative
[34e37].

Most clay-derived bionanocomposites are based on a PLA matrix. Its main
applications include high-value films, food and beverage containers, and
coated papers [38e40].

Clay-based PLA nanocomposites are mainly derived from layered silicates
[28,41e44], sepiolite [45] (a magnesium silicate having a fibrous morphology
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and fine microporous channels), and halloysite [46] (an aluminosilicate with a
tubular structure considered as an alternative to both CNTs and organomodi-
fied layered silicates). Their beneficial effect on mechanical (e.g., stiffness and
flexural stress) and flame-retardant properties, processing (e.g., by improving
crystallization kinetics), and degradability (e.g., by enhancing their biodegra-
dation rate) has been demonstrated [28,41e46].

The biodegradation rate of PLA in compost can be enhanced by incorpora-
tion of only 4 wt% of an organomodified montmorillonite [44]. This
behavior was explained by homogeneous dispersion of terminal-
hydroxylated edge groups of intercalated silicate layers in the PLA matrix,
which led to initiation of a heterogeneous hydrolysis.

A result concerning the influence of intercalated or exfoliated layered sili-
cate on the crystallization kinetics of derived nanocomposites was given
by Pochan and Krikorian [47]. In particular, it was found that addition of
organomodified clays (e.g., those derived from the incorporation alkylam-
monium salts between silica layers) increased the miscibility with the poly-
mer matrix and hindered the formation of primary nuclei [47]. However,
mechanical properties were increased by 61% by adding 15% of the organo-
modified C30B clay [methyl tallow bis(2-hydroxyethyl) ammonium mont-
morillonite] [38]. A thorough study on PLA nanocomposites prepared by
melt intercalation by the Okamoto group evaluated the influence of clay con-
tent, nature of the organomodifying agent, and aspect ratio of silicate plate-
lets [40,44,48,49].

Addition of nanoclays (e.g., Cloisite C30B) to PLA could influence its pho-
todegradation process under natural weathering. Specifically, the photooxi-
dation mechanism was generally not modified although an acceleration of
the degradation rate with the increase of the clay content was reported [50].

The influence of hybrid additives such as the mixture of a clay mineral and
CNTs has also been explored. These additives can be prepared by direct
growth of CNTs by catalytic chemical vapor deposition on a clay catalyst
(e.g., sodium-exchanged muscovite). The incorporation of this additive at
any concentration in a PLA matrix was found to be beneficial since it pre-
vented the loss of mechanical consistency with UV irradiation time [51].

The elastic modulus of pure PLA linearly decreases with an increasing irra-
diation time, while the introduction of the additive, at any concentration,
prevents the loss of mechanical consistency of PLA.

Some efforts are being made to reduce the effective costs of clay nanocompo-
sites. Specifically, the use of materials from natural clay mineral deposits ap-
pears more interesting than that of expensive commercial clay minerals [52].
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High levels of exfoliation can only be attained when favorable interactions
are established between the polymer and the surface of the clay mineral
and/or intercalated organomodifiers. Organomodified clays having reactive
hydroxyl groups are highly interesting to obtain exfoliated structures because
they can participate in ring-opening polymerization of lactide and render
polymer chains directly grafted onto the clay surface (Fig. 7.2) [53]. Lamellar
sheets are subsequently pushed apart from each other by the grafted chains,
leading to the formation of a highly exfoliated structure.

The use of masterbatches consisting of a premix of a high clay mineral con-
tent with the polymer is also interesting because they may behave as a com-
patibilizer for the selected matrix [54,55]. In situ polymerization of lactide in
supercritical CO2 allowed PLAmasterbatches up to 50 wt% clay content that
were subsequently used to achieve nanocomposites with great control of clay
delamination [56]. Masterbatches of PLA-grafted clays have also been melt
compounded with high-molecular weight PLA matrices to obtain materials
with appropriate mechanical strength. The length of the grafted PLA chain
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was found to play a fundamental role in the processability of the nanocom-
posite. Specifically, an enhancement of viscosity or a plasticizing effect was
derived depending on whether the grafted chain was longer or shorter than
the critical length of chain entanglement [57].

The use of layered double hydroxides [58], represented by the formula�
M2þ

1�xM
3þ
x ðOHÞ2

�
An�
x=n y H2O, where M2þ and M3þ are cations such as

Mg2þ and Al3þ and An� are interlayer anions such as CO3
2� and NO3

�,
has recently been considered for PLA nanocomposites because layered dou-
ble hydroxides can also render flame-retardant, bactericide, and photocata-
lytic properties. Nevertheless, works are scarce because of strong ionic
interactions established between hydroxide layers, and therefore the intrinsic
difficulty in obtaining a well-dispersed material. Organic anions (e.g., alkyl
carboxylates or even acrylates) are usually intercalated between layers to
favor final dispersion. Logically, the presence of hydroxyl groups and metals
may also make it difficult to obtain high molecular weights by in situ poly-
merization methods. Flame resistance of PLA was found considerably
improved when organomodified layered double hydroxide containing Zn
and Al as metal ions was incorporated in addition to typical fire retardants.
It was postulated that the metal in the nanoparticles catalyzes reactions that
lead to graphitization and reduction of heat transmission during the burning
process [59].

Multiple works deal with surface functionalization of SiO2 [60,61] and TiO2

[62,63] nanoparticles and CNTs [64e66]. This procedure is aimed at estab-
lishing good interactions with PLA matrices and to obtain bio-
nanocomposites with properties other than those rendered by clay and
layered double hydroxide nanocomposites. The best option to modify the
particle surface is to cover it with a grafted polymer of the same or similar
nature to that constituting the matrix. The process can be performed accord-
ing to the well-known “grafting from” and “grafting to” methodologies. The
latter usually requires more difficult reaction conditions and provides higher
molecular weights and lower grafting density. Therefore less favorable inter-
actions and properties should be expected from the “grafting to”
methodology.

PLA surface-modified SiO2 nanoparticles with different topological struc-
tures were prepared by surface-initiated ring-opening polymerization (graft-
ing from) and nucleophilic addition reaction (grafting to) methodologies
[33]. Results pointed out the possibility of obtaining well-defined high-
density or high molecular weight PLA-grafted silica nanoparticles. In this
way, previous limitations concerning bad compatibility between silica and
PLA can be overcome.
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PLAeTiO2 nanoparticle nanocomposite films were prepared by incorpo-
rating surface-modified TiO2 nanoparticles into polymer matrices. During
the preparation of the nanocomposite films, aggregation of TiO2 nanopar-
ticles could be severely decreased by surface modification with carboxylic
acids and long-chain alkyl amines. In this way, PLA nanocomposite films
with high transparency could be prepared without depending on the amount
of incorporated nanoparticles. Moreover, nanocomposites showed enhanced
photodegradation compared to pure PLA films [67] as it was also found
when clay nanoparticles were incorporated [50].

Light weight, stiffness, and intrinsic electrical properties of CNTs make
them ideal fillers for obtaining bionanocomposite materials with high me-
chanical performance and electrical conductivity. CNTs can be visualized
as the result of rolling a sheet of graphite (defined by a hexagonal lattice
of carbon atoms linked by sp2 bonds) to produce a cylinder (known as a
single-walled carbon nanotube) with a diameter in the 1e5 nm range and
a length of several microns (Fig. 7.3).

Multiwalled carbon nanotubes (MWCNTs) are a second category derived
from multiple rolling of graphite layers. In fact, the elongated shape of
CNTs makes them a good flame-retardant additive because of formation
of a continuous network protective layer. Functionalization of CNTs is,
however, an important requirement to avoid aggregation. Different options
have been proposed to this end, for example, oxidation processes [68] such
as exposure to oxygen, hydrogen peroxide, or sulfuric and nitric acids, and
plasma treatment [69]. Carboxyl and hydroxyl groups can be formed on the
nanotube surfaces and have the ability to interact with PLA molecules.
“Grafting to” and “grafting from” methodologies (Fig. 7.3) have also been
applied to link covalent PLA molecules to CNTs [69e72]. Nanocomposites
prepared by the “grafting from” methodology have enhanced thermal and
mechanical properties and probably low electrical conductivity since the sur-
face of CNTs is well covered by the PLA-grafted chains and consequently
the formation of a network of conductive nanotubes is hindered [72]. A
less effective strategy for PLA was supramolecular assembly through estab-
lishment of pep interactions between polymers (e.g., using PLA with pyr-
ene end groups) and CNT surface [37].

Advantages provided by CNTs can be improved if the nanocomposite ef-
fect is combined with the improvement resulting from PLA stereocom-
plexes to derive materials for high load applications [72]. Interestingly,
exclusive crystallization of PLAs in the stereocomplex form was found
by addition of small amounts of MWCNTs combined by a mild thermal
treatment.
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Incorporation of ZnO nanoparticles in PLA matrices may render a positive
effect on protection against UV radiation, give improved optical and anti-
bacterial properties, and enhance crystallization kinetics. However, ZnO,
just like other metallic oxides, may be problematic because it can also cata-
lyze unzipping reactions that, on the other hand, could be interesting for
recycling purposes. Nevertheless, it has been found that surface treatment
of nanoparticles by silanization avoids the decrease of molecular weight
and properties of the filled PLA matrix [73].

(A)

(B)

n FIGURE 7.3 Polylactide-functionalized carbon nanotubes (CNTs) by the “grafting to” technique after an oxidative process of the initial CNTs (A) and by the
“grafting from” technique from CNTs having hydroxyl groups on their surface (B). Reproduced with permission from M. Brzezi�nski, T. Biela, Mater. Lett. 121
(2014) 244e250.
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PLA silver nanoparticles are usually prepared by solution-processing
methods to obtain good dispersion and materials with a good bactericide ef-
fect. Chemical reduction of silver nitrate with sodium borohydrate in a PLA
solution rendered stable colloids without aggregation and uniform nanopar-
ticle distribution after solvent casting [74].

4. APPLICATIONS AS SPECIALTIES
Natural polymers (e.g., cellulose, alginate, collagen, gelatin, elastin, starch,
chitosan, or alginates) have multiple applications as biomedical materials
and devices. Wound dressings, drug delivery systems, scaffolds for tissue
engineering, vascular grafts, and medical implants are some interesting ex-
amples [75,76].

4.1 Bionanocomposites Based on Collagen
Collagen is the most abundant protein in mammals (i.e., 25%e35% of the
whole protein content) since it is the major component of the extracellular
matrix in connective tissues. Up to 28 types of collagen have been
described, although 90% of collagen found in the human body corresponds
to the so-called type I collagen. This corresponds to an arrangement of three
polypeptide chains twined around one another. The strands are linked by
intermolecular hydrogen bonds, giving rise to a rod-shaped entity (with a
length and width close to 300 and 1.5 nm) that can self-assemble into fibrils
in vivo and in vitro to lead to three-dimensional networks [77,78]. Collagen
can therefore form cross-linked compacted solids as well as lattice-like gels.
This makes it an ideal biomaterial that fulfills requirements for biomedical
uses such as excellent biocompatibility and biodegradability, appropriate
mechanical strength and flexibility, and ability to absorb fluid and release nu-
trients [79e81]. Nanocomposites with enhanced properties and improved
thermal and structural stability have been produced from collagen, including
synthesized collagen-like peptides, and extensively studied.

Collagen can be confined on the surface of sulfonate-modified silica parti-
cles, leading to building blocks with tunable diameters and surface poten-
tials. These hybrids can subsequently self-assemble into collagenesilica
networks where specific properties of recognition collagen fibrils are well
preserved [82]. Most research on collagen-based bionanocomposites con-
cerns HAp derivatives [83e86], whereas works related to layered silicate
nanoparticles are relatively scarce [87,88].

Biocomposites constituted by a collagen peptide and sodium montmoril-
lonite were prepared by the solution-casting method. Analyses showed
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that silicate layers were finely dispersed in the collagen matrix, although
cross-linking with glutaraldehyde worsened the degree of dispersion [89].

Hydrolysis of collagen fibrils into smaller peptides gives rise to gelatin,
which is consequently the result of an irreversible denaturation process.
Gelatin can form transparent, elastic, and thermoreversible gels and new
biocomposites when combined with inorganic solids such as montmoril-
lonite and perovskite. Incorporated nanoparticles may have a strong influ-
ence on the gel transition temperature, film formation ability, and
rheological, mechanical, and dielectric properties, as summarized by Darder
et al. [87].

An intercalated nanocomposite of gelatin/montmorillonite-chitosan was
prepared by a typical solution intercalation process. Incorporation of the
clay decreased the degradation rate to a lower level than the mixture of
the two polymers, with the effect being dependent on the clay content. In
addition, the nanocomposite had a positive effect on cell adhesion and pro-
liferation [90].

Blending gelatin with cellulose in the presence of montmorillonite rendered
biocomposite scaffolds with a controllable morphology. This varied accord-
ing to the applied freeze-drying conditions (e.g., freezing rate and lyophili-
zation process). More interestingly, the clay had an influence on
proliferation, scaffoldecell interactions, apoptosis, and ability to promote
osteogenesis and differentiation [91].

4.2 Bionanocomposites Based on Hydroxyapatite
HAp is a bioceramic material chemically represented as Ca10(PO4)6(OH)2,
which is part of most inorganic components of human bones, tendons, and
teeth. Logically, HAp in either dissolved or solid form supports biocompat-
ibility, bioactivity, and osteoconductivity properties [92]. Morphology and
dimensions of HAp particles can be well controlled by varying composition
and processing conditions (Fig. 7.4) [93e97]. Therefore one-dimensional
nano-HAps (e.g., nanowires, nanorods, nanobelts, and nanotubes) are exten-
sively studied for applications in the biomedical field that have been growing
exponentially during the last 4 years [96,97]. In particular, synthetic HAp
bionanocomposites are among the most important implantable materials
and of special interest for hard tissue regeneration. Different reviews con-
cerning preparation of electrospun scaffolds [98], design of bioactive mate-
rials [99], self-assembled bionanocomposites [100], and bionanocomposites
based on natural polymers and HAp [101] can also be found. Probably, those
based on collagen proteins and proteoglycans are the most similar to systems
found in natural bones [102].
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The nanofiber morphology of these hybrids is easily obtained by the electro-
spinning technique. HAp particles can be incorporated as a surface attach-
ment or partial and complete encapsulation depending on the relation
between the fiber diameter and the size of the HAp nanoparticle. The
different morphologies influence the mechanical properties, being better
complete encapsulation, and bioactivity, being better surface attachment
and partial encapsulation [103]. Electrospinning of HAp/natural polymer
hybrids is problematic because of difficulties in obtaining a homogeneous
electrospinnable solution and limitations imposed by the use of solvents,
which lead to denaturation and loss of biological properties linked to the sec-
ondary structure. For example, the triple helix of collagen is easily lost in
aqueous environments and specially in the fluoroalcohols used for the elec-
trospinning process [104]. Denaturation of collagen gives rise to gelatin, a
problem that has been partially solved by promoting a certain degree of
cross-linking between the electrospun fibers. Stabilization can be performed,
for example, by using genipin, a compound with very low cytotoxicity [105].

Electrospinning of HAp/gelatin solutions is also problematic because of the
abundant formation of irregularities (e.g., beads). Current strategies are
based on improving distribution of HAp nanoparticles by forming crystals
in situ, which are produced by mixing gelatin solutions containing calcium
cations and gelatin solutions containing phosphate anions [106]. A similar
original preparation method (Fig. 7.5) was proposed for alginate/HAp nano-
composites because a highly uniform distribution of HAp could be obtained,
avoiding the severe agglomeration problems observed when a conventional
blending/electrospinning method was applied [107].

(A) (B) (C)

n FIGURE 7.4 Examples of morphologies attained with hydroxyapatite (HAp) nanoparticles: (A) aligned nanorods; (B) HAp nanosheets; (C) electrospun chitosan
nanofibers coated with HAp nanocrystals. Reprinted with permission from J. Xiao, Y. Zhu, Q. Ruan, Y. Liu, Y. Zeng, F. Xu, L. Zhang, Cryst. Growth Des. 10 (2010)
1492e1499; D.V.H. Thien, S.W. Hsiao, M.H. Ho, C.H. Li, J.L. Shih, J. Mater. Sci. 48 (2013) 1640e1645; J.D. Chen, Y.J. Wang, K. Wei, S.H. Zhang, X.T. Shi,
Biomaterials 28 (2007) 2275e2280.
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HAp nanocomposites were also prepared using different synthetic biode-
gradable polymers, among which PLA, PLGA, and PCL merit special atten-
tion [108e110]. Again, the different solubility of the hydrophobic organic
polymer and the hydrophilic nanoparticle becomes the main problem in
applying the electrospinning technique. In this case, modification of HAp
by surface grafting with polymers more compatible with those employed
as a matrix is a real possibility [111]. Indeed, ring-opening polymerization
of lactide can be promoted by the hydroxyl functionality of the HAp surface.

Applications in the biomedical field of such nanocomposites are mainly
based on the use of three-dimensional constructs as an alternative to tradi-
tional bone grafts, with the consequent clinical relevance in the treatment of
bone cancer [112]. However, acidic degradation products may become a
serious problem for the surrounding cells of PLA and PLGA composites.
In this sense, the biodegradable and water-soluble poly(vinyl) alcohol

(A) (B)

(C) (D)

n FIGURE 7.5 Chemical structures of calcium alginate (A). HAp nanocrystals were induced to nucleate and grow at the [eCOO�]eCa2þe[eCOO�] linkage
sites on electrospun alginate nanofibers impregnated with PO43� ions (B and C). Scheme of the in situ synthesized HAp/alginate nanocomposite fibrous scaffold
(D). Reprinted with permission from T. Chae, H. Yang, V. Leung, F. Ko, T. Troczynski, J. Mater. Sci. Mater. Med. 24 (2013) 1885e1894.

4. Applications as Specialties 253



(PVA) is receiving much attention because of the self-cross-linking ability
provided by the abundant presence of hydroxyl groups [112].

Biological properties can be improved when HAp is placed on the surface
of electrospun fibers. The coating process can be easily performed by soak-
ing/incubation of the prepared scaffold in simulated body fluid (e.g.,
Fig. 7.4 for chitosan electrospun nanofibers coated with HAp [95]).

Electrospraying of HAp nanoparticles over the surface of polymer nanofib-
ers (e.g., PCL [113]) has also been demonstrated as a promising system to
improve biological performance (e.g., cell adhesion, proliferation, and
differentiation).

Structures ranging from submicron size to decimeter size can also be accu-
rately prepared by stereolithographic techniques. Current biodegradable
systems based on trimethylene carbonate, ε-caprolactone, and lactide are
widely used for formulating an initial liquid resin where HAp can be
dispersed to enhance bioactivity of resulting scaffolds [114].

HAp bionanocomposites have also found application as drug delivery sys-
tems because they can show great affinity with a variety of molecules (e.g.,
antibiotics, growth factors) and provide a sustained release and an intrinsic
biological effect because of the incorporation of HAp. Interesting examples
correspond to HAp/collagen-alginate bionanocomposites loaded with
growth factors that stimulate bone formation [115] or porous HAp/collagen
scaffolds that act as carriers for fibroblast growth factors, which make them
highly efficient for both bone and cartilage regeneration [116].

Other interesting applications of HAp-based bionanocomposites are being
developed. Thermosensitive polyethylene glycol (PEG)ePCLePEG hydro-
gels were mixed with HAp nanoparticles to form an injectable bio-
nanocomposite of interest for application in the bone tissue engineering
field [117]. The injectable fluid was able to form a gel in the desired tissue
or organ in a minimally invasive form and at body temperature [117]. Com-
plex systems, such as those derived from incorporation of a collagen/nano-
HAp material into an alginate hydrogel, proved highly efficient for delivery
of nerve growth factors and regeneration of nerves [118]. Development of
artificial corneas is difficult because of compatibility and attachment prob-
lems but systems based on a skirt of porous nano-HAp/PVA hydrogel and
a transparent PVA hydrogel core have provided highly promising results
[119].

Despite the clear advantages of HAp-based nanocomposites in biomedical
applications, it should also be pointed out that nanocomposite materials
based on organomodified montmorillonite clays appear as promising
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candidates for bone graft substitute applications. Thus it was reported that
clays can be well dispersed in resorbable polymer matrices (e.g., PLA)
via supercritical carbon dioxide, rendering bionanocomposites with good
compressive mechanical properties, high porosity, and the ability to facili-
tate in vivo bone formation [120].

4.3 Cellulose Bionanocomposites
Cellulose has great advantages, such as low cost, outstanding mechanical
properties, sustainability, biodegradability, biocompatibility, and low cyto-
toxicity, which explain its many applications in the biomedical field. More-
over, cellulose is the most abundant natural polymer, with sources being
distributed in green plants, marine animals, algae, and bacteria. Chemical
composition of cellulose is defined by the connection through b-(1/4)
glycosidic bonds between D-glucose units, which gives rise to a linear syn-
diotactic polymeric chain with a stiff rod-like conformation caused by the
equatorial disposition of hydroxyl groups. Cellulose is a fibrous and tough
material with final properties that are highly dependent on the source and
subsequent treatment. In general, cellulose is highly crystalline because of
the establishment of hydrogen bonds between and within molecular chains.
Thus several crystalline forms can be described (e.g., cellulose I for the nat-
ural biopolymer, cellulose II for regenerated fibers, and celluloses III and IV
after different chemical treatments [121]). Even the structure of natural cel-
lulose is different depending on its origin (e.g., Ia and Ib are the predominant
structures for cellulose produced by bacteria and plants, respectively).

Cellulose has amorphous and crystalline regions. The former can be
degraded by treatment with strong acids [122]. This allows cellulose nano-
crystals (CNCs) with whisker morphology (Fig. 7.6A) to be obtained. These
new materials have peculiar properties that make them interesting as fillers
for biobased matrices [123]. Cellulose nanofibers (CNFs) are another inter-
esting kind of nanostructured cellulose with wide applications. These nano-
fibers (Fig. 7.6B) can be produced and isolated from natural fibers by
mechanical methods (high-pressure and ultrasonic homogenization,
grinding, and microfluidization). Bacterial nanocellulose (BNC) or microbi-
al cellulose is a third type of nanostructured cellulose produced by bacteria
(e.g., acetobacter strain). The process involves polymerization of glucose
residues, secretion from the cell and crystallization into nanofibers with di-
ameters smaller than 100 nm (Fig. 7.6B) [124].

An excellent review concerning the biomedical applications of nanocellu-
lose materials (i.e., CNCs, BNCs, and CNFs) has been published by Jorfi
and Foster [127]. BNC-based materials can provide an excellent wound-
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healing effect, together with fast tissue regeneration and low inflammatory
response [128,129]. BNCs have also been proposed as ideal materials for tis-
sue engineering because of their low cytotoxicity and high porosity
[130,131]. Thus different materials based on nanocellulose have been
commercialized for both wound-healing and tissue-engineering applications
[128,132]. Applications also include replacement of soft tissues (e.g., carti-
lages). For example, BNC gels have been developed for meniscal implants
[133]. Structured materials such as CNCs also appear highly interesting to
provide nanoscale cues for culturing oriented tissues (e.g., skeletal muscle
myoblasts) [134]. Cellulose nanocomposites have also been considered for
cardiovascular applications; specifically, cellulose and chitosan blends
were employed to obtain small hollow tubes with characteristics similar to
those of human coronary arteries [135].

(A)

(B)

n FIGURE 7.6 (A) Scheme of the linear molecular chain [green box (light gray box in print versions)], the syndiotactic repeat unit [garnet box (gray box in print
versions)], establishment of glycosylic bonds between glucose rings [violet box (dark gray box in print versions)], and intra- [blue box (light black box in print
versions)] and intermolecular [brown box (black box in print versions)] hydrogen bond interactions. (B) Transmission electron microscopy (TEM) micrograph of
cellulose nanowhiskers (left), scheme, and scanning electron microscopy (SEM) micrograph of nanofibers derived from a fiber of cellulose (middle) and TEM
micrograph of bacterial cellulose (right). Reprinted with permission from J. Araki, S. Mishima, Molecules 20 (2015) 169e184; W.K. Czaja, D.J. Young, M.
Kawecki, R.M. Brown, Biomacromolecules 8 (2007) 1e22.
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One of the most promising biomedical applications of cellulose nanocom-
posites is their use as cortical implants, thanks to their ability to provide
in situ softening interfaces. These materials are sufficiently stiff to be
implanted in the brain and capable of softening under in vivo conditions,
thus becoming a material with a similar stiffness to that of the surrounding
tissue able to minimize the inflammatory response [136].

Shape-memory polymers are a kind of smart material able to memorize a
temporary shape and to revert to their permanent shape by application of
an external stimulus (e.g., heat [137] or light [138]). This property has
opened a wide range of possibilities in the biomedical field (e.g., implants
for minimal invasive surgery [139], actuators, and sensors [140]). Incorpo-
ration of fillers has a significant influence on shape-memory behavior. Spe-
cifically, concentration, size, and shape of particles, as well as compatibility
with the polymer matrix, must be taken into account. The last feature may be
problematic when hydrophilic nanocellulose is to be incorporated into a hy-
drophobic polymer, usually making it necessary to perform a chemical
modification, as reviewed [141].

Cellulose bionanocomposites may also have applications as antimicrobial
materials because of their high ability to incorporate active agents (e.g.,
N-halamine compounds) into their network or even to graft active com-
pounds onto their surface (e.g., L-cysteine, diclofenac) [142e144].

Finally, nanocellulose materials have also been considered as drug delivery
systems, and several examples concerning release of H2O2, proteins, and
lidocaine can be mentioned [145e147].

4.4 Bionanocomposites Based on Chitosan and
Chitin

Chitosan is obtained by deacetylation in strong alkaline solutions and by
enzymatic hydrolysis of chitin (poly-(1/4)-N-acetyl-glucosamine), which
is one of the most abundant natural polymers. Chitin is a linear polysaccha-
ride with the same b-(1/4) glycosidic bonds found in cellulose. In fact,
chitin gives rise to crystalline microfibrils, which serve as structural compo-
nents of cell (e.g., fungi and yeast) walls and of the exoskeleton of many in-
vertebrates (e.g., shrimps and crabs). After deacetylation, its properties
change in such a way that chitosan can be dissolved in diluted aqueous so-
lutions with a pH < 6.5. The high availability of chitosan, together with its
biodegradability, biocompatibility, and specific properties such as a bacteri-
cide effect, has turned attention toward the use of chitosan-based nanocom-
posites. Biomedical applications such as tissue engineering, wound healing,
tissue regeneration, drug delivery, and biosensors have been reviewed [148].
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Structural and functional properties of chitosan matrices can be greatly
improved by incorporation of chitin nanocrystals and chitin nanofibers,
the nature and content of which have a major effect on properties (e.g., me-
chanical and thermal) and even on antifungal activity [149].

Dimensional stability and barrier and mechanical properties of chitosan-
based films can be enhanced by developing nanocomposites through the
addition of various types of layered silicates (montmorillonite) to the poly-
mer matrix [150e154]. Moreover, these silicates can support both silver
ions and silver atoms in such a way that release of silver ions can be
controlled by diffusion and oxidation reactions that depend on nanoparticle
size and wettability [155,156]. Interestingly, a rapid and green method to
achieve an exfoliated chitosan/clay nanocomposite under microwave irradi-
ation while loading silver nanoparticles has been reported [157].

Preparation of bionanocomposites from chitosan and nanoparticles can be
carried out by controlling the pH of the polysaccharide solution, namely,
by regulating the electrostatic charge, which is ultimately responsible for
electrostatic interactions that cause jellification and even films. These
appear as a nacre-like structure from stacked planar nanoparticles separated
by aligned biomacromolecules [1].

Environmentally friendly antifouling materials have also been developed by
intercalating carboxymethyl chitosan and its copper complex into organic
montmorillonite. These bionanocomposites show good thermal stability
and excellent antibacterial activity that are dependent on clay content and
interlayer distance. In any case, the nanocomposites have combinative ad-
vantages of chitosan, clay, and copper ions [158].

Clay and HAp nanoparticles were also well distributed in a chitosan matrix
to render new bionanocomposites with high potential applications in tissue
engineering [159]. Diffraction studies have indicated the attainment of an
intercalated structure, whereas assays on mechanical properties have demon-
strated an enhancement of properties compared to chitosan and also to its
simple mixtures with clay or HAp components. Interestingly, biocompati-
bility studies have also shown a higher cell proliferation rate when both
HAp and clay nanoparticles were incorporated. Similar bionanocomposites
have been prepared via solvent casting from chitosan, HAp, and Cloisite 30B
with and without a glycopolymer grafted onto the clay surface [160].

A new method to prepare chitosan/montmorillonite nanocomposites was
proposed. It was based on the addition of potassium persulfate, which
caused cleavage of chitosan chains and exfoliation of the montmorillonite
under acidic solution conditions. Silicate layers became mostly oriented
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in parallel with the surface of chitosan film, leading to an increase in tensile
strength and a decrease in the degradation rate [161].

Bionanocomposites based on a thermoplastic polyurethane having a highly
crystalline soft segment and different chitin nanocrystal contents were
synthesized by in situ polymerization. These bionanocomposites showed
shape-memory properties and good biocompatibility [162]. Basically, the
incorporation of nanocrystals had a clear nucleating effect on the hard
segment phase and enhanced the shape-memory properties in a similar
way to that previously indicated for nanocellulose derivatives. Chitin was
added during synthesis of a prepolymer based on castor oil-based difunc-
tional polyol and hexamethylene diisocyanate. Polymerization was
completed using a corn-sugar-based chain extender (weight content of com-
ponents from renewable resources became higher than 60%).

4.5 Bionanocomposites Based on Proteins
Proteins have high density, high modulus, and stress-to-break and low
strain-to-break. Furthermore, processing problems are also frequent because
of reduced plastic flow properties and difficult control over structure and
molecular conformation. Basically, these factors are governed by strong in-
ter- and intramolecular interactions between constitutive amino acids. At-
tempts have been made to reduce proteineprotein interactions through
addition of compounds that could act as a lubricant by increasing chain
mobility through formation of weaker interactions and disfavoring the
typical secondary structures of proteins. Lignin and silicates are some exam-
ples of nanoparticles that have been incorporated into proteins.

Lignin is an amorphous and hydrophobic high molecular weight polymer
constituted by aliphatic and aromatic units and commonly found in nature
[163]. Chemical characterization of lignin is difficult since the polymer
cannot be isolated from the natural fiber. Lignin is insoluble in most solvents
(except hot alkalis), has a melting temperature close to 170�C, and a high
glass transition temperature (90�C) caused by strong intermolecular interac-
tions, which provides it with high rigidity. One of the main problems of us-
ing lignin is its processing difficulty. Thus other solutions such as grafting
with more mobile chains were proposed [164e166]. In fact, lignin has
high potential reactivity because of the presence of different functional
groups (e.g., phenolic, methoxy, and hydroxyl), which are sites for chemical
modification and/or reaction. Addition of lignin to polymers is not only
highly interesting as an opportunity for exploitation of renewable biomass,
but can also improve properties of materials by forming nanocomposites.
Furthermore, plasticizer migration can be hindered when the use of additives
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is required as it is typical of natural polymers such as proteins (e.g., soy,
zein) [167,168]. In addition, understanding how new ligninenatural poly-
mer interactions influence properties of natural polymers is a new focus of
research [167e170].

Incorporation of clay particles into biological systems as drug and DNA de-
livery vehicles as well as for tissue engineering is currently receiving great
attention [171,172]. As indicated earlier, cell proliferation can be improved
by incorporation of nanoclays into the polymer matrix, clear examples being
the positive results observed for chitosan- [159] and gelatin [91]-based
matrices. Interesting results have also been obtained using silk fibroin con-
structs reinforced with montmorillonite clays [173]. In fact, sodium silicates
are a clear source of osteoinductive silica species, such as the well-known
bioactive bioglasses, which are employed as bone repair biomaterial
systems.

4.6 Bionanocomposites Based on Synthetic Amino
Acid-Based Biodegradable Polymer

Amino acid-based biodegradable polymers (AABBPs) represent a huge and
relatively new family of biodegradable biomaterials made of a-amino acid-
based bis-nucleophilic key monomersediamine-diesters [4e11]. In most
cases, monomers are synthesized in high yields by a very simple procedure
of direct condensation of amino acids with fatty diols in the presence of
p-toluenesulfonic acid in relaxed benzene or toluene. Their molecules
have two hydrolyzable ester bonds that provide biodegradability of the cor-
responding polymers with reasonable rates, and two terminal amino groups
that are used for subsequent chain propagation and provide the incorporation
of hydrophilic NHeCO (amide, urethane, and urea) links in the polymeric
backbones. Accordingly, three classes of AABBPs, i.e., poly(ester amide)
s, poly(ester urethane)s, and poly(ester urea)s, were synthesized after step-
growth polymerization (polycondensation) of the diamine-diesters with
various bis-electrophilic monomers used as counterpartners. The use of three
classes of AABBPs, together with a huge variety of bis-nucleophilic and bis-
electrophilic monomers used for their construction, allows material proper-
ties of the polymers to be tuned in a wide range. AABBPs, like the
previously mentioned proteins (collagen, gelatin, etc.), release naturally
occurring a-amino acids upon biodegradation (hydrolysis), along with other
nontoxic products such as fatty diols, dicarboxylic acids, and carbon dioxide.
An important merit of AABBPs, in contrast to proteins, is their low immu-
nogenicity. AABBPs have also exhibited several obvious advantages over
another family of biodegradable polymers, i.e., aliphatic polyesters [7,11].
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All this allows AABBPs to be considered as promising candidates for
constructing bionanocomposites, especially for biomedical uses.

Since AABBPs are relatively new materials, they have been applied in
bionanocomposites in very few cases. One of their first applications was
reported in 2002 [174]. It was as a wound-dressing material (artificial
skin) called PhagoBioDerm. This material is composed of bacteriophages1

as nanofillers and amino acid-based biodegradable poly(ester amide) as a
matrix and used as a wound dressing (bandage) to treat poorly healing
wounds. PhagoBioDerm can be applied to wounds or infections as
sheets. The preparation was also effective for the complex treatment of
multidrug-resistant Staphylococcus aureus-infected local radiation injuries
caused by exposure to Sr90 [180].

Bacteriophages were also incorporated into electrospun microfibrous
matrices of a leucine-based poly(ester urea) [181]. It was demonstrated
that bacteriophages recovered from the electrospun scaffolds were morpho-
logically unaltered (Fig. 7.7) and showed a similar activity (as determined by
the double agar technique) to that evaluated from the initial samples. This
means that phages survived rather severe conditions of contact with chloro-
form and the impact of a high-voltage (6000 V) electric field.

As mentioned earlier, AgNPs are widely used for preparing antimicrobial
bionanocomposites, which are promising as both “biofilm shield” and
wound dressings. Various synthetic and natural polymers such as

n FIGURE 7.7 Scanning electron microscopy (SEM) micrographs of electrospun 1L6 scaffolds loaded with bacteriophages (left). Transmission electron microscopy
(TEM) micrograph of the morphology of a sample after being recovered from the electrospun scaffold (right).

1Bacterial viruses that invade bacterial cells and, in the case of lytic phages, disrupt bacte-
rial metabolism and cause the bacterium to lyse [175e178]. The size of bacteriophages is
between 100 and 200 nm. Bacteriophages incorporated in a biodegradable polymeric ma-
trix can be considered as a type of bionanocomposite [179].
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poly(vinylpyrrolidone) (PVP), polyvinyl chloride, poly(vinyl alcohol), sol-
uble starch, carboxymethyl starch, heparin, chitosan, and carboxymethyl
chitosan have been used for creating bionanocomposites containing AgNPs
as particle stabilizers and matrices. One of the most effective systems to
fabricate AgNPs is an ethanol solution of PVP with dissolved AgNO3d

ethanol serves as an AgNO3 reductant and PVP as an AgNP stabilizer
(through the interaction of nanoparticles with the nitrogen atom of the amide
group) [182]. PVP is a biocompatible and film-forming polymer. However,
it is not a good candidate to design biofilm shield or wound-dressing material
because of its high solubility in waterdthough the solubility of PVP pro-
vides the desirable release of AgNPs from the matrix but the coating is easily
washable from the surfaces. Besides, PVP is not biodegradable. Among
biodegradable polymers proven as nanoparticle stabilizers are starch and chi-
tosan. However, like PVP, both are water soluble. More promising as
matrices are water-insoluble but bioerodible polymers, which can provide
the release of AgNPs and form long-lasting coatings at the surfaces.

AABBPs belong to the desired category of biodegradable polymers. They
contain NHeCO bonds and can serve as AgNP stabilizers. It is important
to note that some AABBPs, for example, L-leucine-based poly(ester
amide)s, are soluble in ethanol and could be used as AgNP stabilizers instead
of PVP when fabricating AgNPs in ethanol solution [183]. Fig. 7.8 shows

n FIGURE 7.8 Transmission electron microscopy (TEM) micrograph of silver nanoparticles (AgNPs)
obtained after photochemical reduction of AgNO3 in ethanol solution in the presence of a copoly(ester
amide) composed of leucine, L-phenylalanine, 1,6-hexanediol, and sebacic acid.
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the transmission electron microscopy (TEM) micrograph of AgNPs obtained
after photochemical reduction (using daylight irradiation) of AgNO3 in
ethanol solution in the presence of a copoly(ester amide) composed of
L-leucine, L-phenylalanine, 1,6-hexanediol, and sebacic acid.

According to the TEM data, the photochemical reduction resulted in AgNPs
with a high contribution of particles below 10 nm, which are known to be
responsible for antimicrobial activity. The nanoparticles are presumably of
spherical shape, though some portion of triangular AgNPs are observed as
well. The latter are known to reveal the highest antimicrobial activity among
AgNPs of different shapes (spherical, triangular, and rod-like) [184].

5. OTHER BIONANOCOMPOSITES
Poly(3-hydroxybutyrate) (PHB) is a well-known fully biodegradable and
biocompatible polyester that can be produced from renewable resources.
Specifically, it is synthesized by microorganisms such as Ralstonia eutro-
pha, Methylobacterium rhodesianum, or Bacillus megaterium from glucose
or starch as main natural sources. The polymer is used as a storage com-
pound under growth-limiting conditions [185]. PHB has been applied as
packaging and disposable material despite inherent limitations because of
its high brittleness and vapor permeability, and relatively low thermal stabil-
ity, which hinders processing, considering its high melting point (close to
175�C) and crystallinity. To overcome these limitations, blending with other
polymers or copolymerization with monomers such as 3-hydroxyvalerate
has been carried out. Other possibilities to improve performance are based
on the production of nanocomposites, and in this case are relevant to the
works concerning the use of layered silicates [186,187], HAp [188],
MWCNTs [189,190], and ZnO nanoparticles [191,192].

For example, MWCNTs have been effectively grafted with poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) and subsequently
employed to prepare three-dimensional mats through electrospinning of
PHBHV solutions. Mechanical analysis indicated that such nanofiber-
loaded samples displayed excellent mechanical properties with an increase
(þ41%) in the tensile strain at break with respect to value determined for
the pristine PHBHV [190].

PHB mats containing ZnO nanoparticles were prepared by electrospinning
and combined electrospinning/electrospraying techniques. Interestingly, anti-
bacterial performance against Escherichia coli and S. aureus was proved to
be dependent on the elaboration technique, but had a weaker effect when elec-
trospraying of nano-ZnO dispersions was carried out [192].
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Bionanocomposites based on the incorporation of metal nanoparticles (e.g.,
silver and gold) are also of great interest because of the resulting optical
properties (in addition to the previously mentioned bactericide effect). Col-
lective oscillation of free conduction electrons of metal particles combined
with their large surface area leads to the surface plasmon absorption phe-
nomenon. An example of derived systems corresponds to the development
of gelatin hydrogels embedding silver particles [193]. Some works have also
focused on the development of colorimetric detectors based on variation in
aggregation of metal nanoparticles [194].

Starch granules are produced by most green plants and correspond to a car-
bohydrate consisting of a large number of glucose units joined by glycosidic
bonds. The granules can be melted, resulting in a biobased and biodegrad-
able thermoplastic material. The constitutive units form a highly hydrophilic
material with properties that highly depend on the water uptake [e.g., the
glass transition temperature may vary from 315�C (dry material) to 70�C
(material stored at 50% of relative humidity) or even 25�C (material stored
at 100% of relative humidity)]. Properties of starch can vary at 25�C from a
rigid and fragile material to a rubber-like compound. Mechanical perfor-
mance of starch in its rubbery state is limited, which is a serious drawback
for applications as stimuli-responsive actuators [195], among others. In this
sense, development of biocomposites based on incorporation of clay nano-
particles into starch is being considered, and promising results are being ob-
tained [196].

Recent trends in the development of biosensors have considered the use of
layered materials such as cationic clays as efficient host matrices for en-
zymes. Specifically, laponite has been successfully employed to obtain a
bioelectrode for determination of galactose [197]. In a similar line, the elec-
troanalytical properties of an amperometric bioelectrode containing L-lactate
oxidase have been evaluated. The enzyme was immobilized on electrode
surfaces with a hydrogel film composed of laponite and different amounts
of a bioinspired polycation [198].

6. CONCLUSIONS
Bionanocomposites can display the typical advantages of nanocomposites
(i.e., those resulting from nanoscale dispersion of the filler), together with
biodegradability, biocompatibility, and even functional properties. These
materials can be employed as ideal environmentally friendly materials but
are also highly promising for applications in the biomedical field (e.g.,
regenerative medicine, drug delivery, antibacterial coatings, and structural
materials). Systems based on PLA have many applications as commodities,
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among which those derived from incorporation of clay silicates, layered
double hydroxides, CNTs, metal oxides, and metal nanoparticles are of
great interest. Collagen, HAp, cellulose, chitosan, protein, and lignin-
based bionanocomposites are currently the most widely used materials for
biomedical applications, as reviewed in the present chapter. Nevertheless,
efforts to develop other families of biodegradable materials are being
made. Specifically, polymers based on natural amino acids have great
potential.
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1. INTRODUCTION
Clay minerals are natural nanomaterials with layered architecture [1]. They
have attracted intense industrial and academic interest because of their
unique material properties, colloidal size, layered structure, large surface
area, cation exchange capacity (CEC), and nanoscale platelet-shaped dimen-
sions [2]. Research interest in organoclay nanocomposites prepared by
organiceinorganic (clay) minerals is gaining day by day and is being exten-
sively investigated in materials science [3,4]. It offers the flexibility of
designing new functionalized materials because they possess characteristic
behaviors such as an easily changing layer-by-layer (LbL) structure or pre-
cisely controllable film thickness, or a variety of physical properties that are
not present in each of the separate components. The hybrid nanostructured
materials have gained widespread interest because of their potential applica-
tions in a number of diverse technological fields. In hybrid nanostructured
organiceinorganic ultrathin films the organic materials impart flexibility
and versatility, whereas the inorganic clay particles provide mechanical
strength and stability and can have unique conducting, semiconducting, or
dielectric properties. The properties of intercalation and CEC make it easy
to prepare composite materials. Intercalation of organic compounds into
the interlamellar space of clay minerals has attracted wide scientific and
practical interest. Thus clay particles provide a host medium to assemble
and organize organic guest molecules. By studying and adjusting the hoste
guest interaction, materials can be designed with unique structures, novel
chemical and physical properties, and enhanced mechanical properties. If
the orientation of the incorporated molecules can be controlled, then the
hybrid clay composite materials would be applicable to devices for current
rectifying, nonlinear optics, one-way energy transfer, etc. [5e8]. To control
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the properties of organoclay hybrid films, the film formation mechanism
should be clearly understood.

Until today very few techniques have been applied for the fabrication of
clayedye hybrid films in a layered, specific orientation, and easily accessible
way. Such films can be prepared by using the LangmuireBlodgett (LB) tech-
nique, LbL self-assembled method, drop casting, spin coating, etc. Preparation
of hybrid films by spin coating and drop casting is very simple, but these pro-
cesses do not have the higher degree of control/order in the orientation. How-
ever, LbL self-assembly has several advantages for constructing ultrathin
layered hybrid films. It is fast, versatile, simple, and requires neither expensive
equipment nor ultrapurity. In this method the alternate layers are formed
because of electrostatic interaction, ensuring better stability of the film. The
organic molecules can be adsorbed in a restricted layered structure of clay
mineral particles; however, it is very difficult to control the order inside the
layer. The LB technique is best suited to achieve better organizational control
in the layered structure. It also offers the flexibility to choose various film-
forming parameters to optimize the better condition for the hybrid film forma-
tion according to the need of the application. With this technique it is also
possible to have precise control over the film thickness. Moreover, in the
case of clay-modified organoclay hybrid films it is also possible to overcome
one of the fundamental problems associated with conventional LB film with
respect to mechanical stability.

The main goal of this chapter is to elucidate in brief the novelties of organo-
clay hybrid films with respect to their applications in various fields of
modern-day research and also have an idea about the different organoclay
film preparation techniques.

2. ORGANOCLAY HYBRID FILM PREPARATION
TECHNIQUES

Over the last few decades extensive research work has been conducted
around the world to fabricate organiceinorganic hybrid ultrathin films,
because this film is much more stable than conventional LB film. These
hybrid films are of immense potential as they provide the platform to
combine distinct properties of organic and inorganic materials in a single
ultrathin film. Such films can be prepared by the LB [9e11] technique,
LbL self-assembled technique [12e14], spin coating [15,16], drop casting,
etc. [17e19]. Another novel technique was reported by Takagi et al. for
the fabrication of bulk-sized clayedye hybrid materials [20,21]. Here we
will discuss the LB, LbL, spin-coating, and drop-casting techniques and
the method described by Takagi et al.
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3. LANGMUIReBLODGETT TECHNIQUE
The LB technique plays an increasingly important role as a means of orga-
nizing molecular materials at the micro- to nanodimension. A highly orga-
nized assembly of molecules of a suitable material at the airewater interface
can be transferred onto a solid substrate to form LB films. Such films are
known for their high degree of organization of molecules onto solid sub-
strate. The precise control and uniformity of film thickness at the submicron
level allowed by the LB technique is essential for several technological ap-
plications. Ideally, amphiphilic molecules with a hydrophilic head group
and a hydrophobic tail are LB-compatible materials; however, nonamphi-
philic/water-soluble molecules can also form LB film with the help of suit-
able matrix materials.

The LB technique consists of two main steps: (1) the formation of a stable
Langmuir monolayer of a suitable material at the airewater interface and
(2) the transfer of this floating monolayer onto a solid substrate.

In the LB technique, the solution of LB-compatible materials is first pre-
pared with a volatile solvent, thereby spreading the solution onto the sub-
phase with the help of a microsyringe. Thereafter a sufficient amount of
time is allowed for the evaporation of the volatile solvent, leaving only a
thin layer of the dye molecules on the subphase. This monomolecular layer
of organic molecules spread onto the subphase is known as Langmuir films.
These Langmuir films can then be transferred onto solid substrate according
to the situation by controlling the LB parameters to form mono- and multi-
layer LB films. Highly organized LbL deposition of elementary clay min-
eral particles can be achieved with the LB technique. In the early days it
was achieved by preparing a suspension consisting of dispersed clay min-
erals in a volatile organic solvent (chloroform), thereby spreading this dilute
suspension over the water surface in an LB trough. After allowing sufficient
time for the chloroform to evaporate, the film of the hydrophobic clay min-
eral was compressed and transferred onto solid substrate [22,23]. A more
elegant method is to spread the ionic surfactants on the water surface of
dilute aqueous clay dispersion [9e11,24e26]. The hybrid LB films consist-
ing of clay minerals and surfactants are fabricated using a dilute (<0.1 g/L)
aqueous clay dispersion of smectites as subphase instead of water subphase.
The dilute clay dispersion is prepared by overnight stirring in a magnetic stir-
rer followed by 30 min of ultrasonication before use. This dilute dispersion
of the smectites in water ensures the exfoliation of the smectites into nega-
tively/positively charged individual nanosheets of almost 1 nm thick. Here,
the individual nanosheets become negatively charged for cationic clays and
positively charged for anionic clays. Thereafter a solution of amphiphilic

3. LangmuireBlodgett Technique 275



ionic surfactant in a volatile organic solvent is spread at the airewater inter-
face of the LB trough (Fig. 8.1). After sufficient time the solvent evaporates
and a monolayer of molecules is formed. A rapid ion exchange reaction takes
place between the smectite particles and the ionic surfactants, leading to the
formation of a hybrid monolayer at the airewater interface, consisting of one
layer of amphiphilic surfactant and one layer of elementary smectite. This
hybrid monolayer can be compressed and surface pressureearea isotherms
are constructed. At a fixed surface pressure the hybrid clayeorganic mono-
layer is transferred to a substrate either by vertical deposition in upstroke or
by horizontal deposition. In the case of vertical deposition, hydrophilic sub-
strate is needed and the layer of clay particles is in immediate contact with
the substrate. However, with the horizontal deposition scheme hydrophobic

n FIGURE 8.1 Schematic representation of the fabrication procedure of a clayeorganic compound
hybrid LangmuireBlodgett (LB) film. Reprinted from Y. Suzuki, Y. Tenma, Y. Nishioka, J. kawamata,
Chem. Asian J. 7 (2012) 1170, with permission.
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substrate has to be employed and the layer of amphiphilic ions comes in con-
tact with the substrate immediately.

Surfactants for LB clay mineral films include alkylammonium cations,
organic dyes, and metal ion complexes [27e30]. In the LB process of hybrid
film formation with clay mineral and different types of surfactants, surface
pressure affects the monolayer distribution (area per molecule) of amphi-
philes and the relation between them is measured with respect to pressuree
area (p � A ) isotherm. The compression rate determines the rate of the
floating hybrid monolayer transferred onto the substrate maintaining the sur-
face pressure. In the organoclay hybrid LB film formation process there is
competition between the organization of amphiphilic molecules (surfactants)
and hybridization of elementary clay mineral particles with the surfactants at
the airewater interface. The competition is substantially influenced by the
clay mineral particle concentration, thereby affecting the constitution of
the hybrid monolayer [26]. Once the LB film is prepared, it can be charac-
terized by different techniques to check its possible functionality.

For alkylammonium cations/clay LB film formation, both water-soluble and
water-insoluble alkylammonium cations have been applied to fabricate
hybrid LB films [28,31,32]. In the case of water-insoluble alkylammonium
cations, hybrid layer formation is controlled by the competition between the
surfactant domain formation at the airewater interface and the adsorption
rate of clay particles [28,32]; However, for water-soluble cationic amphi-
philes, the hybrid film formation was governed by the competition between
the dissolution of the amphiphilic cations in the subphase and the adsorption
of the clay particles at the airewater interface. This shows the dependence of
hybrid film formation on the adsorption rate of the clay mineral particles;
when the adsorption rate is higher than the dissolution rate the hybrid film
is similar to the case of the water-insoluble alkylammonium cations/clay sys-
tem; on the other hand, with the adsorption rate equal to or lower than the
dissolution rate the alkylammonium cations dissolve into the subphase
before being adsorbed by the clay particles [31]. This shows the importance
of clay particles to stabilize the monolayers of water-soluble amphiphilic
molecules.

In the case of hybrid LB films consisting of cationic dyes and clays, cationic
amphiphilic dye molecules were spread onto the smectite clay dispersion to
form the hybrid film [26,33,34].

It was found that the type and concentration of clay particles were respon-
sible for the formation of hybrid films with different functionalities [26].
The clay concentration was specifically responsible for the orientation and
aggregation properties of the organic dyes in the hybrid LB film. One
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such example is described here for the case of octadecyl rhodamine B chlo-
ride (RhB18)/saponite hybrid LB film. For this dye/clay pair, UV-Vis ab-
sorption and fluorescence spectra of the RhB18/saponite hybrid LB film
revealed that the monomeric appearance of RhB18 molecules gradually dis-
appears and forms J-dimers in the hybrid film when the saponite concentra-
tion increased to 50 mg/dm3 [26,34]. Further increase in the saponite
concentration (250 mg/dm3) leads to clay aggregation and lowers the density
of RhB18 molecules in the film appearing as monomers [34].

Transition metal ion complex/clay hybrid LB films can be fabricated using
both amphiphilic and nonamphiphilic metal ion transition complex molecules.
Hybrid LB films of amphiphilic metal complexes can be easily formed by
spreading them on the clay dispersion interface, thereby forming the
hybrid monolayer and subsequent transfer onto solid substrate. A few exam-
ples of such complexes are [Ru(phen)2(dC18bpy)]

2þ [35,36], [Ru(phen)2
(dC12bpy)]

2þ [25], (phen ¼ 1,10-phenanthroline, dC18bpy ¼ 4,40-diocta-
decyl- 2,20-bipyridyl, dC12bpy ¼ 4,40-carboxyl-2,20-bipyridyldido
decylester), [Ru(acac)2(acacC12)] (acac ¼ 2,4-pentanedionato, acacC12 ¼ 5-
dodecyl-2,4-pentanedionato) [37], etc. Hybrid films of such clayemetal ion
complexes were used to modify indium tin oxide (ITO) electrodes [36,38].
However, nonamphiphilic metal ion complexes can be introduced into the
hybrid film with the help of amphiphilic molecules. This method is based
on the ion exchange capacity of the hybrid monolayer (horizontal deposition)
or clay platelets (vertical deposition).

In the horizontal deposition method the basic components of the hybrid
films are clay platelets, cationic transition metal complexes, and cationic
amphiphiles. Such hybrid films were found to have improved functionality
such as enhanced second harmonic generation (SHG) intensity [39], novel
photocontrollable magnetic materials [40], photoswitching of magnetization
caused by reversible photoisomerization [40], anisotropic response with
respect to the direction of the applied magnetic field, etc. [41,42]. However,
in the vertical deposition method, initially a hybrid film was prepared using
amphiphilic molecules and clay particles. Thereafter amphiphilic molecules
were removed from the solid substrate using chloroform and then nonamphi-
philic metal complexes were immobilized on the clay mineral surface by ion
change. This method was used to fabricate modified ITO electrodes for ster-
eoselective molecular recognition in the electrochemical oxidation of chiral
binaphthol [43,44]. However, with the help of hydrophilic silica substrates in
the vertical deposition method, nonamphiphilic metal ion cationic com-
plexes can be immobilized onto solid substrates without the help of amphi-
philic molecules [30,45]. Such films found their applications in the field of
novel nonlinear optical devices [45].
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4. LAYER-BY-LAYER SELF-ASSEMBLED TECHNIQUE
LbL self-assembly is an alternative technique to make mono- or multilayer
ultrathin film without any external intervention. The first LbL experiment
was performed using oppositely charged silica particles [47]. However, it
was Decher and his group at the Gutenberg University in Germany who
developed this method and fabricated optically transparent multilayer films
[48]. Very rapidly this concept was adapted for the alternate adsorption of
oppositely charged polymers. Such polymers are called polyelectrolytes.
The fabrication of multicomposite films by the LbL procedure means liter-
ally the nanoscopic assembly of hundreds of different materials in a single
device using an environmentally friendly, ultralow-cost technique. The ma-
terials can be small organic molecules or inorganic compounds, macromol-
ecules including biomacromolecules, such as proteins or DNA, or even
colloids, etc.

The basic concept behind the LbL process is simple. Electrolytic solution
baths are prepared using triple-distilled deionized Milli-Q water. Quartz
substrates are then first dipped into the cationic/anionic polyelectrolytic so-
lution for a certain time followed by rinsing in Milli-Q water baths to
remove excess ions. The slides are then dipped into an oppositely charged
sample solution followed by similar rinsing in a separate set of water baths.
This results in the fabrication of monolayer LbL film. The whole sequence
is repeated to reach the desired number of multilayer LbL films.

In the case of LbL-assembled organoclay hybrid films the substrate is first
immersed into a positively charged polycationic aqueous solution for a
certain time followed by rinsing to wash off the surplus ions. Now the sub-
strate is positively charged. This positively charged substrate will now be
kept in a bath of negatively charged clay dispersion. However, this clay
mineral dispersion is prepared by mixing a suitable amount of clay mineral
particles in triple-distilled deionized water, followed by overnight stirring in
a magnetic stirrer and 30 min ultrasonication prior to use. After allowing
sufficient time for the clay mineral particles to become attached to the posi-
tively charged polycation by electrostatic interaction, the substrate should be
removed from the clay mineral dispersion bath followed by rinsing in water
and drying. This forms a clay-modified hybrid bilayered LbL film. The pro-
cess is repeated for multilayer film fabrication. A schematic illustrating the
principle is shown in Fig. 8.2.

Another way to prepare hybrid organoclay LbL-assembled film is first to
prepare a dyeeclay mineral mixed solution with a different percentage of
dye loading based on the CEC of the chosen clay mineral particle. To pre-
pare the organoclay hybrid LbL film, clean substrate has to be dipped into
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the electrolytic polycation [poly(allylamine hydrochloride), PAH] solution
for a sufficient time (approximately 15e30 min) followed by rinsing in a
water bath for nearly 2 min. The slide thus prepared should now be dipped
into the mixed solution of dyeeclay dispersion. Sufficient time has to be
given for deposition and drying of the slide. This will give a one monolayer
LbL film. The whole sequence of the process will be repeated to obtain the
desired number of layers of dyeeclay hybrid LbL films. In the LbL self-
assembly process, pH and concentration of the deposition solution, clay par-
ticle size, dye-loading percentage, dip time, and substrates usually affect film
formation and morphology. For example, dependence of bilayer thickness
on clay particle size and polymer concentration was reported for (PDDA/
clay)n films, where PDDA is a polycation, namely, poly(diallyldimethylam-
monium chloride) [50]. In that case the roughness of the film was found to
increase incrementally with the clay particle size and PDDA concentration.
With respect to film growth dependence in dip time, large diameter clay
platelets (e.g., 200 nm) have little sensitivity toward that dependence but
small diameter (e.g., 25 nm) platelets showed substantial dependence on
film growth with dip time [51]. With respect to pH dependence on the
LbL film growth the pH of the cationic clay suspension and polyelectrolyte
solution showed tremendous effect on the overall film growth. The idea
behind this effect is that for cationic clay suspensions, slightly basic condi-
tions give negatively charged edges that account for production of negatively
charged elementary clay sheets that repel each other, which in turn favors
full dispersion of the clay particles in the aqueous suspension. It helps to
fabricate smooth films [50]. However, one should be careful about the use
of extremely high or low pH values as it may result in some kind of chemical
breakdown. Moreover, the pH of the polyelectrolyte solution has a

n FIGURE 8.2 Scheme of organoclay hybrid layer-by-layer (LbL) film preparation. Reprinted from S.D. Miao, F. Bergaya, R.A. Schoonheydt, Philos. Mag. 90
(2010) 2529, with permission.
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substantial effect on the morphology of the overall film growth because of
change in the charge density of the polyelectrolyte in the solution
[52e54]. With respect to the use of substrate for film formation, one can
use any of these, such as quartz plate, silicon wafer [55,56], poly(ethylene
terephthalate) (PET) [57], or polystyrene (PS) [51,53] to make the substrate
useful for the particular case. For example, while using cationic clay/poly-
electrolyte to fabricate hybrid composite films the substrate surfaces first
need to be clean and negatively charged before the first deposition. In that
case, piranha solution ([H2SO4/H2O2 (30%) 1:3 (v/v)]) is used to treat quartz
and silicon wafer substrates followed by rinsing in acetone and deionized
water [51,53,55], while for the use of PET and PS substrate they were first
rinsed with deionized water and methanol and then treated with corona
[51,53,57]. Besides the substrates mentioned previously, which are all planar
substrates, there are a few reports regarding the use of fibers as substrates,
such as cotton fabric [52,54] and alkali extracted fibers [58]. This kind of
fiber-modified LbL film had the advantage of higher thermal stability
compared to the material without modification [52,54,58]. Most of the
LbL films with clay and polymer possess linear growth, but exponential
LbL growth pattern was observed by Podsiado et al. with montomorillonite,
poly(ethylenimine), and poly(acrylic acid). Such type of exponential LbL
growth pattern was usually considered to occur only with purely polymeric
or organic precursors [59]. Though LbL assembly is a very simple
immersionerinsingedrying cycle process, in particular cases according to
need, photoreaction using UV irradiation is also needed to obtain cross-
linked or special shaped films [55,56].

5. DROP CASTING AND SPIN COATING
Drop casting is applied to prepare films for infrared spectroscopy and spin
coating for the preparation of clay-modified electrodes. Both techniques give
ratherwell-defined thinfilmswith thicknesses in the rangeof a few tens of nano-
meters (spin coating) to a few tens of micrometers (drop casting). The drop-
casting method is also known as the solvent evaporation method. In this
method, claymineral particle thinfilms are prepared fromamother claymineral
suspension, stirred for 24 h followed by 30 min of sonication before use. Syn-
thetic clay mineral particle suspension is spread onto a precleaned solid sub-
strate drop-wise such that the suspension spreads almost uniformly over the
whole substrate surface. After a certain time the solvent evaporates and the
thin film of clay mineral particles is prepared. However, the hybrid film can
also be prepared in another way by preparing the dyeeclay mixed complex
solution first and then following the previously mentioned method for the
fabrication of drop-casting film. Here, the hybrid film can be of polymereclay
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hybrid film or dye/anionic clay hybrid film with functional molecules interca-
lated into the clay films. In the polymereclay film the addition of cationic clay
minerals acts as fillers that improve the mechanical and thermal stability of the
polymereclay film. Moreover, the addition of clay content in the polymere
clay film influences the properties of the resultant film.

However, in the spin-coating technique two steps must be followed: first,
the spinning speed should be low for the clay suspension to spread though
the substrate, and second, a higher rotational speed should be applied to get
oriented clay particles in the substrate. The films should then be dried, pref-
erably in an air flow oven at ambient temperature. For the fabrication of the
hybrid clayedye film, the clay particle film can be immersed in a dye solu-
tion at room temperature. The loading of the dye at the clay-supported film
depends on dye concentration, solvent nature, immersion time, and the
thickness of the film. However, the hybrid polymereclay film can also be
fabricated by employing other different procedures by the spin-coating tech-
nique. Solution blending and spin coating is one such procedure. In this pro-
cedure, the polymer solution and clay dispersion are first blended by
ultrasonication or stirring to form a well-mixed solution to be used for
film formation by the spin-coating method. Here, the blending solution
might separate into two phases, the upper polymer-rich and lower clay-
rich phases, after being left for some time [60]. Moreover, some aggregates
of clay might not fully exfoliate, thereby forming nonuniform distribution of
clay and polymer in the hybrid film. Again with the low polymer concentra-
tion, clay outcrops are created on the polymer surface thereby forming two
different phases. Another process is LbL spin assembly, in which the poly-
mer solution and clay dispersion solution can be alternately spin coated onto
the film to form the desired hybrid film [61].

Centripetal force is the driving force for the spreading of the solution
through the substrate in the spin-coating process. A schematic of the
spin-coating technique is shown in Fig. 8.3.

n FIGURE 8.3 Schematic representation of the spin-coating process.
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6. BULK-SIZED CLAYeDYE HYBRID SELF-
STANDING FILM

The first clayedye composite of this kind was reported by Takagi et al.
[20,21]. This type of hybrid is known to have sufficient thickness (few mi-
crometers) and low light-scattering properties [20,21]. In this method, first
the clayedye composites are prepared by mixing the solution of an organic
dye with the aqueous solution of an exfoliated clay mineral. The exfoliation
of the clay minerals ensures the homogeneous adsorption of dyes on the clay
layers. This homogeneity results in the formation of LbL stacking of com-
posites in the following film fabrication process. The organoclay hybrid
composite films can be fabricated by the filtration of the aqueous dispersion
of the clayedye composite under suction through a membrane filter for
several hours. The film deposited on the membrane filter can be peeled off
from the filter as a self-standing film and can be placed on a fused silica sub-
strate for scientific measurements. The simple protocol for the fabrication of
such films is shown in Fig. 8.4.

Although the film fabricated by this protocol was transparent, it was unsuit-
able for nonlinear optical (NLO) applications because of incoherent light
scattering, which is observed in transparent but not light-scattering media
such as colloids. This problem was solved by Kawamata et al. by opti-
mizing the fabricating conditions [62]. Typically, the size of individual com-
posites and the gap between them should be lower than the wavelength of
light used because it suppresses the incoherent light scattering. The key fac-
tors for obtaining such a film include the size of the exfoliated clay particles
and optimization of the aggregate size because the exfoliated clay mineral
particles tend to aggregate when they adsorb dye molecules in dispersion
[63]. Moreover, the addition of organic solvent in an exfoliated clay disper-
sion solution promotes the aggregation of clay mineral particles [64].

n FIGURE 8.4 Schematic representation of the fabrication procedure of a low light-scattering claye
organic compound hybrid film. Reprinted from Suzuki, Y. Tenma, Y. Nishioka, J. kawamata, Chem. Asian
J. 7 (2012) 1170, with permission.
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Therefore optimization of the aggregate size is very important in this kind of
clayedye hybrid for efficient NLO response. Kawamata et al. showed that
when the size of the aggregates is in the range of almost 150 nm, a superior
low light-scattering film can be fabricated [62]. Films fabricated via this new
and unique method should open up ways for dyeeclay hybrids as optical
devices.

One of the most promising applications of this hybrid is a two-photon ab-
sorption (TPA) material, where the TPA cross-section (s(2)) of organic mol-
ecules is found to increase in composite film [65]. The reason for this
enhancement in the composite film was explained as follows: (1) an exten-
sion of the p-conjugated system caused by the enhanced planarity by the
intercalation of a dye into the two-dimensional interlayer space of a clay
mineral, (2) a reduced detuning energy caused by the red shift of the absorp-
tion band resulting from the enhanced planarity, (3) an enhanced molecular
orientation, and (4) an occasionally hydrophobic environment of the inter-
layer space of clay minerals. Therefore the earlier example shows that this
new protocol for the fabrication of these hybrids is an essential candidate
for efficient NLO material.

7. REACTION KINETICS AND ORGANIZATION OF
MOLECULES ONTO ORGANOCLAY HYBRID
FILMS

Clay minerals possess layered structures and can be exfoliated into single
clay layers in an aqueous dispersion. These exfoliated clay layers are called
clay nanosheets [1,2]. Because of the unique combination of properties such
as swelling, intercalation, and ion exchange property, it is possible to incor-
porate both polar and nonpolar molecules onto clay surfaces or in between
the interlamellar spaces of clay layers. Therefore clay minerals can be
considered as the ideal host material to prepare organiceinorganic compos-
ite materials with various functionalities such as SHG, photoinduced magne-
tization, electron transfer, energy transfer, pyroelectricity, chiral sensing, etc.
[66e69]. The well-defined layer ordering at a nanometer level and the two-
dimensional molecular alignment in the layer play important roles in these
applications. Accordingly, much attention has been focused on the interac-
tion and organization of clay minerals and organic compounds resulting in
the formation of the so-called “organoclay hybrid.”

Two types of interactions are important in these hybrid structures:
moleculeesurface and moleculeemolecule. (1) Adsorption from dilute
aqueous solution leads to a strong concentration of the molecules at the sur-
faces of the elementary clay mineral layers. If this local concentration
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exceeds the equivalent solution concentration, then dimers and aggregates
are formed. Thus H- and J-aggregates are easily observed, especially in
the case of cationic dyes even at a loading of <1% of the CEC. (2)
Surfaceemolecule interactions compete with the previously mentioned
moleculeemolecule interactions. They induce spreading of the (cationic)
molecules over the surface and therefore oppose aggregation. If surfacee
molecule interactions predominate, monomers are preferentially observed.
This is the case at low water content in clay mineralecationic dye systems.
Moleculeemolecule interactions are predominant at high water content and
molecular aggregates are easily formed. The extent to which these general
rules are valid depends on the type of molecule and the type of clay mineral
[70,71].

There are very few reports that elucidate the precise mechanism of hybrid-
ization processes and the film formation mechanism. Such knowledge is
essential for the reliable and reproducible preparation of the films. However,
still the hybridization process remains to be fully understood.

Shimada et al. studied the adsorption process of the clay nanosheets onto a
floating film of an amphiphilic cation, dimethyldioctadecylammonium
cation (DMDOAþ) (Fig. 8.5) [72]. They measured the change of surface po-
tential of the floating film as a function of time and investigated the adsorp-
tion process quantitatively. Adsorption rate as well as adsorption equilibrium
are also reported. It was found that the adsorption equilibrium obeyed the
Langmuir adsorption isotherm. The rate constants of adsorption and desorp-
tion processes were determined by the fitting analyses based on the

n FIGURE 8.5 (A) Typical results of surface potential change against waiting time for floating molecular films of dimethyldioctadecylammonium cation
(DMDOAþ) on water (0 ppm) and on a clay dispersion (20 ppm). (B) Experimental data of surface potential difference (5, 10, and 20 ppm, black lines) and the
results of the simulation according to the proposed model [red lines (gray lines in print versions)]. Reprinted from T. Shimada, H. Yamada, Y. Umemura J. Phys.
Chem. B. 116 (2012) 4484, with permission.
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Langmuir-type kinetics. Adsorption rate constant varied from 0.091 to
0.105 g�1 m3 mV/s for clay concentration ranging from 2 to 50 g/m3. How-
ever, the desorption rate constant varied from 0.26 to 0.30 mV/s for a similar
variation of clay concentration. At low clay concentration, delay in the early
stage of the adsorption process was observed. This delay was explained by
the following two factors: (1) the removal of the clay nanosheets from the
surface region through the repulsion from the counteranion (Br�) of the
amphiphilic cation (DMDOAþ) and (2) the low diffusion coefficients of
the nanosheets. Ikegami et al. also studied the adsorption of a polyanionic
nanosheet of Ca2Nb3O10 from its dispersion onto the airewater interface
with and without a floating film of an amphiphilic alkylammonium cation
by measuring the surface pressure change. The results were quantitatively
analyzed by using Langmuir’s adsorption theory [73]. It has been observed
that the presence of floating charged amphiphiles enhances the ratio of the
adsorption and desorption rate constants by approximately 30 times. Our
research group investigated the adsorption kinetics of saponite and hectorite
onto a floating monolayer of octadecyl rhodamine B (a cationic amphiphile)
by means of in-situ infrared reflectioneadsorption spectroscopy and atomic
force microscopy [74]. It has been observed that the adsorption progressed
with the increase in the waiting time and strongly depends on type, size,
and concentration of both clay mineral particles and floating amphiphiles.
The time taken to complete reaction kinetics for amphiphileesaponite hybrid
films was 15 min, whereas for the amphiphileehectorite hybrid film it was
25 min.

Thorough knowledge of the organization of molecules onto thin films is
crucial to probe their application. It is possible to have certain desired prop-
erties by manipulating the organization of molecules onto thin films, which
are absent in randomly oriented molecular system. Spin coating [75,76],
self-assembling or LbL assembly [14,77], and the LB technique [9,10]
have been used to realize the mono- and multilayer structure of organoclay
hybrid films. If the elementary clay mineral layers are organized in one
plane, in principle, there may exist two levels of organization in these hybrid
monolayers: the organization of the clay mineral particles in a monolayer
and the organization of organic molecules adsorbed on the clay mineral sur-
face. Organic molecules may also enter in between the clay mineral layers.
Spectroscopy plays a vital role in revealing the organization of the dye mol-
ecules at the clay mineral surfaces. Monomers and different types of aggre-
gates are found, depending on (1) the charge density of the clay mineral; (2)
the particle-size distribution of the clay minerals; (3) the nature of the
exchangeable cations; (4) the degree of swelling in water; and (5) the nature
of the dye, i.e., its specific chemical structure and orientation at the clay min-
eral surfaces.
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8. FLUORESCENCE RESONANCE ENERGY
TRANSFER IN THE ORGANOCLAY HYBRID
SYSTEM

Fluorescence resonance energy transfer (FRET) is a physical dipoleedipole
coupling between the excited state of a donor fluorophore and an acceptor
chromophore that causes relaxation of the donor to a nonfluorescent ground
state, which excites fluorescence in the acceptor (Fig. 8.6). In the process of
FRET, initially a donor fluorophore (D) absorbs the energy because of the
excitation of incident radiation and transfers the excitation energy to a
nearby chromophore, the acceptor (A). The process can be expressed as
follows:

Dþ hy/D�

D� þ A/Dþ A�

A�/Aþ hy

where h is the Planck’s constant and y is the frequency of the incident
radiation.

FRET is a highly distance-dependent phenomenon; a typical 1e10 nm dis-
tance between donor and acceptor fluorophore is crucial for the process to
occur. There are few criteria that must be satisfied for FRET to occur. These
are: (1) the fluorescence spectrum of the donor molecule must overlap with
the absorption or excitation spectrum of the acceptor chromophore. The de-
gree of overlap is referred to as spectral overlap integral. (2) The two

n FIGURE 8.6 Jablonski diagram illustrating the fluorescence resonance energy transfer (FRET) process.
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fluorophores (donor and acceptor) must be in close proximity to one another
(typically 1e10 nm). (3) The transition dipole orientations of the donor and
acceptor must be approximately parallel to each other. (4) The fluorescence
lifetime of the donor molecule must be of sufficient duration to allow the
FRET to occur. Experimentally, FRET is measured either as the decrease
in the lifetime or intensity of donor fluorescence after the addition of the
acceptor, or as the increase in acceptor fluorescence after the addition of
the donor. J. Förster put forward an elegant theory that provides a quantita-
tive explanation for the nonradiative energy transfer and quantitative anal-
ysis of the process. The FRET technique highlighting its application has
been extensively reviewed by several researchers.

Because of its sensitivity to distance, FRET has been used to investigate
molecular-level interaction. The fluorescence emission rate of energy trans-
fer has wide applications in sensors, biomedicine, protein folding, RNA/
DNA identification, and their energy transfer processes.

Clay mineral particles play an important role in concentrating the dye mole-
cules onto their surfaces. Because of its ion exchange and intercalation proper-
ties theymay provide a platform for close interaction between energy donor and
acceptor making energy transfer possible, compared to inactive systems based
on homogeneous solutions of donor and acceptor. A literature survey revealed
that there are very few reports of FRET occurring in systems composed of
organic dyes and synthetic clay minerals [24,78]. Probably the first reports
of efficient FRET among dyes adsorbed onto clay mineral sheets are clay min-
eral dispersions with cyanine (energy donor) and rhodamine (energy acceptor)
dyes simultaneously adsorbed onto clay mineral surfaces [1].

We have demonstrated a series of organic dyeeclay systems suitable for
FRET [10,24,67e69,79,80]. It has been demonstrated that the presence of
clay mineral enhances the energy transfer efficiency. Energy transfer effi-
ciency between a thiacyanine and a rhodamine dye assembled onto LB
films increases from 64.2% to 97.7% in the presence of the clay mineral
laponite [24]. This increase in efficiency was caused by an increase in spec-
tral overlap integral to and in close proximity of the two dyes in the pres-
ence of laponite. Based on FRET between the two dyes acraflavine and
rhodamine, an ion sensor has been demonstrated [68,79]. The sensor is
able to sense the presence of different cations. In an aqueous environment
it has been observed that incorporation of the clay platelet laponite in the
system enhances the sensing efficiency. The presence of laponite particles
also increases the sensing efficiency in the case of a FRET-based hard wa-
ter sensing system (Fig. 8.7) [69]. FRET between fluorescein and rhoda-
mine 6G was also found to increase in the presence of the clay mineral
laponite [80]. Based on this a pH sensor has been demonstrated. An organic
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dyeeclay-based FRET system using three dyes has been demonstrated
[67]. Multistep energy transfer occurred from pyrene to rhodamine B via
acriflavine. Here, acriflavine acts as an antenna to receive energy from pyr-
ene and transfer it to rhodamine B. The presence of clay mineral enhances
FRET efficiency [67]. This multistep FRET system is advantageous
compared to conventional FRET because: (1) the multistep FRET system
can be used to study interaction between molecules (acceptor and donor)
beyond 1e10 nm; (2) multistep FRET is very useful in studying multi-
branched biomacromolecules; and (3) excitation wavelength range can
be extended in dye lasers using multistep FRET.

Energy transfer in hybrid LB films of iridium complexes and synthetic
saponite was studied by Sato et al. [81]. An attempt was made to study en-
ergy transfer in the vertical direction with respect to a clay mineral layer. En-
ergy transfer was strongly dependent on the interlayer distance.

n FIGURE 8.7 Hard water sensor based on fluorescence resonance energy transfer (FRET) between
acriflavine and rhodamine B. FRET was measured in the presence of different concentrations of Caþ2

and Mgþ2 (hard water component) ions. Based on the limiting concentration of hard water components
(soft water ion concentration �0.05 mg/mL; moderately hard water ion concentration �0.06 mg/mL
and <0.12 mg/mL; and very hard water ion concentration �0.12 mg/mL) a hard water sensor is
proposed. If FRET efficiency is observed to be higher than 48.2%, then the water will be recognized as
soft water (ion concentration <0.06 mg/mL), whereas if the efficiency lies between 13.5% and 48.2%,
then the water will be recognized as moderately hard (0.06 mg/mL < ion concentration < 0.12 mg/
mL). On the other hand, if the observed FRET efficiency is less than 13.5%, then the water will be
recognized as very hard. Reprinted from D. Dey, D. Bhattacharjee, S. Chakraborty, S.A. Hussain, Sens.
Actuators B 184 (2013) 268, with permission.
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9. NONLINEAR OPTICAL ACTIVITY OF
ORGANOCLAY HYBRID FILMS

NLO materials play a vital role in controlling light. In such materials the
interaction of coherent light waves is used for controlling laser beams.
The most common application of the NLO effect is wavelength conversion
for obtaining a coherent light wave with desirable wavelength. One of the
most promising applications of NLO materials is in photonic logic devices,
crucial for optical computers and thought of as promising future computing
systems. Again wavelength conversion of NLO devices is indispensable to
the rapid processing of information [82]. Some of the effective NLO phe-
nomena are SHG, TPA, and two-photon fluorescence microscopy
(TPFM). However, materials exhibiting NLO activity must have large
NLO coefficients for their use in advanced applications. Several NLO
organic materials are known to be three orders of magnitude larger than
those of inorganic materials [82]. However, only inorganic crystals are
used for practical NLO devices because of the difficulty of fabricating an
organic material satisfying the properties of an optical material, such as a
flat surface, reasonable size, and low light-scattering characteristics. Further-
more, some NLO phenomena require specific symmetry in the media. There-
fore the orientation of the organic molecules in the materials must be
controlled to design efficient organic-based NLO materials. However, the
problem with organic-based NLO materials is their stability with respect
to aging and laser irradiation. In most of the cases it has been found that
alignment of the molecular assembly in the organic-based films changes
with the passage of time and also with laser irradiation. This can destroy
the NLO property of the organic material-based NLO devices. Again it
has also been seen that organic molecules possessing large hyperpolarizabil-
ities show a strong tendency toward formation of aggregates in the films and
aggregation decreases NLO response [83]. As a solution to this problem, the
impact of protonation, formation of composites with insoluble polymers and
fatty acids, etc. was studied but did not yield effective results. The problem
of aggregation was solved to some extent with the complexation of the
organic molecules with polyelectrolytes in the subphase by the LB method
[84]. However, this alone could not solve the problem of attaining stability
against aging and laser irradiation. This is because of the fundamental prob-
lem associated with LB films. In LB films the molecular assembly trans-
ferred through monolayer compression onto solid substrate no longer
remains in a thermodynamically stable state and as a result the molecular as-
sembly reorients itself in the LB film, thereby losing the specific symmetry
required for having NLO property. Despite this fact regarding LB films it is a
promising technique to implement a noncentrosymmetric structure
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necessary for NLO activity. This method also offers the flexibility to design
the noncentrosymmetric structure of intrinsically centrosymmetric organic
molecules through the formation of monolayer J-aggregates. Head-to-tail
arrangement of molecules in the J-aggregates is responsible for its noncen-
trosymmetric structure. However, J-aggregates also decay with the passage
of time and with laser irradiation. This stems the urge for fabricating organo-
clay hybrid films because these films are much more stable than pure compo-
nent films.

Recent development in the techniques for fabrication of hybrid materials
consisting of layered inorganic materials and organic materials has enabled
control over molecular assemblies. In pure component LB films the mole-
cules were attached to the substrate by van der Waals forces, whereas in
the case of hybrid films electrostatic force is mostly the governing force
holding the film. This accounts for the greater stability of the hybrid films
compared to the conventional pure component LB films with respect to the
passage of time as well as laser irradiationdanother important parameter
for having good quality NLO materials is low light-scattering property.
Therefore care must be taken while fabricating a dyeeclay mineral compos-
ite such that the composite film should possess low light-scattering property
and the requirements for this are: (1) size of the particles should be smaller
than the wavelength of light and (2) gaps between the particles should be
smaller than the wavelength of light. Furthermore, in recent times, a novel
fabrication process for fabricating hybrid materials exhibiting improved
light-scattering properties has also been developed, and as a result more
effective NLO materials for practical applications have been developed.
People are now trying to enhance the NLO coefficient by fabricating hybrid
films under optimized conditions by suitable methods according to the need
of the hour. Research in this area is in full swing, but still much effort must
be given to discovering the optimized condition for the fabrication of stable
hybrid systems having enhanced NLO responses.

Kuroda et al. intercalated 4-nitroaniline (p-NA) into the interlayer space of
kaolinite [85]. Here, though p-NA possesses a large b value, it crystalizes in
a centrosymmetric structure and loses its NLO activity. It was demonstrated
that p-NA molecules were oriented in a definite direction because of the for-
mation of hydrogen bonding between silicate layers and p-NA molecules,
and as a result the obtained hybrid material was SHG active. Schematic rep-
resentation of the orientation of p-NA intercalated into kaolinite is shown in
Fig. 8.8.

Suzuki et al. systematically investigated the enhancement of the molecular
TPA cross-sections (s(2)) of organic dyes confined in the interlayer space of

9. Nonlinear Optical Activity of Organoclay Hybrid Films 291



clay mineral films [65]. Here, the composite clayedye films were fabricated
using the method proposed by Kawamata et al. [62]. Several possible mech-
anisms were proposed to explain the enhanced TPA of dyes in the interlayer
spaces of synthetic clay minerals. They comprehensively investigated two of
these mechanisms, namely, (1) enhanced molecular planarity and the conse-
quent extension of the p-electron system and (2) enhanced molecular orien-
tation. In an effort to do this, transparent dyeeclay (saponite) films were
fabricated using four cationic dyes. Two of these dyes have enhanced
planarity when they are hybridized with a clay mineral. The other two
dyes retained the planarity of their conjugated p-electron systems when
they are in solution or in the interlayer space of a clay mineral. The measured
values of s(2) of these dyes in a clay film and in solution show that the s(2) of
all four dyes is enhanced in a clay film but this enhancement is greater for the
former two dyes. This was explained to be caused by (1) extension of the p-
conjugated system because of enhanced planarity, (2) reduced detuning en-
ergy caused by enhanced planarity, (3) enhanced molecular orientation, and
(4) the occasionally hydrophobic environment of the interlayer space of clay
minerals. The highest enhancement of s(2) was observed for a porphyrin de-
rivative, tetrakis(1-methylpyridinium-4-yl) porphyrin p-toluenesulfonate, in
a hybrid film. The value of s(2) in a hybrid system was 13 times greater than

n FIGURE 8.8 Schematic representation of the orientation of 4-nitroaniline (p-NA) intercalated into
kaolinite. Reprinted from R. Takenawa, Y. Komori, S. Hayashi, J. Kawamata, K. Kuroda, Chem. Mater. 13
(2001) 3741, with permission.
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that in a dimethyl sulfoxide solution. Therefore hybridization of cationic
dyes with a clay mineral is an effective design strategy for realizing TPAma-
terials. Corresponding spectra are shown in Fig. 8.9.

They also showed that the TPA cross-section of another dye, 4,40-
[4,1-phenylenedi-2,1-ethynediyl]bis[1-methylpyridinium] diiodide (Ac)
confined in the interlayer space of saponite, enhances by an amount 2.1
times more than that in water because of enhanced anisotropy of Ac by
confinement within the two-dimensional interlayer space of saponite and
by a reduction in the detuning energy [86].

Jun Kawamata and Shinya Hasegawa fabricated hybrid LB films of a hemi-
cyanine derivative ODEPþBr� and smectite clay (sodium montmorillonite)
by using a clay suspension as the subphase. This hybridization method is
found to be useful in achieving complete disaggregation of the hemicyanine
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n FIGURE 8.9 Two-photon absorption (TPA) spectra of (A) 1,4-bis(2,5-dimethoxy-4-{2-[4-(N-methyl)
pyridinium] ethenyl}phenyl)butadiyne triflate (MPPBT), (B) 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-
21H,23H-porphine (TMPyP), (C) 1,30-diethyl-4,40-(9,9-diethyl-2,7-fluorenediyl-2,1-ethenediyl)dipyridinium
perchlorate (FL), and (D) 1,30-diethyl-2,20-carbocyanine iodide (PIC) in dimethylsulfoxide (DMSO) and
composite films. The DMSO solution concentration was 3.0 � 10�3 mol/L for MPPBT, 6.0 � 10�3 mol/
L for TMPyP, 2.5 � 10�3 mol/L for FL, and 2.0 � 10�2 mol/L for PIC. The curve overlapping the cir-
cles is a guide for the eye only. Reprinted from Y. Suzuki, Y. Tenma, Y. Nishioka, K. Kamada, K. Ohta, J.
Kawamata, J. Phys. Chem. C 115 (2011) 20653, with permission.
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derivative in the LB film and thereby showing SHG response confirming the
stabilization of molecular alignment caused by hybridization [87]. Structural
features of a clay film hybridized with a zwitterionic molecule (ind-TCNQ)
analyzed the SHG behavior. It has been observed that the electrostatic inter-
action between the clay layer and the ind-TCNQ molecules operates only in
the region where the ind-TCNQ molecules are in direct contact with the clay
layer [88]. Extensive studies in this area of research have been performed by
Prof. J. Kawamata’s group and have contributed a lot to the field of NLO
studies in hybrid film [89,90].

Umemura et al. constituted a hybrid LB film consisting of a clay mineral
saponite and an amphiphilic ruthenium(II) complex and investigated its
SHG properties. Multilayered LB films resulted in the increase in SHG in-
tensity indicating the ideal dependence of SHG intensity on film thickness.
This study confirms that the amphiphilic molecules are well oriented in the
hybrid film and maintain orientation throughout the film [25].

Our research group has optimized the condition for the fabrication of an
SHG active J-aggregate species of a cyanine dye in the organoclay hybrid
film by the LB technique. The film was fabricated using the vertical depo-
sition method. Greater stabilization of the hybrid LB films compared to the
pure component LB films was achieved with respect to laser irradiation,
passage of time, temperature, etc. This confirms the impact of hybridization
on the molecular alignment with respect to different external stimuli [9].

10. OTHER APPLICATIONS
Extensive efforts have been given to study thin films of functional materials
over the past few decades with respect to applications in electronic and op-
tical devices, sensors, catalysts, electrodes, etc. [91e93]. These studies
reveal that ultrathin hybrid films of clay nanosheets and amphiphilic cations
can be an ideal candidate for obtaining such functional films with desired
properties. This is because organoclay hybrid films possess interesting char-
acteristics: (1) stable layered structures, (2) controllable layer thickness, (3)
variable cation density, and (4) a CEC on the surface that can be controlled.
Clay nanosheets provide the flexibility to control the structure of the hybrid
film. The LB technique was applied to prepare hybrid films of the titanium
nanosheet and the amphiphilic alkylammonium cation (ODAHþ) [94]. It is
shown that the titanium nanosheet possesses photocatalytic properties even
in the hybrid film. The LangmuireSchaefer (LS) method has been applied as
a means to control the structure of hybrid organoclay thin films consisting of
montmorillonite and dimethyldioctadecylammonium cations [95]. Hybrid
films of sepiolite fibers and amphiphilic alkylammonium cations were
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prepared by the LB method [96]. The fibers in the hybrid film were aligned
perpendicular to the compression direction, although some fibers were out of
order and some were overlapping. Multiemitting properties of hybrid LB
films of amphiphilic iridium complexes and the exfoliated nanosheets of
saponite clay have been reported by Hisako Sato et al. [97]. An electrode
prepared by coating with a hybrid film of metal complexes and a clay layer
(montmorillonite) on an ITO substrate has been used for chiral sensing [98].
A combination of LB and self-assembly techniques has been used to coat the
ITO substrate with organoclay hybrid films. Luminescent oxygen gas sen-
sors based on nanometer-thick hybrid films of iridium complexes and clay
minerals have also been reported [99]. The LB technique was used to prepare
hybrid films of a floating monolayer of amphiphilic cationic iridium(III)
complex and a clay particle montmorillonite in a subphase [100]. This hybrid
film exhibited dual emission characteristics under an oxygen atmosphere.
Accordingly, its use for oxygen sensing was suggested.

One of the interesting features of the organoclay hybrid films is that even
water-soluble amphiphilic cations spread on an aqueous clay mineral disper-
sion form a stable floating film by adsorption of the clay mineral nanosheets
(Fig. 8.10). Based on this feature, three-layer component organoclay hybrid

n FIGURE 8.10 Preparation method and model of the layered structure of the hybrid
dimethyldioctadecylammonium (DODA)eclayeNi8 multilayer prepared from clay dispersion. Reprinted
from L.M. Toma, R.Y.N. Gengler, D. Cangussu, E. Pardo, F. Lloret, P. Rudolf, J. Phys. Chem. Lett. 2 (2011)
2004, with permission.
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films with reverse deposition orders have been prepared by a modified LS tech-
nique using amphiphilic octadecylammonium chloride, [Ru(dpp)3]Cl2
(dpp¼ 4,7-diphenyl-1,10- phenanthroline) and clay montmorillonite [101].
It has been demonstrated that the organoclay films possess pyroelectric cur-
rents with increasing temperature. Pyroelectric currents for the films were
measured by a noncontact method using a radioactive electrode. When the
film was heated, water molecules were desorbed from the film, and the layer
distance was decreased so that the spontaneous polarization on the film sur-
faces was changed to give rise to pyroelectricity.

Using the LB technique the aireclay suspension interface can be quite effec-
tive for designing novel photofunctional systems because of its highly or-
dered structure. A novel photocontrollable magnetic thin film consisting of
amphiphilic azobenzene cations, a smectite clay montmorillonite, and Prus-
sian blue has been designed and prepared by using the LB method and an
ion exchange reaction [40]. It has been demonstrated that the magnetic prop-
erties of the hybrid films could be controlled by photoillumination. Reversible
photoisomerization of the azobenzene chromophore realized the photoswitch-
ing of the magnetization. A modified LB technique has been used to prepare
thin films of cobalteiron cyanide (CoeFe Prussian blue) and a smectite clay
mineral (montmorillonite) [41]. The hybrid films possess a well-organized
structure and exhibit magnetic anisotropy because of the unique nature of
CoeFe Prussian blue. Moreover, its photoinduced magnetization effect was
also found to be anisotropic. Magnetic thin organoclay hybrid films were
also built by the incorporation of octanickel(II)-oxamato clusters between
clay mineral platelets [102]. The combination of LS deposition with self-
assembly allows control of film growth at the molecular level.

Fujimori et al. [103] investigated the molecular orientation and surface
morphology of organized molecular films with regard to solid-state struc-
tures for organomodified montmorillonites assembled onto LB films.

Using the LB technique it is possible to fabricate nanocomposites consisting
of semiconducting polymers and clay minerals having enhanced electrical
properties for sensing and related applications. For example, LB films of
PAni-ES/OMt nanocomposite (PAni-ES ¼ emeraldine salt polyaniline;
OMt ¼ organophilic montmorillonite clay mineral) were found to yield
enhanced performance in detecting traces of metal ions [cadmium (Cd2þ),
lead (Pb2þ), and copper (Cu2þ)] with lowest detection limit. The detection
process was carried out using square wave anodic stripping voltammetry
with ITO electrodes modified with LB films of PAni-ES/OMt nanocompo-
site. Enhancement in the detection performance by the nanocomposite was
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attributed to the stabilizing and ordering effect promoted by OMt in PAni-ES
Langmuir films, which then led to more homogeneous LB films [104].

The construction of protein-based thin films attracts widespread interest
because they are the key components in biomolecular devices. Combined
films of proteins and smectite clays can be ideal for biosensing and bio-
catalysis applications. Lamellar smectite particles are especially feasible
for this purpose because of their biocompatible surface combined with their
unique intercalation properties, high surface area, and short-range templat-
ing effect. Employing an LbL self-assembled technique, mono- and multi-
layered clayeprotein composite films were successfully constructed on
various supports with and without polyelectrolyte [105]. LB films of
water-soluble proteins and hybrid proteineclay films have been prepared
with the LB technique [106]. The LB technique has been employed for
the construction of hybrid films consisting of three components: surfactant,
clay mineral, and lysozyme [107].

The LbL technique offers advantages over other conventional techniques
such as LB or spin coating, for example: (1) LB deposition has limited appli-
cability as it requires amphiphilic molecules; (2) spin coating requires large
amounts of solutions, and the film thickness and homogeneity are less
controllable; and (3) covering objects of complex geometry/shape is possible
by LbL, but spin coating and LB are suitable for films only on flat or slightly
bent surfaces. Thus coating of tools or equipment (e.g., in medicine and
surgery) with nanostructured, functional biofilms is promising. Functions
may include antibacterial protection (lysozyme), proteolytic surface (papain),
or in-situ control of biochemical processes (protamine).

Preparation of technology friendly nanoscale aggregates (J-aggregate, H-
aggregate, excimer, etc.) in ultrathin films is emerging because of their possible
potential device applications. Optical and electrical properties of such aggre-
gates are strongly dependent on the organization of constituent molecules. It
has been observed that nanoclay particles play a key role in controlling themo-
lecular properties of such aggregates. Actually, the role of clay mineral is very
crucial in controlling the organization and hence the aggregate property. In our
laboratory a series of organoeclay systems organized onto thin films has been
investigated [9e14,108,109]. Adsorption of a water-soluble cationic dye into
a cationic Langmuir monolayer was reported, where domain formation can be
controlled by incorporating the nanoclay hectorite [108].

J-aggregation in an LB monolayer is very important since it is possible to
have NLO activity from such films even for intrinsically NLO inactive mol-
ecules. It has been observed that formation of thiacyanine J-aggregate in LB
mono- and multilayers can be controlled by the presence of a clay mineral
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layer [109]. Formation of fluorescent H-aggregates of a cyanine dye in ultra-
thin films and its effect on energy transfer in the presence of laponite has
been investigated [110]. Formation of H-dimer of a xanthane dye oxazine
4 and excimer of coumarin in LB films was effected in the presence of the
clay particle laponite [13,27]. It was possible to tune the aggregate properties
by incorporating clay mineral in thin films.

Table 8.1 lists some of the fine applications of organoclay hybrid films.

Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Saponite, hectorite RhB 18 LB Adsorption kinetics of
clay onto floating
monolayer

[74]

MMT ODAHþCl LB Optical interference
filters for X-rays

[28]

Saponite, MMT,
hectorite, laponite RD

RhB18, Oxa18 LB Fluorescence materials [26]

Saponite RhB18 LB Fluorescence materials [34]

Saponite Stearic acid (SA), MgCl2 LB e [11]

Saponite [Ru(phen)2(dcC12bpy)]
2þ,

ODAHþCl
LB SHG [25]

Organic saponite [Ru(acac)2(acacC12)],
[Ru(phen)2(dcC18bpy)]

2þ
LB Photoelectric materials [37]

MMT [Ru(phen)2(dcC18bpy)]
2þ LB Modified indium tin

oxide (ITO) electrode
for
photoelectrocatalytic
oxidation

[36]

MMT ODAHþCl, [Fe(phen)3]
2þ LB SHG [39]

MMT [Os(phen)2(dC18bpy)]
2þ,

L-[Os(phen)3]
2þ,

[Ru(bpy)2(m-PhOH)]2þ

LB Modified ITO electrodes [43,44]

MMT C12AzoC5N
þ, FeeFe

Prussian blue,
(FeSO4þK3[Fe(CN)6])

LB Photoswitchable
photomagnetic film

[40,111]

MMT ODAHþCl, FeeFe
Prussian blue,
(FeSO4þK3[Fe(CN)6])

LB Photomagnetic film [112]

MMT DDAB, CoeFe Prussian
blue

LB Photomagnetic film [41]

298 CHAPTER 8 Organoclay Hybrid Films With Improved Functionality



Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films Continued

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Laponite Oxa18, sRhB LB, LbL H-aggregate,
enhancement in energy
transfer

[110]

Laponite NK LB Stability of J-aggregate,
SHG

[9]

Hectorite AO, ODA LB Controlling H-dimer
formation in hybrid film

[113]

Laponite TMPyP, ODA, SA LB J-aggregate [114]

Laponite MnTMPyP, PAH LbL J-aggregate [115]

Laponite TMPyP, PAA, PAH LbL J-aggregate [14]

Laponite 7HNO3C LB Controlling excimer
formation

[27]

Laponite NK, RhB18 LB Enhancement in
efficiency of energy
transfer in the presence
of clay

[24]

Laponite NK LB Effect of hybridization
on NK J-aggregate

[109]

Laponite RhB18, TC18 LB J-aggregate,
fluorescence resonance
energy transfer

[10]

Laponite Acf, RhB LbL pH sensor [79]
Laponite OX4, PAA, PAH, DNA LbL Controlling H-dimer [13]

Laponite AO, PAA, PAH LbL Control of H-dimer [12]

MMT M2þ(dpp)3 (M ¼ Mn, Co,
Ni, Cu, and Zn)

LB SHG [45]

MMT, saponite Ru2þ(dpp)3 LB SHG [30]

MMT Racemic Ru2þ(dpp)3,
chiral Ru2þ(dpp)3

LB Nonlinear optical
devices

[116]

CoAleLDH PSS LbL Magnetooptical
response in the UV
range

[117]

CoAleLDH, MgAleLDH,
NiAleLDH

PSS LbL Catalyst, sensors, and
photovoltaic devices

[118]

MgAleLDH APPP LbL Blue
photoluminescence and
prolonged fluorescence
lifetime

[119]

MgAleLDH PAZO LbL Reversible
photoresponsive
performance

[120]

Continued
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Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films Continued

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Laponite PDMBA LbL Barrier property
improvement

[55]

Laponite PEI LbL Improved thermal
stability of cotton

[52]

Laponite PEI, PSS LbL Improved barrier
properties

[121]

Laponite, MMT PEI LbL Exceptional barrier
behavior

[51]

MMT PAM LbL Food packaging and
flexible electronics
packaging

[57]

MMT PEI, PAA LbL Optical devices [59]

MMT PDDA LbL Reduces decomposition
of metal by producing
an insulating layer

[58]

MMT PEI LbL Gas barrier properties,
high level of
transparency, food
packaging, flexible
electronics

[53]

Halloysite PDDA, PSS LbL Nanodrug reservoir [122]

Organo- MMT PVAc Spin coating Organic field-effect
transistor device gate
insulator

[123]

Laponite RD PPV Spin coating Light-emitting diodes [61]

Cloisite 30B WPI Spin coating Food packaging [124]
Saponite or stevensite NaCMC, SPA Solution casting Organic electric

luminescence devices
[125]

Naþ-saponite SPA Solution casting Electronic devices or
displays

[126]

Laponite RD s-PEG Solution casting Biomaterials, solid
polymer electrolyte

[127]

(M(dpp)3), [tris(4,7-diphenyl-1,10-phenanthroline)M]; 7HNO3C, 7-hydroxy-N-octadecyl coumarin-3-carboxamide; acac, 2,4-pentanedionato; acacC12,
5-dodecyl-2,4-pentanedionato; Acf, acriflavine; AO, acridine orange; APPP, a sulfonated poly(p-phenylene) anionic derivative; C12AzoC5N

þ, {5-[4-
(4-dodecyloxyphenylazo)phenoxy]pentyl}(2-hydroxyethyl)dimethylammonium bromide; dcC12bpy, 4,40-carboxyl-2,20-bipyridyl didodecyl ester;
dcC18bpy, 4,40-dioctadecyl-2,20-bipyridyl; DDAB, dimethyl dioctadecylammonium bromide; LB, LangmuireBlodgett; LbL, layer by layer; LDH,
hydrotalcite (layered double hydroxides); m-PhOH, 4-methyl-40(CONH-phenol)-2,20-bipyridyl; MMT, montomorillonite; MnTMPyP, manganese(III)
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine chloride tetrakis (methochloride); NaCMC, carboxymethyl cellulose sodium salt; NK, N,N0-dioctadecyl
thiacyanine perchlorate; ODA, octadecyl amine; ODAHþCl, octadecylamine hydrochloride; OX4, oxazine 4.perchlorate; Oxa18, N,N0-dioctadecyl
oxacarbocyanine perchlorate; PAA, poly(acrylic acid); PAH, poly(allylamine hydrochloride); PAM, polyacrylamide; PAZO, poly{1-4[4-(3-carboxy-4-
hydroxyphenylazo)benzenesilfonamido]-1,2-ethanediyl sodium salt}; PDDA, poly(diallyldimethylammonium chloride); PDMBA, poly(N,N-diallyl-N-
methyl-N-(2-vinylbenzyl)ammonium) methyl sulfate; PEI, poly(ethylenimine); phen, 1,10-phenanthroline; PPV, poly(p-phenylenevinylene); PSS,
poly(4-styrenesulfonate); PVAc, poly(vinyl acetate); RhB 18, octadecyl rhodamine B; s-PEG, triethoxysilane modified with poly(ethylene glycol); SA,
stearic acid; SPA, sodium polyacrylate; sRhB, sulforhodamine B monosodium salt; TMPyP, 5,10,15,20-tetrakis(1-methyl-4-pyrindino) porphyrin
tetra(p-toluenesulfonate); WPI, whey protein isolate.
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11. CONCLUSION AND OUTLOOK
Layered inorganic clays are suitable and versatile materials for the prepara-
tion of functional nanofilms. Of the different thin film preparation techniques,
LB, LbL, and spin coating are commonly used for organoclay hybrid film
formation. Research of hybrid films includes the fundamental study of clay
mineralepolymer/organic molecule interactions, intercalation, and organiza-
tion of adsorbed molecules in the interlayer space as well as on the surface of
the clay. This knowledge is vital for making significant progress toward ap-
plications of organoclay hybrid systems in industry. Already, different func-
tionalities such as energy transfer, SHG, TPA, TPFM, magnetism, nanoscale
aggregation, catalysis, etc. have been explored in such systems.

Research should progress along two directions: (1) optimization of the film
preparation technique and parameters toward a particular property or a de-
vice; (2) fundamental understanding of the film-forming process, the orga-
nization of the molecules, and the elementary clay mineral platelets as well
as ideas regarding the stability of the films. The property of the hybrid films
depends on the nature of the amphiphile and its organization. To search for
new functionalities in such films, it would be interesting to use a variety of
organic molecules along with different clay minerals. Organoclay hybrid
films have a unique potential with a variety of functionalities, and must
surely find a niche where this potential is fulfilled.
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Chapter9
NMR Spectroscopy of ClayePolymer

Nanocomposites
Francesca Martini1, Marco Geppi1 and Silvia Borsacchi2

1University of Pisa, Pisa, Italy; 2National Research Council (CNR), Pisa, Italy

Solid-state nuclear magnetic resonance spectroscopy (SSNMR) is one of the
most powerful techniques for the investigation of the physicochemical
properties of organiceinorganic composite materials and, in particular,
clayepolymer nanocomposites. Indeed, SSNMR can give very detailed in-
formation on structural and dynamic properties on very wide spatial and
time ranges, respectively. In particular, structural properties can be studied
in the 0.1e100 nm range, and they include chemical bonds, conformations,
intermolecular physical interactions, arrangement of the molecules within a
phase, and average domain dimensions in heterophasic systems. Of partic-
ular relevance for clayepolymer nanocomposites is the possibility of char-
acterizing interfaces, different polymeric phases, and the degree of
dispersion among organic and inorganic domains, as they strongly affect
the macroscopic properties of these materials. Moreover, dynamic properties
can be studied over as many as 13 decades of characteristic times, from
about 10�11 to 102 s, and molecular motions can often be deeply character-
ized determining their geometry, correlation time, activation energy, and
identifying the molecular fragments involved. Such a wide range of acces-
sible structural and dynamic information, unparalleled by other techniques,
is made possible by the large variety of nuclear properties that can be
measured and interpreted in terms of such information. These properties
can be roughly divided into spectral and relaxation properties, the former
obtainable from mono- or bidimensional spectra recorded by suitable exper-
iments, the latter being related to the processes of return to the equilibrium of
the perturbed nuclear spin systems and requiring specific techniques.

NMR spectra of solids are affected by the anisotropy of nuclear spin interac-
tions, i.e., their dependence on the orientation of the molecules (or fragments
of them) with respect to the external magnetic field. This may generate dra-
matic line-broadenings and, consequently, a huge loss of spectral resolution
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differently from the spectra of liquids, in which the rapid and isotropic tum-
bling of themolecules averages to zero such orientational dependence. On the
one hand, dedicated techniques, denoted as “high-resolution SSNMR” tech-
niques, must be applied to eliminate the anisotropic parts of nuclear
interactions and recover a good spectral resolution. On the other hand, the an-
isotropies can be determined by using suitable experiments and exploited to
obtain structural and dynamic information.

For the observation of rare nuclei, high-resolution techniques are: magic-
angle spinning (MAS), high-power decoupling (HPD), and cross-
polarization (CP).1 MAS consists of a rapid rotation of the sample, contained
in a ceramic (typically ZrO2) rotor, around an axis forming an angle of
54.74� (magic angle) with respect to the external magnetic field. MAS would
theoretically average out by itself the anisotropic interactions if a spinning
frequency much larger than the strength of all the interactions could be
used. Although nowadays experimental setups reaching a spinning fre-
quency of 110 kHz are available, in most cases MAS alone, while providing
a satisfactory removal of chemical shielding anisotropy, is not sufficient to
completely average out heteronuclear dipolar interactions (typically with
abundant 1H nuclei). To obtain well-resolved spectra, MAS must be comple-
mented by HPD techniques, requiring radiofrequency amplifiers much more
powerful than those commonly used in liquid-state NMR spectrometers. The
combined use of MAS and HPD allows well-resolved spectra of rare nuclei,
free from anisotropic interactions, to be obtained, showing peaks at the
isotropic chemical shift values. It is worth mentioning that this is strictly
true for nonquadrupolar nuclei (I ¼ 1/2), for which the most relevant nuclear
interactions are chemical shielding and dipolar couplings. In the case of
quadrupolar nuclei (I � 1), the dominant interaction is the quadrupolar
coupling between the nuclear quadrupole moment and the surrounding elec-
tric field gradients, which intrinsically could not be completely averaged out
by MAS, even at infinite spinning frequency. However, in cases in which the
quadrupolar interaction is particularly weak, MAS is sufficient for obtaining
highly resolved spectra. In a more general way, the obtainment of high-
resolution spectra of quadrupolar nuclei requires the use of additional spe-
cific techniques.

To strongly increase the sensitivity of rare (spin-1/2 or quadrupolar) nuclei,
a CP experiment is commonly used, which exploits a magnetization transfer

1It should be noted that CP is usually included among the high-resolution SSNMR tech-
niques, as it is commonly used along with MAS and HPD for recording high-resolution
spectra of rare nuclei, although it does not provide any improvement in spectral resolution,
but only a strong increase of sensitivity.
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from abundant nuclei. However, as will be discussed in Section 2.1, CP
spectra, contrary to spectra obtained by direct excitation, are not straightfor-
wardly quantitative.

The achievement of high-resolution spectra of abundant nuclei is more diffi-
cult, because it needs to combine MAS with techniques for eliminating ho-
monuclear dipolar interactions, which are more demanding than HPD.

High-resolution techniques can also be applied within suitable bidimen-
sional experiments with the aim of detecting correlations among coupled
like or unlike nuclei or of determining site-specific and interaction-
specific anisotropies.

Relaxation times play a prominent role in the obtainment of dynamic infor-
mation: besides T1 (spinelattice in the laboratory frame) and T2 (spinespin)
relaxation times, T1r (spinelattice in the rotating frame) is also important for
solids. However, both T1 and T1r of abundant nuclei, contrary to the same
relaxation times of rare nuclei, do not contain site-specific dynamic informa-
tion since they are affected by the process of spin diffusion, which tends to
average them to a single value. Spin diffusion consists of a spatial diffusion
of longitudinal magnetization in the presence of magnetization gradients and
occurs through homonuclear dipolar interactions, being thus important only
for systems of abundant nuclei, such as protons. Besides averaging spine
lattice relaxation times, spin diffusion can be monitored in dedicated
(GoldmaneShen) experiments, and it can give precious information on
the degree of miscibility of heterodomains at the nanometer spatial scale.

1. CLAYePOLYMER INTERFACE
Many of the unique and improved properties (better mechanical, thermal,
and barrier properties, lower water absorption, enhanced ion conductivity,
etc.) of clayepolymer nanocomposites with respect to pristine components
or their microscopic mixtures originate from the extensive interface and the
interactions between polymer and clay. Therefore the degree of clay exfo-
liation and/or polymer intercalation, as well as the nature and strength of the
interfacial interactions, are crucial aspects to be investigated, also as a func-
tion of composition and processing conditions, to understand the complex
relationships between nanostructure and final performance.

SSNMR spectroscopy has been widely used, often in combination with X-ray
diffraction (XRD) and transmission electron microscopy (TEM), for the
study of clay dispersion and interfaces in clayepolymer nanocomposites.
Differently from TEM, which provides images of the spatial distribution of
the various phases on selected portions of the sample, SSNMR is a bulk
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technique and the measured properties result from the average over different
situations present in the system. An advantage of using SSNMR is the
possibility of studying the interfacial features selectively looking at the
organic or the inorganic components, exploiting the fact that different nuclear
probes are usually present in the polymer (1H, 13C, 15N) and clay domains
(29Si, 27Al). However, two main issues must be considered. The first is related
to the intrinsic low sensitivity of NMR spectroscopy, implying that the nuclei
present in the interfacial regions could be hardly detected (also in dependence
of the type of nucleus) when the interface does not represent a significant
fraction of the sample. The other is related to the nature of the clay, and in
particular to the presence of paramagnetic ions, typically Fe3þ partially
substituting Al3þ in the octahedral sheets of the clay. Indeed, for composites
with natural montmorillonite clays, which contain 2e5 wt% of Fe3þ ions, the
strong dipolar interaction between the unpaired electrons of the Fe3þ species
and the nuclear spins (paramagnetic interaction) dominates the spectral and
relaxation properties of the nuclei within a few nanometers from the clay
surface. This often causes NMR signals to be significantly broadened, thus
preventing detailed insights into the local interfacial properties from being
obtained. On the other hand, as will be discussed in the following, the effects
of the paramagnetic interaction on nuclear relaxation times and of the spin
diffusion phenomenon can be exploited to obtain important information on
the degree and homogeneity of clay exfoliation.

1.1 Clay Dispersion
It is known that many of the properties of clayepolymer nanocomposites
are strongly related to the quality of clay dispersion at the nanoscale, higher
degrees of clay exfoliation usually leading to better final performances.
VanderHart et al. [1] first demonstrated on a series of nylon-6/
montmorillonite nanocomposites that, when the amount of Fe3þ ions in
the clay is of the order of a few weight percent, the values of 1H T1 of the
polymeric domains are correlated to the degree of clay exfoliation. Indeed,
the paramagnetic interaction with the Fe3þ ions induces a significant reduc-
tion of the spinelattice relaxation times of the nuclei in close proximity to
the clay surface, and, in the case of 1H T1, this effect propagates to the
remaining protons of the polymer by spin diffusion. Considering that Fe3þ

ions within clay tactoids do not give any significant contribution and that
the efficiency of spin diffusion on averaging 1H T1 depends on the size of
polymer domains, it can be deduced that the paramagnetic influence of
Fe3þ ions on polymer 1H T1 is stronger when the clay platelets are well exfo-
liated and homogeneously distributed in the polymeric phase. Bourbigot
et al. [2] described a sophisticated approach to obtain quantitative
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information on the degree and homogeneity of clay exfoliation by the anal-
ysis of the magnetization recovery curves, used for measuring 1H T1, with an
approximated model. The model contained several important assumptions:
the clay platelets were assumed to be parallel to one other and equally
spaced; the intrinsic 1H T1 of the organic component in the nanocomposite
was supposed to be equal to that measured for the pure polymer (i.e., the dy-
namic properties do not change in passing from the neat polymer to the nano-
composite); and the effect of the Fe3þ paramagnetic centers was mimicked
by a fast-relaxing thin layer of polymer, whose protons were in contact with
the rest of the organic domains through spin diffusion (Fig. 9.1A). Further-
more, the obtainment of quantitative information required the knowledge of
specific properties of the system, as the composition of the nanocomposite,
the density of polymer and clay, and the clay platelet dimensions. The au-
thors observed that 1H T1 recovery curves were multiexponential, as ex-
pected for a heterogeneous system in the presence of paramagnetic centers
and 1H spin diffusion (Fig. 9.1B). It was shown that the slope of the initial
part of the recovery curve versus square root of time, corrected for the 1H T1
of the pure polymer, is proportional to the total clayepolymer interfacial
area, from which the fraction of effective interfacial area (f) can be deter-
mined by analyzing the recovery curve of a fully exfoliated system. Further-
more, from the fitting of the 1H T1 curves at longer recovery times the
apparent mean spacing, Dapp, between clayepolymer interfaces can be

n FIGURE 9.1 (A) Representation of the monodimensional model of a perfect stratified system used by Bourbigot et al. to reproduce the 1H T1 recovery curves
of clayepolymer nanocomposites. The paramagnetic source is represented by a narrow 0.4 nm-thick polymer layer adjacent to the clay surface characterized by
a very short 1H relaxation time

�
TH1
�
s , which is determined by direct paramagnetic interaction. This narrow fast-relaxing layer is in spin diffusion contact with

the remaining polymeric chains. D is the plateleteplatelet spacing. (B) Example of 1H T1 recovery curve simulated by using the approximated model by Bourbi-
got et al. (dotted curve). The simulated curve was fitted to a biexponential function combining short- and long-T1 components. The biexponential fitting well re-
produces the curve at long recovery times, and it is useful to determine the long-T1 component. In the expansion the linear behavior of

1H T1 as a function of
the squared root of time at short recovery times (5e50 ms) is shown. Adapted with permission from S. Bourbigot, D.L. VanderHart, J.W. Gilman, W.H. Awad,
R.D. Davis, A.B. Morgan, C.A. Wilkie, J. Polym. Sci. Polym. Phys. 41 (2003) 3188e3213. Copyright 2016 John Wiley and Sons.
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obtained. Then the parameter ε ¼ Df/Dapp can be derived, Df being the ideal
spacing for a perfectly homogeneous clay dispersion with a fraction of effec-
tive interfacial area f. The parameter ε provides a qualitative measure of the
homogeneity of clay distribution in the polymeric matrix, ε w 0 and 1 indi-
cating poor and perfect homogeneity, respectively. This method was applied
by the authors to the study of 10 different polystyrene (PS)/montmorillonite
nanocomposites, and the results obtained were found to be well correlated
with TEM and XRD data. In particular, values of f and ε in the ranges
0.08e1 and 0e0.72, respectively, were found, indicating in most cases
the formation of clay tactoids and a deviation from a homogeneous distribu-
tion of clay particles. By using a similar approximated model, Xu et al. [3]
characterized a series of polypropylene/montmorillonite nanocomposites,
and compared the results derived from the 1H T1 approach with those ob-
tained from the statistical analysis of TEM images. In particular, the average
interparticle spacing (IPS), i.e., average distance between clayepolymer in-
terfaces, determined by 1H T1 was found to be in good agreement with the
root-mean square average of the IPS distributions measured by TEM in
the case of log-normal nonsymmetric distributions, and with the TEM arith-
metic average in the case of more symmetric Gaussian distributions. An
alternative semiempirical approach was used by Bertmer et al. [4] in the
study of nylon-6/montmorillonite nanocomposites. The authors fitted 1H
T1 recovery curves by monoexponential functions, and determined the para-
magnetic contribution

�
1
�
Tpara
1

�
to the measured spinelattice relaxation rate�

1
�
Texp
1

�
by subtracting to the latter the intrinsic rate 1/T1 of the polymeric

domains, which was again assumed equal to that of pure polymer. Consid-
ering that 1

�
Tpara
1 was assumed proportional to the clay surface to polymer

volume ratio, and determining the proportionality constant from a sample
with a known degree of clay exfoliation, they could determine the average
number of platelets in a tactoid and, finally, the distance between claye
polymer interfaces. The average distances estimated from the NMR analysis
were significantly larger than those determined by TEM, but the same trend
as a function of clay content was obtained by both techniques. In addition, by
performing simulations of 1H T1 recovery curves, Xu et al. [5] derived the
analytical relationship 1

�
Tpara
1 wa2D�2

i , where Di is the ideal IPS in the
case of full exfoliation and homogeneous distribution and a is defined as
Di/D, being D the average IPS obtainable from the 1H T1 recovery curves.
In particular, the parameter a provides information on the quality of disper-
sion, depending on both degree of clay exfoliation and homogeneity of clay
particles distribution. Furthermore, sinceDi can be expressed in terms of clay
weight percentage, 1

�
Tpara
1 can be also related to the clay content. Once

again, to obtain quantitative values of a, a reference sample with known
exfoliation must be available. Series of poly(vinyl alcohol) and nylon-6/
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montmorillonite nanocomposites with variable clay content were character-
ized by the authors. In the case of poly(vinyl alcohol)-based nanocomposites
up to 10 wt% of clay loading the trends of 1

�
Tpara
1 as a function of composi-

tion or Di were consistent with a ¼ 1, which, assuming a homogeneous
dispersion, indicates a full clay exfoliation (i.e., average number of platelets
per particlew 1). Different results were obtained for nylon-6/
montmorillonite nanocomposites, for which a was found to decrease by
increasing the clay content, indicating the formation of tactoids.

An alternative approach, exploiting heteronuclear dipolar couplings, has
been used by Schmidt-Rohr et al., who developed the HARDSHIP tech-
nique [6]. This uses the REDOR scheme to detect weak dipolar couplings
between the organic protons and the rare nuclei present in the inorganic
component of nanocomposites, while it suppresses the stronger dipolar cou-
plings between the rare nuclei and the closer inorganic protons, exploiting
the different spinespin relaxation times of the organic and inorganic pro-
tons. The experimental data obtained can be analyzed in terms of suitable
models to derive the average dimension of the inorganic domains, provided
that some quantities are independently known and inserted in the relevant
model equations. The possibility of detecting average domain dimensions
makes HARDSHIP an alternative to techniques based on proton spin diffu-
sion, such as GoldmaneShen experiments, which are difficult to be applied
to organiceinorganic nanocomposites because of the low concentration of
protons in the inorganic domains.

1.2 ClayePolymer Interactions
If the analysis of the effects of the paramagnetic interaction on nuclear
relaxation times allows the quality of clay exfoliation to be estimated, it pro-
vides no molecular-level information on the structural features at the claye
polymer interface. The processes of clay exfoliation in polymeric matrices
and of polymer intercalation between clay layers are driven by the complex
interplay of multiple interactions occurring at the organiceinorganic inter-
face, which can also involve other species present in the clay interlayer gal-
leries. Despite the research efforts addressed to the investigation of
interfacial interactions in a variety of systems, a full comprehension of their
nature and effect on the final properties of the nanocomposites is still lack-
ing. SSNMR spectroscopy is one of the few techniques able to provide
detailed information on the spatial proximities between different moieties
and the establishment of specific intermolecular interactions at the organice
inorganic interfaces [7,8]. SSNMR was employed for the study of polymer
intercalation and organiceinorganic interfacial structure in nanocomposites
of various polymers, as poly(ethylene oxide) (PEO), PS, polyamide,
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polypyridine, and polypeptides, with different natural and synthetic clays
[4,9e12]. Considering the already mentioned limited sensitivity of SSNMR,
these studies have been mainly carried out on intercalated composites
[11,12] or to “model” exfoliated/intercalated systems, where large amounts
of clays beyond the application limits were used [4]. Furthermore, for this
kind of study, the use of Fe3þ-free synthetic clays or natural clays with a
low content of paramagnetic species is generally preferred to avoid the over-
shadowing of the nuclear properties of interest by the dominant paramag-
netic interaction. Nevertheless, there are examples in which the
observation of the effect of the paramagnetic interaction on the spectral
and relaxation features of nuclei present in different polymer moieties was
useful to determine their relative proximities to the clay surface [1,13].

Chemical shift of nuclei present in the organic or inorganic domains can
provide useful indications on the occurrence of polymer intercalation.
Indeed, modifications of the local chemical and structural environment
can induce important changes in the electron density distribution around
the observed nuclei, which in turn affect the chemical shift values. Further-
more, chemical shift can also be affected by magnetic field distortions at the
interface because of the different diamagnetic susceptibilities of the polymer
and the clay. Looking at the clay, variations of the chemical shift of 29Si and
27Al nuclei located in the tetrahedral and octahedral sheets can be observed
in high-resolution spectra as a consequence of polymer intercalation. For
example, 27Al (I ¼ 5/2) nuclei in the clay octahedral sheet [Al(VI)] and
substituting silicon in the tetrahedral silicate layer [Al(IV)] give rise to
well-resolved signals in MAS spectra at characteristic chemical shift around
0 and 50e70 ppm, respectively. For nylon-6/montmorillonite composites
with high clay content (20 wt%), 27Al MAS spectra showed the appearance
of a small shoulder (50 ppm) to the main montmorillonite Al(IV) signal
(67 ppm), which was ascribed to four coordinated aluminum sites with local
environment modified by clayepolymer interactions [4]. On the other hand,
13C CP/MAS spectra can be used to probe interfacial interactions involving
specific polymer moieties. Studying nanocomposites formed by in-situ poly-
merized poly(2-ethynylpyridine) and a montmorillonite clay, Sahoo et al. [9]
exploited the sensitivity of the 13C chemical shift of pyridine aromatic car-
bons (a, b, and g) to the nature of the interactions involving the nitrogen
atom: the interactions between pyridine nitrogen and Lewis acid/base centers
on the montmorillonite clay surface were found to be stronger at lower poly-
mer loadings. Polymer intercalation can also affect the properties of the
different species present in the clay interlayer galleries, such as water and
organic or inorganic exchangeable cations. For example, 23Na (I ¼ 3/2)
MAS spectra of Naþ ions were found to be sensitive to the intercalation
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of PEO in Naþ-hectorite (HCT). In passing from the neat clay to the compos-
ite, multiple 23Na lines, ascribable to sodium atoms in various hydration
states and/or differently interacting with the clay surface, reduced to only
one signal. This result indicated that PEO intercalation between the clay
layers led to an increased homogeneity of the environment surrounding
the Naþ ions and to a decrease of Naþ interactions with the clay surface,
which could also explain the high ionic conductivities exhibited by these
nanocomposites [10].

Besides chemical shift, homo- and heteronuclear dipolar couplings are
extremely useful for getting insights into the spatial proximity between mo-
lecular moieties and/or the formation of intra- and intermolecular interac-
tions: indeed, the strength of a dipolar interaction between two nuclear
spins is proportional to the inverse of the third power of the internuclear dis-
tance. There are many SSNMR high- and low-resolution techniques and a
large number of measurable NMR parameters that can be exploited for
obtaining information on dipolar couplings. In particular, 1He1H and
1HeX (with X ¼ 13C, 29Si, 27Al) two-dimensional correlation experiments,
based on 1He1H homonuclear and 1HeX heteronuclear dipolar couplings,
have been successfully used by different authors for the study of polymer
intercalation in clays. These experiments provide maps that correlate the
one-dimensional high-resolution spectrum of the observed X (1H) nuclei
in the direct dimension (u2) to that of 1H nuclei in the indirect dimension
(u1): correlation peaks are observed between 1H and X (1H) signals corre-
sponding to strongly dipolar-coupled (thus spatially close) 1H and X (1H)
nuclei. However, to observe useful correlations a good resolution is required
for both the 1H MAS and X CP/MAS spectra, where the signals of interest
arising from polymer and clay nuclei should be well separated. In addition,
sensitivity could also be a problem and in some cases signal enhancement
techniques other than CP can be necessary for rare X nuclei [11]. A “stan-
dard” correlation experiment can only probe very strong dipolar couplings,
corresponding to internuclear distances of the order of a few Å. For this
reason, to obtain information on the distance of the intercalated polymer
from the clay surface and on the thickness of the polymeric layer, these ex-
periments were often modified by suitably introducing a “mixing time” in
the pulse sequence, during which spin diffusion occurs between protons.
By increasing the mixing time, cross-peaks between nuclei at longer dis-
tances can be observed. It is worth mentioning that an approximate estimate
of the internuclear distances can be obtained by evaluating the spin diffusion
path length resulting from the solutions of the Fick equation. However, this
requires the knowledge of suitable geometrical models for the system and of
the spin diffusion rate constant. Hou et al. [11] employed 1He13C and
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1He29Si HETCOR (HETeronuclear CORrelation) and 1He1H correlation
techniques to study the intercalation behavior of poly(ethylene oxide)-
b-polystyrene (PS-b-PEO) block copolymers in Naþ-HCT. Fig. 9.2A shows
the 1He29Si HETCOR spectrum obtained for a PS-b-PEO/HTC composite
using a multiple Hahn-echo refocusing of 29Si magnetization for signal
enhancement and a spin diffusion mixing time of 1 ms. An intense cross-
peak can be observed between the signal of 29Si nuclei in the clay tetrahedral
sheet and that of PEO CH2 protons, in addition to the main correlation peak
with the signal of clay OH protons. On the other hand, no cross-peaks are
present with the PS aromatic protons. Furthermore, in the 1He13C HETCOR
spectrum recorded with a spin diffusion mixing time of 30 ms, shown in
Fig. 9.2C, a correlation between PEO carbons and clay hydroxyl protons
was observed. Based on these and other SSNMR results, combined with
XRD and TEM data, the authors concluded that in the composite a large
fraction of PEO blocks was intercalated between the clay platelets, while
PS blocks probably remained outside the clay interlayer galleries, far from
the clay surface. In addition, from 1He29Si HETCOR experiments carried

n FIGURE 9.2 (A) Two-dimensional 1He29Si HETeronuclear CORrelation (HETCOR) spectrum of a nanocomposite of poly(ethylene oxide)-b-polystyrene block
copolymer (PS-b-PEO) with Naþ-hectorite (PS-b-PEO/HTC), recorded using a mixing time of 1 ms. Correlation peaks between the 29Si signal (u2 dimension)
arising from the silicon nuclei of HTC and the 1H signals (u1 dimension) arising from PEO OCH2 and HTC OH groups are indicated. (B) Cross-sections along the
u1 dimension, taken at 0 Hz in the u2 dimension, of

1He29Si HETCOR spectra recorded at the mixing times (tm) reported in the figure. By increasing the mix-
ing time the intensity of the signal of PEO protons increases since the occurrence of 1H spin diffusion allows contributions from PEO protons more distant from
the clay surface to be detected. (C) Two-dimensional 1He13C HETCOR spectrum recorded for the same nanocomposite, using a mixing time of 30 ms. In the
first dimension, 13C signals arising from PS and PEO carbons are highlighted, while in the second dimension those arising from PEO OCH2 and clay OH protons
are indicated. Cross-sections at the clay OH (a) and PEO OCH2 (b)

1H peaks are also reported. The former highlights the presence of a correlation between PEO
carbons and clay OH protons, while the latter shows cross-peaks between PS carbons and PEO protons. Adapted with permission from S.-S. Hou, T.J. Bonagamba,
F.L. Beyer, P.H. Madison, K. Schmidt-Rohr, Macromolecules 36 (2003) 2769e2776. Copyright 2016 American Chemical Society.
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out at increasing mixing times (Fig. 9.2B), PEO segments were found to be
in close contact with the clay silicate layer, at distances shorter than 1 nm.
Similar 1He27Al HETCOR experiments were carried out by Gougeon
et al. [12] on intercalated nanocomposites of polylisine with two synthetic
clays, Naþ-montmorillonite and Naþ

�
NH4

þ-beidellite. For both composites
1He27Al HETCOR spectra showed cross-peaks between the signal of 27Al
nuclei in the clay octahedral sheet and the 1H nuclei of the polylisine NH3

þ

group, providing an unambiguous proof of the intercalation of polylisine
side chains between the clay layers. Furthermore, considering that the
cross-peak was observed at a mixing time as short as 10 ms, and estimating
a spin diffusion constant of about 0.06 nm2/ms, a distance of about 0.6 nm
between the polylisine NH3

þ moiety and the clay surface could be
estimated.

2. PROPERTIES OF POLYMER DOMAINS
It is known that the macroscopic behavior of polymeric materials and claye
polymer nanocomposites is strongly related to the phase and dynamic prop-
erties of the polymeric domains. Such properties can be substantially
different, with respect to those of the pure polymer, in the presence of
even small amounts of clay. Indeed, the complex interactions established
among the different components at the clayepolymer interface (polymer,
clay surface, organic or inorganic exchangeable cations), as well as the
confinement of polymer chains in the clay interlayer galleries, can affect
the different thermodynamic and kinetic processes responsible for the poly-
mer phase and dynamic behavior.

SSNMR spectroscopy is considered as one of the most powerful techniques
for the study of polymeric materials, and in the field of clayepolymer nano-
composites it was applied for investigating the properties of different poly-
mers in the presence of various natural and synthetic clays. Exploiting the
measurement of different nuclear properties through suitable combinations
of high- and low-resolution SSNMR techniques, many important aspects
could be investigated as polymer structure and conformations, presence
and amount of crystalline and amorphous domains, polymorphism, degree
of homogeneity on the nanometer scale (1e100 nm), and dynamic proper-
ties of the polymer chains on a wide motional frequency range. In some
cases, NMR observables were also measured as a function of temperature
to investigate the phase transitions of the organic domains in the
nanocomposites.

A simple but useful application of NMR concerns the determination of the
polymer chemical structure, usually by means of 13C high-resolution
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spectra, to verify, for example, the polymer formation in nanocomposites ob-
tained by in-situ polymerization or the occurrence of degradation
phenomena.

SSNMR studies revealed that the presence of clay affects the phase
behavior and the mobility of polymeric domains in a way strongly depen-
dent on composition (nature and relative amount of organic and inorganic
components), degree of clay exfoliation, preparation, and processing condi-
tions. This can be explained considering the complexity of these systems,
whose properties derive from the interplay of multiple and not fully under-
stood physicochemical factors. In the following, possible SSNMR ap-
proaches aimed at studying polymeric domains in clayepolymer
nanocomposites, and, in a more general way, polymeric materials, will be
described, together with some of the most significant examples reported
in the literature. It is worth mentioning that for a correct interpretation of
the SSNMR data in terms of phase and dynamic properties, the presence
and amount of Fe3þ paramagnetic species in the clay should be carefully
considered.

2.1 Phase and Conformational Properties
SSNMR spectra of 1H, 13C, and other nuclei present in the polymer structure
were used to study the phase properties of various polymers, as polyethylene
(PE), nylon-6, and PEO, in nanocomposites with different clays, as montmo-
rillonite, palygorskite, and HCT. From these studies, information could be
obtained about the influence of the clay on the crystallization behavior of
polymeric domains, i.e., polymorphism and degree of crystallinity. Indeed,
signals arising from different crystalline or amorphous domains can often
be distinguished in SSNMR spectra on the basis of spectral features as chem-
ical shift or linewidth. For example, differences in the degree of mobility and
structural order of crystalline, glassy, and rubbery domains are often re-
flected in different linewidths of the corresponding NMR signals. Isotropic
chemical shifts of nuclei located in the polymer backbone are extremely sen-
sitive to differences in the conformational properties of polymer segments in
different amorphous and/or crystalline phases. For example, in the case of
PE, polymer chain portions in all-trans conformation, typical of PE ortho-
rhombic crystalline phase, and those experiencing fast trans-gauche inter-
conformational motions, typical of PE amorphous domains above Tg, give
rise to two well-distinct signals in 13C MAS spectra, at about 33 and
31 ppm, respectively, as a result of the so-called “g-gauche effect.” Another
relevant case is that of nylon-6, for which the a- and g-crystalline phases can
be clearly distinguished by means of signals resonating at different chemical
shifts in both 13C and 15N high-resolution spectra. This was exploited by
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several authors to investigate the crystallization properties of nylon-6 in a va-
riety of nanocomposites [4,14e16]. In particular, it was observed that, while
the thermodynamically stable a form was the only crystalline phase present
in the pure polymer, the presence of the clay induced the formation of the g-
crystalline phase. Moreover, the neat polymer and the nanocomposites
showed a different response to the same treatments (Fig. 9.3A). In principle,
from the areas underlying the signals present in SSNMR spectra properly
recorded and analyzed, it is possible to determine the relative amounts of
the different phases. Considering that sometimes signals can be heavily over-
lapped, spectral fitting could be necessary to reliably separate the peaks of

n FIGURE 9.3 (A) 15N cross-polarization/magic-angle spinning (CP/MAS) spectra of, from top to bottom, nylon-6, nylon-6/montmorillonite nanocomposite, repre-
cipitated nylon-6/montmorillonite nanocomposite, annealed nylon-6, and annealed nylon-6/montmorillonite nanocomposite. The intensity of the signal arising
from the g-crystalline form increases in passing from pure nylon-6 to the nanocomposites, and a variation of the relative content of the a- and g-crystalline
phases after reprecipitation and annealing can be observed. (B) Top: Example of fitting (dashed line) of the 15N CP/MAS spectrum of a nylon-6/montmorillonite
nanocomposite (solid line). Three peaks were used for the fitting, which are shown under the fitting curve, ascribed to the g-crystalline, the a-crystalline, and
the amorphous phases. Bottom: Relative content of the nylon-6 g-crystalline (B) and a-crystalline (-) phases determined from the fitting of 15N CP/MAS
spectra as a function of clay content (wt%). (A) Adapted with permission from L.J. Mathias, R.D. Davis, W.L. Jarret, Macromolecules 32 (1999) 7958e7960.
Copyright 2016 American Chemical Society. (B) Adapted with permission from M. Bertmer, M. Wang, M. Krüger, B. Blümich, B.M. Litvinov, M. van Es, Chem.
Mater. 19 (2007) 1089e1097. Copyright 2016 American Chemical Society.

2. Properties of Polymer Domains 319



the different phases. To record quantitative spectra the direct excitation
experiment should be used with recycle delays between consecutive tran-
sients long enough to ensure the complete recovery of longitudinal magne-
tization, which implies, for rare nuclei, long experimental times. On the other
hand, the CP/MAS experiment, commonly used for rare nuclei, allows a
strong sensitivity improvement, but the spectra so obtained are not quantita-
tive. Indeed, CP/MAS signal intensities depend on the strength of 1HeX
dipolar couplings as well as on 1H T1r, so that signals of nuclei in rigid en-
vironments, such as crystalline phases, or in close proximity to a large num-
ber of 1H nuclei are strongly enhanced. However, CP/MAS spectra can be
used to obtain qualitative trends of the relative amounts of polymer phases
in different samples under the hypothesis that the dynamic properties of
the different domains, and thus the cross-polarization efficiency, do not
change among the samples. For instance, studying nylon-6/
montmorillonite nanocomposites, Bertmer et al. [4] determined the relative
fraction of the a- and g-crystalline forms as a function of clay content (up
to 20 wt%) using the peak integrals obtained from the fitting of 15N CP/
MAS spectra (Fig. 9.3B). The authors observed that the g-crystalline phase
largely increased upon increasing the clay content up to about 2.5 wt%,
while at higher clay loadings its increase slowed down probably because
of the formation of clay tactoids. These results were in agreement with the
hypothesis that the formation of the g-crystalline phase is kinetically favored
at the clayepolymer interface, where the interaction between the nylon-6
protonated amino end groups and the clay surface forces the polymer chains
to align in the proper orientation for the formation of the g-phase.

More sophisticated experiments can be carried out when isotopically
enriched samples are available. For instance, Harris et al. [17], performing
a bidimensional 13Ce13C double quantum experiment at low temperature,
investigated the conformational properties of a 13C-labeled PEO confined
in the interlayer galleries of Naþ-HCT. This experiment is sensitive to the
OCeCO torsion angles in PEO chains and, by simulating the bidimensional
maps, it was found that 90% of PEO OCeCO torsion angles correspond to
the gauche states, which is in agreement with the formation of chain loops
into a structure similar to small crown ethers, possibly caused by the inter-
actions with the Naþ cations present in the clay interlayer galleries.

Proton spin diffusion can also be exploited to obtain information on the di-
mensions of polymer crystalline and amorphous domains. For example, in
GoldmaneShen experiments the magnetization of protons located in one of
the domains is initially selected, exploiting suitable filters based on differ-
ences in relaxation times or dipolar coupling strength between the different
phases; then, the flow of longitudinal magnetization toward the other
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domains is followed as a function of an evolution time during which spin
diffusion takes place. By fitting the magnetization recovery curves by suit-
able models, which imply assumptions on system morphology and estimate
of the spin diffusion rate constants, average dimensions of amorphous, crys-
talline, and interface domains can be determined [15,18].

2.2 Dynamic Properties
The study of the dynamic behavior of the polymeric domains is considered
of fundamental importance to understand the macroscopic properties of a
clayepolymer nanocomposite. A wide variety of SSNMR techniques can
be used to obtain insights into the segmental dynamics of polymer chains
in the presence of clays over a wide range of motional frequencies. Indeed,
reorientational motions of polymer segments average the orientation-
dependent part of the anisotropic nuclear spin interactions (chemical shift
anisotropy, dipolar and quadrupolar interactions), sensibly affecting the
measurable NMR spectral parameters, if the characteristic frequency of
the motions is of the order of the strength of the considered interaction, typi-
cally in the kHz regime. Furthermore, dynamic processes with frequencies
of the order of the Larmor frequency (MHz regime) and of the spin-lock
field (tens to hundreds of kHz) can strongly influence the nuclear spine
lattice relaxation processes in the laboratory (T1) and in the rotating frame
(T1r), respectively. To facilitate the investigation of the dynamic properties
of polymer chains in proximity to the clay surface, SSNMR studies can be
carried out on intercalated or mixed intercalated/exfoliated systems contain-
ing large amounts of clays. Usually, polymer chains were found to experi-
ence different mobility depending on their proximity to the clay surface.

The study of the averaging effect of molecular motions on 1He1H or
1He13C dipolar couplings allowed dynamic processes occurring at fre-
quencies on the order of or higher than tens of kHz to be investigated. For
example, polymer mobility can be investigated by looking at the linewidth
of 1H signals under low- or high-resolution conditions, by means of
mono- or bidimensional experiments. Indeed, molecular motions induce nar-
rowing of 1H signals, which in SSNMR spectra are broadened by the strong
1He1H homonuclear dipolar couplings. Studying PEO/Naþ-HCT nanocom-
posites, Hou et al. [11] observed the signals of PEO protons strongly dipolar
coupled to the 29Si nuclei on the clay surface by means of bidimensional
1He29Si WISE experiments modified with a spin diffusion mixing time.
By comparison of the linewidth of the 1H PEO signal in 1He29Si WISE
spectra obtained at different mixing times, the authors observed a gradient
of mobility for the intercalated PEO. In particular, the reorientational mo-
tions of the polymer segments closer to the clay surface were found to be

2. Properties of Polymer Domains 321



more hindered. Gao et al. [19] used 1H free induction decays (FIDs) recorded
under low-resolution conditions to investigate the dynamic behavior of the
organic domains in nanocomposites composed of a carboxyl-terminated
polybutadiene (CTPB) and an organically modified montmorillonite (C18-
clay) as a function of composition. Indeed, the 1H spinespin relaxation
time T2, characterizing the FID and roughly proportional to the inverse of
linewidth in 1H static spectra, monotonically increases with the degree of
mobility. The authors fitted the experimental FIDs with a linear combination
of three functions with different T2, ascribed to three organic domains with
different mobility. It was observed that the mobility (T2) of intermediate and
very mobile domains, mainly ascribed to CTPB confined by the clay surface
and to more isolated CTPB domains, respectively, increased by increasing
the CTPB content, and the existence of a critical CTPB amount above which
clay exfoliation took place was hypothesized. On these samples and on other
clayepolymer nanocomposites, static experiments, based on the recoupling
of 1He1H dipolar double quantum coherences, were also performed. These
allow residual 1He1H dipolar couplings, which give information on the de-
gree of mobility of polymeric domains, to be measured from DQ buildup
curves obtained by varying a delay characteristic of the pulse sequence
[18,19].

The linewidth of 13C signals in high-resolution spectra can also be affected
by the presence of molecular motions, which tend to remove the distribution
of 13C isotropic chemical shifts arising from conformational disorder with
consequent narrowing of the spectral lines. However, when the motional fre-
quency is in the kHz regime, interferences between the frequency of molec-
ular reorientations and that of MAS or HPD may occur, which cause
broadening of NMR signals [20,21].

Site-specific information on the mobility of polymer chains can be obtained
by measuring motionally averaged 1He13C dipolar couplings exploiting
different techniques. For example, the cross-polarization time constant
TCH, obtainable from the analysis of CP dynamic curves, was used to inves-
tigate the molecular mobility of polymer chains in poly(ε-caprolactone)/clay
nanocomposites [22]. TCH is related to the efficiency of the 1He13C CP pro-
cess at short contact times, and its increase (less CP efficiency) indicates a
reduction of the 1He13C dipolar coupling strength possibly caused by mo-
lecular motions. Another possibility is to exploit 13C dipolar dephasing
CP/MAS spectra, where signals of 13C nuclei characterized by stronger
dipolar couplings are partially suppressed, as done, for instance, by Fafard
and Detellier [23], who observed a stiffening of both PE and polyethylene
glycol (PEG) blocks in PEePEG/kaolinite nanocomposites. Furthermore,
more complex bidimensional recoupling techniques are available, which
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allow the effective 1He13C dipolar coupling strength to be quantitatively
determined. Brus et al. [16] used advanced 1He13C polarization inversion
spin exchange at magic angle (PISEMA) recoupling techniques to investi-
gate the dynamics of nylon-6 crystalline and amorphous phases in both
pure polymer and nanocomposites with montmorillonite. By measuring
the splitting of the recoupled dipolar patterns for each carbon of the
nylon-6 monomeric unit, they obtained information on the amplitude of
the motions involving the polymer chains (Fig. 9.4). The authors observed
that polymer chain portions in crystalline phases were characterized by
reduced dynamics, experiencing small amplitude segmental motions more
pronounced in the g- than in the a-phase. On the other hand, motional het-
erogeneity was observed for the amorphous domains, as suggested by the
loss of definition of the dipolar patterns, together with a degree of mobility,
higher than in the crystalline domains, that was found to increase in passing
from the neat polymer to the nanocomposites. It was hypothesized that the
increase of segmental mobility of polymer chains in amorphous domains
could be related to the observed Tg decrease with respect to pure nylon-6.

n FIGURE 9.4 1He13C dipolar recoupled patterns of nylon-6 carbons in the amorphous (left) and the g- and a-crystalline (right) phases obtained for the pure
polymer (nylon-6) and a nanocomposite with montmorillonite (NC) by using PISEMA experiments. The selection of signals from crystalline and amorphous phases
was performed by using suitable filters based on differences between 13C T1’s, much longer for the crystalline than for the amorphous phases. The splitting be-
tween the pattern maxima (expressed in kHz), proportional to the motionally averaged 1He13C dipolar coupling constant, and the corresponding calculated
average amplitude of the motions are reported above and on the left of each pattern, respectively. Adapted with permission from J. Brus, M. Urbanová, I. Kelnar,
J. Kotek, Macromolecules 39 (2006) 5400e5409. Copyright 2016 American Chemical Society.
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T1 and T1r spinelattice relaxation times are useful probes of polymer reor-
ientational motions in the MHz and kHz frequency regimes, respectively.
As already mentioned, while spinelattice relaxation times of abundant 1H
nuclei allow only average dynamic properties of the whole sample to be
studied because of the averaging effect of spin diffusion, 13C T1 and T1r
contain site-specific information on the reorientational motions, being
rare nuclei substantially unaffected by spin diffusion. Furthermore, in
contrast to T2, T1 and T1r relaxation times do not have a monotonic depen-
dence on the correlation time of the motion, but display minimum values
when the motional frequencies are of the order of the Larmor and spin-lock
frequencies, respectively. For this reason, a careful interpretation in terms
of molecular mobility requires the knowledge of the curves of T1 (T1r)
versus temperature. Several studies on clayepolymer nanocomposites
exploiting spinelattice relaxation times have been reported. For instance,
variable temperature 1H T1rmeasurements were carried out on intercalated
nanocomposites of PEO and montmorillonite to investigate the phase tran-
sitions occurring in PEO domains with respect to the pure polymer [21].
On the other hand, 13C T1 and T1r were exploited for probing changes
in segmental dynamics of poly(ε-caprolactone), as well as of the clay
organic modifiers, in nanocomposites with various laponite and saponite
clays [24].

Site-specific and detailed information on the reorientational motions of
polymer chains can also be obtained from 2H SSNMR experiments on selec-
tively deuterated polymeric materials. 2H is a quadrupolar nucleus with I ¼ 1
and its spectral and relaxation features are dominated by the quadrupolar
interaction. Yang and Zax [25] published an interesting multitechnique 2H
SSNMR study of deuterated PEO and PS within fluorohectorite in the prox-
imity of Tg. The analysis of

2H quadrupolar line shapes allowed small and
large amplitude reorientational motions occurring in the microsecond time-
scale to be investigated. On the other hand, 2H exchange experiments gave
information on slower segmental motions that caused interconversions be-
tween different molecular orientations on a timescale of the order of millisec-
onds. In the nanocomposites, differently from pure polymer, PEO chains
were found to experience small amplitude fast reorientational motions
even below Tg, as demonstrated by slight distortions of 2H line shape.
From another point of view, a fraction of rigid PEO domains giving rise
to a detectable 2H quadrupolar powder pattern was present above the Tg
of pure PEO, which was ascribed to polymer chain segments strongly inter-
acting with the clay surface. Furthermore, from simulations of 2H exchange
experiments the presence of slower two-site 30-degree jump motions for the
Ce2H bonds both below and above Tg was also hypothesized.
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Neutron Scattering on Different States
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1. INTRODUCTION
Nanocomposites [1] in general have gained importance in current products,
leading to improved performance of these complex compound materials.
The structure of the solid particles is not limited in terms of shape in advance,
but their specific function is tightly connected to their shape. Scattering ex-
periments [2e4] are often employed to supervise production routes and the
final performance, but not all possibilities of scattering experiments are
exploited due to several reasons: engineers need to enter the unknown stage
of scattering experiments, and the scattering experts need to simplify their
experience to simple, usable recipes that are applicable and reliable. This
process is still ongoing, and the author hopes to contribute to this highly
interesting journey.

The advantages [5,6] of clayepolymer nanocomposites [7] have already
been explored: mechanical improvements [8,9], fire retardancy [5], and
gas permittivity [10]. A good dispersion state is not always given a priori,
and special strategies need to be employed [11,12]. One might need strong
shear fields, or even chemical modifications, which either cover the clay with
surfactants to reduce the surface tension or directly graft polymers to the par-
ticles. The obtained results of such measures need to be explored. Here scat-
tering experiments come into play. They characterize the dispersion state and
give feedback to the dispersion strategy. When employing microscopic
models to connect the nanostructure with the macroscopic behavior, new in-
sights might be gained that would allow predictive tailoring of the macro-
scopic behavior. For instance, the prediction of rheological properties of
clay containing systems is still a demanding task.
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2. SCATTERING TECHNIQUES
Scattering techniques have historically been employed to atomistic struc-
tures that have not been accessible by direct imaging techniques at that
time [13]. They make use of the wave property of the probe, which then
is often regarded as radiation. The interaction of quantum mechanical
wave-like particles with matter gives rise to scattering. The careful interpre-
tation of the scattering patterns then concludes on the original structure
[14,15]. This rather indirect view of the real structure makes the technique
rather complicated, but it also has its strengths:

1. Most often, the radiation dose rates are so low that the scattering tech-
nique is nondestructive.

2. Most often, reasonable thicknesses for the sample can be chosen. The
radiation can penetrate the respective thickness of sample, which other-
wise might be inaccessible to other techniques. Also, environments for
external stimuli are possible, such that in situ and in operando experi-
ments can be conducted.

3. Most often, the probed volumes are rather large, and the obtained
structure is highly representative for the distribution of configurations
inside the sample.

4. The investigated length scales are given by the wavelength of the
probe. While many other direct imaging techniques start to catch up on
the nano- and Ångström-scale, scattering is still often the method of
choice at small length scales.

A few drawbacks of the scattering method shall not be kept secret:

1. The method is indirect, and some expertise is needed to interpret scat-
tering data well.

2. Since intensities are detected at the end, phases of the scattered radia-
tion field are lost. This results in a certain loss of information that is
often overcome in several ways: (1) complementary techniques
are used to such a degree that the results are extremely firm [16],
(2) reverse Monte Carlo and maximum entropy techniques display the
most probable structures [17e20], and (3) multidimensional contrast
variation experiments overcome the phase problem to considerable
extent [21].

We will deal with the two problems in the following manner. The main goal
of this article is to disseminate the expertise about scattering experiments on
systems containing clay particles, such that the reader will be able to obtain
important information of his or her own experiment afterward. For comple-
mentary information, it is often enough to know that the clay particles are
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platelets. Employing scattering experiments for characterizing clay nano-
composites is not new. Some examples can be found in Refs. [22e25].

3. SMALL ANGLE SCATTERING AND WIDE ANGLE
SCATTERING

The two scattering methods at smaller and larger angles have many aspects
in common, and only a few additional simplifications apply to the small an-
gles [14]. Both of them imply that the energy after the scattering process is
not analyzed, which most often results in a simpler interpretation. Mostly,
the investigated structures move on such long-term scales that the inelastic
scattering process can be neglected for the interpretation, and the experiment
is aimed at the pure structure.

A classical layout of a scattering experiment is displayed in Fig. 10.1. The
incident beam is obtained from a radiation source that then is prepared in
terms of energy and direction. The monochromator selects a certain energy
of the radiation, and the collimation limits the possible directions of the ra-
diation by having at least two apertures at a certain distance C. The prepared
beam hits the sample and is either scattered or transmitted by/through the
sample. The transmitted radiation is often not considered in detail and there-
fore is blocked by a beam stop in the straight direction. The detector detects
the scattered radiation in terms of intensity as a function of the scattering
angle 2q. Large area detectors cover large solid angles at the same time,
while small detectors need to be moved along a range of scattering vectors.
Most often, the collimation distance C is rendered symmetrical to the detec-
tor distance D, and the entrance aperture dimension dE is double the sample
aperture size dS and comparable to the spatial detector resolution dD. The
described spatial dimensions serve for an optimal intensity at the best
possible resolution [14,15] (see also Section 9).

n FIGURE 10.1 A schematic view on a small angle scattering experiment with monochromator,
collimation, sample, and detector. A typical small angle scattering intensity distribution is depicted right
to the detector.
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Small angle scattering instruments keep large area detectors around the cen-
tral beam stop and therefore collect much scattered intensity simulta-
neously. Wide angle machines tend to have movable detectors that might
be limited to single or several tube detectors.

In order to connect the collected intensity distribution to physical parame-
ters of the sample (namely its structure), the abstract scattering vector Q re-
places the scattering angle 2q in terms of:

Q ¼ 4p
l
sinq (10.1)

It carries the reciprocal unit of the radiation wavelength l, and therefore the
Q-space is also called reciprocal space. For small angles, the sine function is
linear, and we can approximate:

Qz
2p
l
$2q (10.2)

The meaning of the reciprocal space becomes most clear when the scat-
tering pattern shows peaks. Then the peak position Qmax indicates a
preferred length scale ‘:

‘ ¼ 2pQ�1
max (10.3)

This concept also holds for characteristic transitions or features in the inten-
sity profiles, which are located at a certain Q-vector. Very often the numeric
prefactor of 2p then changes a little.

Throughout this manuscript, we assume the scattering pattern to be
isotropic, which means the azimuthal angle of the intensity distribution
does not play a role. This often appears even from scattering of platelet par-
ticles when the different configurations of several particles appear over all
directions. This explains why originally the scattering vector Q

!
hQ is a real

vector, but practically often reduces to a scalar magnitude Q.

3.1 Absolute Calibration
While the Q-axis reveals important information about several typical sizes in
your sample, the absolute intensity is connected to the absolute scattering po-
wer of the structures inside the sample that reveal additional information
[14,15]. In detail, the experimental scattering intensity I(Q) is connected
to the macroscopic differential scattering cross section dS/dU(Q) as follows:

IðQÞ ¼ I0$A$ε$d$Tr$DU

�
dS

dU
ðQÞ þ Bbckgr

�
(10.4)
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For an experiment, one needs to determine the incident intensity at the sam-
ple I0, the irradiated area of the sample A, the detector efficiency ε, the sam-
ple thickness d, the transmission of the sample Tr, and the solid angle DU, to
which the experimental intensity refers. Often, there is a parasitic back-
ground intensity Bbckgr, which usually is subtracted from the signal for
further analysis. The incident intensity is usually indirectly determined
through a secondary standard, the scattering of which is measured under
the same conditions as the sample such that some dependencies cancel out
(I0Aε). The resulting macroscopic cross section dS/dU(Q) is then an
instrument-independent information, which, for instance tells about the con-
centration of a solute in solution. Further details are discussed in Section 4.

3.2 The Born Approximation
The approximation of Born leads to a theoretical connection between the
sample structure and the macroscopic cross section. While there are several
simplifications behind, the most important prerequisite for using the Born
approximation is the condition that the scattering is weak [13e15]. This
means that only up to c. 10% of the scattered intensity may contribute to
the macroscopic cross section dS/dU(Q), often excluding the background in-
tensity. Then the macroscopic cross section reads:

dS

dU
ðQÞ ¼ 1

V

�����

X

j

bj$expðiQ$rjÞ
�����

2

(10.5)

At this point, dS/dU(Q) is connected to all single atoms of index j with their
specific scattering length bj and individual complex phases arising from their
position rj (here we refer to vectors Q and rj again). This atomistic view is
important for structures on the 2e3 Å length scale, i.e., Q � 2 Å�1 [26]
(see Fig. 10.2). There are still wide or medium angle scattering experiments
aiming at the 10e20 Å length scale, i.e., Q � 0.3 Å�1, where another view
on the structures applies. When leaving the atomistic scale toward larger
length scales, the individual atom is not important anymore, and the chem-
ical formulae of whole molecules or larger subunits are more essential. This
is also the range of small angle scattering experiments (Q � 0.3 Å�1). The
macroscopic cross section reads then:

dS

dU
ðQÞ ¼ 1

V

������

Z

V

d3r 9ðrÞ$expðiQrÞ
������

2

(10.6)

Essentially, the individual scattering length bj is replaced by a scattering
length density 9(r), and the sum is exchanged by an integral. As explained
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before, now whole molecules or larger subunits describe a field of the scat-
tering length density:

9k ¼ 1
Vk

X

j

bjk (10.7)

where the sum runs over all atoms of number j in the molecule k. So, here
several atoms indexed by j of type k are collectively considered. The specific
volume of subunit k is Vk. Practically, for solvents, each molecule is a sub-
unit, and the specific volume is calculated from the density. For polymers,
the monomer (or more precisely, the repeat unit) is usually chosen as the sub-
unit. For clay particles, the best scattering length density is based on the
overall chemical formula of the silicate, and internal lateral inhomogeneities
are neglected. One might observe them in a dedicated contrast matching
measurement [27] where then residual scattering occurs. The detailed anal-
ysis of such inhomogeneities though is beyond the scope of this manuscript.

4. THE SCATTERING OF SIMPLE PARTICLES
The power of neglecting single atoms is found when simple shapes of inter-
nal homogeneity are considered. The essential equation for the macroscopic
cross section is then found to be [14,15]:

dS

dU
ðQÞ ¼ ðD9Þ2$f$Vparticle$F

2ðQÞ (10.8)

n FIGURE 10.2 A Wide angle x-ray scattering (WAXS) experiment on montmorillonite clay dispersed in
water. One observes peaks in the classical WAXS range Q ¼ 1.4, 2.0, and 3.0 Å�1 for atomistic
structures, but also at intermediate angles Q ¼ 0.4 Å�1 for the stacking of several platelets. From H.E.
Hermes, H. Frielinghaus, W. Pyckhout-Hintzen, D. Richter, Polymer 47 (2006) 2147e2155.
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The important prefactors are the contrast arising from the scattering length
density difference D9 ¼ 91 � 92 of the colloids and the surrounding matrix
(be it solvent or polymer), the concentration of the colloids f, and the vol-
ume of a single colloidal particle Vparticle. The only Q-dependence lies in the
form amplitude F(Q), the square of which is called form factor. The low Q
limit of the form amplitude is 1, and so a calibrated scattering experiment
allows for cross-checking of the sheer particle volume with the shape
observed in F(Q). Another cross-check might aim at the concentration.

While the major part of this manuscript aims at platelets, the simplest
colloidal structure is a sphere. For the form amplitude, one obtains the sim-
ple analytical formula [28]:

FðQÞ ¼ 3$
sinðQRÞ � ðQRÞcosðQRÞ

ðQRÞ3 (10.9)

This dependence is displayed in Fig. 10.3 on a double logarithmic scale.
While the red curve indicates the original formula with heavy oscillations
(called fringes) at larger scattering vectors, the blue curve indicates a prac-
tical measurement with a certain distribution of radii R and/or finite instru-
mental resolution (see also Section 9). In both cases, we have a Guinier

n FIGURE 10.3 The form factor of a spherical colloid with the radius 100 Å [red (gray in print
versions) line]. The Gunier range is found at small Q, while the Porod range is at high Q. For
polydisperse spheres and/or finite instrumental resolution, the blue (black in print versions) line is
obtained with the linear asymptote in the double logarithmic scale.
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range at lowest Q < 0.02 Å�1 and a Porod range at higher Q > 0.07 Å�1.
The distribution of length scales, may it arise from R orQ, smears the fringes
over a certain range, and accordingly more or less fringes remain to be seen.
The Guinier scattering is often expressed in a simplified way, which holds
for small Q, and it reads [14,15,29]:

dS

dU
ðQÞ ¼ ðD9Þ2$f$Vparticle$exp

 

� R2
gQ

2

3

!

(10.10)

While the prefactors remain as for the original formula with the volume of a
single spherical colloid Vparticle ¼ 4pR3/3, the form factor is approximated
by a simple Gaussian. This expression introduces a new aspect of the
colloidal size, namely the radius of gyration Rg. It is connected to the second
moment of the mass distribution of the colloid (similar to the moment of
inertia). For spherical homogenous colloids the relation Rg ¼ ffiffiffiffiffiffiffiffi

3=5
p

$R
holds. Applying the Guinier expression to any other scattering curve at small
Q will still provide a radius of gyration, but the meaning has to be analyzed
in context with the colloidal shape and volume.

The first minimum of the scattering curve is often visible for spherical col-
loids, because the distribution of length scales usually is good enough, and
the radius of the colloid can be determined according to Qmin ¼ 4.493/R.
This formula is another example of reciprocal space relations (see also Eq.
10.3), where the prefactor has changed slightly from the original value 2p.
For consistency, the radius determined by the first minimum can be cross-
checked with the radius of gyration and the colloidal volume. If there are
strong inconsistencies, the shape might be nonspherical, and other models
have to be considered.

The Porod formula is usually expressed for the Q-range where the fringes
have been smeared out to yield a straight line in the double logarithmic
plot. It simply reads:

dS

dU
ðQÞ ¼ P$Q�4 (10.11)

The Porod constant P ¼ 2p(D9)2Stot/Vtot is connected to the characteristic
surface Stot and for spherical colloids reads P ¼ 6p(D9)2f/R. Again, this
gives rise to cross-checks with the radii determined at different Q-ranges. In-
dependent from the spherical model that we discuss here, the connection of
the Porod constant with the characteristic surface holds for other structures
[14,29]. The prerequisite of applying this scattering law is the sharp transi-
tion of scattering length densities between clearly separated domain struc-
tures, i.e., volumes. We will see that other scattering (Porod) laws may
occur for different structures.
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The next stage of complexity in the scattering occurs for platelets. Often the
structure is approximated by flat cylinders. The general form amplitude for
a cylinder with the main axis along the z-axis reads [28]:

bFðQ;4;wÞ ¼ sinðQH cos wÞ
QH cos w

$2
J1ðQR sin wÞ
QR sin w

(10.12)

The polar angle between Q and the z-axis is w. The two factors arise from the
two different structures in different directions: the finite length of the cylinder
d with the height parameter H ¼ d/2 and the circular structure with the radius
R. There is no dependence on the azimuthal angle 4 due to the cylinder sym-
metry. For platelets, the relation R[ H holds. For oriented platelets, the scat-
tering would be anisotropic, and the discussion would stop here. But in
practice, the platelets do not often have a preferred orientation, and the orien-
tational averaging needs to be applied to the model, according to:

F2ðQÞ ¼ 1
2p

Z2p

0

d4
Zp

2

0

dw bF
2ðQ;4;wÞsin w (10.13)

When the original form amplitude is independent of the azimuthal angle 4,
its integral cancels with the prefactor. The averaging over the polar angle re-
mains for platelets and practically is done numerically when this model is
applied to scattering curves. Only when the separation of length scales ap-
plies (R [ H), a further simplification is found:

F2ðQÞ ¼ 2
Q2R2

$

�
1� J1ð2QRÞ

QR

�
$
sin2ðQHÞ
Q2H2

(10.14)

We identify the first two factors with the orientationally averaged circular
structure, while the third factor arises from the finite thickness without
changes. The concept of unchanged scattering functions for the small length
scales is also found for other models, for instance for chain structures with
finite cross section [30].

Graphically, the simplified scattering function and the original view with
explicit orientational averaging cannot be distinguished, as seen in
Fig. 10.4 (for R ¼ 600 Å and H ¼ 5 Å). We identify four different Q-ranges:
The Guinier range (Q < 0.003 Å�1) for the overall particle is connected to
the particle volume Vparticle ¼ 2pR2H and the radius of gyration
Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2=2þ H2=3

p
according to the original formula of Eq. (10.10).

The first power law region (0.008 Å�1 < Q < 0.2 Å�1) describes the shape
of an infinitely thin platelet with typical thickness:

dS

dU
ðQÞ ¼ 4p$ðD9Þ2$f$H

Q2
(10.15)
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This scattering law is connected to the fractal structure of a thin surface in a
3d volume. The next region is the Guinier region (0.2 Å�1 < Q < 0.5 Å�1)
that observes the finite thickness of the platelet. This scattering law is consid-
erably different from the original Guinier expression (Eq. 10.10), because
the surface and the finite thickness appear at the same time.

dS

dU
ðQÞ ¼ 4p$ðD9Þ2$f$H

Q2
$exp

�
� 1
3
Q2H2

�
(10.16)

At highest Q > 1 Å�1 the volume property of the platelet appears. The
considered length scales are so small that a small portion of the interface be-
tween the colloid and the matrix is not correlated anymore to other interface
portions. One simply finds the Porod constant:

P ¼ 2pðD9Þ2f$
�
1
H
þ 2
R

�
z2pðD9Þ2f=H (10.17)

At some point in this Q-range, the atomistic structures would also superim-
pose, and the idealized platelet structure would not be observed as pure, as
discussed here.

5. MORE COMPLICATED, BUT LESS SPECIFIC
STRUCTURES

We have seen in the previous chapter that often a separation of length scales
occurs. The scattering of such structures then results in well-separated Q-

n FIGURE 10.4 The form factor of a platelet with radius R ¼ 600 Å and a thickness of 2H ¼ 10 Å.
One can identify several Q-ranges that express the fractal structure of a platelet as described in the text.
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ranges, where simple power laws such as Q�Df appear. The exponent Df is
the fractal dimension of the structure and can take values limited between 1
and 6 (typically Df � 4.5). For the direct observation of mass fractals, Df is
the dimensionality of the fractal structure (1 for rods, 2 for surfaces, 3 for a
house of cards), while Df ¼ 2d � D holds for surface fractals with the
dimensionality D in d dimensions. The classical Porod exponent of 4 relates
to a three-dimensional structure (d ¼ 3), the surface (D ¼ 2) of which is
observed. Further roughness would even result in higher exponents, but if
the surface is completely diffuse, the power law disappears, and a bare
Gaussian decay with a roughness parameter s remains.

More precisely, we have seen that the separation of length scales results in
an alternating sequence of Guinier and power law scattering. For many struc-
tures with a wider distribution of length scales (polydispersity), there are no
more fringes in between the Guinier range and the power law, and the curves
look quite smooth on a double logarithmic plot. Here comes the idea of
Beaucage into play [31]. For a single size with a single fractal structure,
the followingerather heuristicescattering formula is obtained:

dS

dU
ðQÞ ¼ G1 exp

�
� 1
3
Q2R2

g

�
þ B1

 
erf3
�
QRg

� ffiffiffi
6

p �

RgQ

!Df

(10.18)

The prefactor G1, as we have learned, is connected to several magnitudes
(namely contrast, concentration, and particle volume, see Eq. 10.8), and
the radius of gyration Rg can be connected to the particle size, if its geometry
is known. The prefactor B1 might be connected toG1, if a Benoît mass fractal
is described, according to B1 ¼ G1G(Df /2)Df ; otherwise B1 stays slightly
below that value. Empirically, the argument of the error function erf(x) usu-
ally is multiplied by a factor of 1.06. The formula was then expanded to
several stages of fractal structures. For those hierarchical structures, one
finds:

dS

dU
ðQÞ ¼

2

4

2

4G1 exp

�
� 1
3
Q2R2

1

�
þ B1

 
erf3
�
QR1

� ffiffiffi
6

p �

R1Q

!D1

þ G2

3

5

exp

�
� 1
3
Q2R2

2

�
þ B2

 
erf3
�
QR2

� ffiffiffi
6

p �

R2Q

!D2

þ G3

3

5/

(10.19)

The two square brackets and the indices i indicate the different stages of
fractal structures, ranging with i from large to smaller structures. By employ-
ing more brackets and more indices i, the formula can be naturally expanded
to an arbitrary number of fractal stages. Compared to our model platelet, the
Beaucage fractal description allows for more parameters to be adjusted. By
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applying this model, one might be left with uncertainties in the interpretation
of which exact structure is connected to which length scale. This Beaucage
model fitting basically corresponds to a ruler-based analysis in a logelog
plot of the scattering curve, where the intersections are connected to the
typical length scales (here called Ri).

Now we discuss a system with chitin platelets that are embedded in a
gelatin/water gel [32]. The system mimics natural nacre that can also be ob-
tained using clay instead of chitin [33]. The platelet concentration is so high
that locally all platelets are aligned in parallel. Rendering a certain heavy wa-
ter content, the main focus of the experiment was on the magnetite particles
that are captured between the platelets (Fig. 10.5). For comparison, the same
particles were studied in the gelatin gel without chitin. The isolated magne-
tite particles are observed a highQ > 0.2 nm�1 with a power law ofQ�3 that
takes account for the interstitial between the touching particles. At interme-
diate Q (0.01 nm�1 > Q > 0.2 nm�1) the fractal structure of the magnetite
chains becomes visible. Within the chitin platelets, the chains are stretched
and rod-like (with an exponent 1), while in the pure gelatin gel, the chains

n FIGURE 10.5 Scattering of magnetite particles in different environments: (top) a gelatin/chitin
composite and (bottom) a pure gelatin gel. The largest length scales (Rg) are mm and not mm, as
indicated at lowest Q. Taken from M. Siglreitmeier, B. Wu, T. Kollmann, M. Neubauer, G. Nagy, D.
Schwahn, V. Pipich, D. Faivre, D. Zahn, A. Fery, H. Cölfen, Beilstein J. Nanotechnol. 6 (2015) 134e148.
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are polymer- or coil-like (with an exponent 2, as we will see in Section 7). At
very low Q < 0.005 nm�1 the branching of the different chains leads to a
network with a finite correlation length x, that gives rise to a Guinier scat-
tering wexp(�x2Q2) with x ¼ Rg/3.

6. THE ROLE OF THE STRUCTURE FACTOR
When we discussed the scattering of simple particles, we assumed that they
appeared uncorrelated in the sample volume. Only then the scattering inten-
sity of individual particles superimposes independently (as seen by the fac-
tor f in Eq. 10.8). For concentrated or attractive particles, the correlation
between the different particles has to be taken into account, because certain
distances appear to be preferred. This gives rise to an additional factor, the
structure factor S(Q), and the original formula (10.8) transfers to [14,15,29]:

dS

dU
ðQÞ ¼ ðD9Þ2$f$Vparticle$SðQÞ$F2ðQÞ (10.20)

The theory of the structure factor might be seen as complicated. We will
come to some simple expressions after we have summarized the essential
ingredients. The simplest theoretical approach to the structure factor is ob-
tained by discussing the pair correlation function g(r). Except for some pe-
culiarities about Fourier transformations of constants, the structure factor
S(Q) is basically the Fourier transformation of g(r):

SðQÞ ¼ 1þ f

Z

V

d3r ðgðrÞ � 1Þ expðiQrÞ (10.21)

We see the subtraction and addition of 1 at two places, which takes care of
unwanted divergences (and the self-correlation). Otherwise a simple Fourier
transformation remains. The pair correlation function is simply defined by
probabilities and reads:

gðr2 � r1Þ ¼ Pðr1; r2Þ
Pðr1Þ$Pðr2Þ (10.22)

with the probability of finding any single particle P(r1) ¼ f, independent of
the position r1, and the probability P(r1, r2) of finding two particles at two
certain positions. The pair correlation function only depends on the relative
position r1 � r2 between two particles. For isotropic particles, the correlation
is also isotropic, while for platelets we have to assume a preferred direction,
as we will see below.

In a simple way, one can derive a structure factor for hard spheres that sim-
ply cannot overlap. One can derive the following:

SðQÞ ¼ 1� f2R$FsphereðQ; 2RÞzð1þ f2R$FsphereðQ; 2RÞÞ�1 (10.23)
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In the first expression, the form amplitude of a sphere appears (Eq. 10.9)
with double the radius and a concentration according to double sized
spheres, i.e., f2R ¼ 23f. This takes care of the minimum distance between
two spheres of radius R. The second expression is highly similar to the first
one (same leading order for small f) and results from a simple Ornsteine
Zernike approach. A more detailed OrnsteineZernike approach exists for
hard spheres with a few more terms [34], see also Appendix 12.

6.1 Structure Factors for Clay Systems
The stacking of several clay platelets gives rise to at least one peak. The
first order peak is directly connected to the spacing d of the platelets ac-
cording to d ¼ 2pQ�1

max (see also Eq. 10.3). A simple experiment is
described for smectite in water that was slowly heated from �70�C to
room temperature [34] (Fig. 10.6). One can see that, with increasing the
temperature, the lamellar spacing increases from 15 to c. 100 Å. As long
as one focuses on the first order peak position, one could stop here, but
more details lie in (1) the small angle scattering, where whole stacks are
observed, (2) in the peak width, and (3) in relative widths of higher order
peaks. In the following, we will give several approaches that focus on the
different aspects.
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n FIGURE 10.6 Small angle X-ray scattering patterns of smectite in water that is slowly heated
from �10�C to room temperature. Gradual swelling occurs with elevated temperatures. Graph modified
from G. Calas, W.A. Bassett, J. Petiau, M. Steinberg, D. Tchoubar, A. Zarka, Phys. Chem. Miner. 11
(1984) 17e36.
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For stacks of platelets, ideally with their centers on the same normal line,
one would obtain the following stack form factor:

F2ðQÞ ¼
Zp

2

0

dw bSðQ;wÞ$bF2ðQ;wÞsin w (10.24)

We can see here an internal structure factor bSðQ;wÞ, which describes only the
correlations of single platelets along the z-axis. The platelet form factor
bF
2ðQ;wÞ refers to Eq. (10.12). With this concept, one would describe whole

stacks that are embedded further in a matrix. The simplest internal structure
factor is obtained when all stacks have an identical number of platelets N [27]:

bSðcÞ ¼ sin2ðcNÞ
sin2ðcÞ (10.25)

with the argument c ¼ (Qd/2)cos w. For a distribution of the platelet number
n with the probability being constant for all n and a maximum nmax ¼ N, one
obtains [27]:

bSðcÞ ¼ 2N � sinð2cN þ cÞ=sinðcÞ þ 1

4N sin2ðcÞ (10.26)

For a Poisson distribution of the platelet number n with the mean
value <n> ¼ l, one obtains [27]:

bSðcÞ ¼ 1� cosðl$sinð2cÞÞ$expð� 2l sin2 cÞ
2 sin2ðcÞ (10.27)

All of these structure factors display identical Bragg peaks at Q ¼ 0, Qmax,
2Qmax, 3Qmax,. as seen in Fig. 10.7. The most interesting detail is the shape
of the small angle scattering at small Q < 0.1 Å�1, where the statistics of the
n-distribution really matters (see Fig. 10.8). For higher Q, the resolution of
neutron scattering experiments is usually relaxed so that peak shapes are not
that well distinguished experimentally. The form factor that still has to be
considered is responsible for the decay of the Bragg peaks at higher Q
that makes higher order peaks nearly invisible for small angle neutron scat-
tering (SANS). Therefore wide and medium angle X-ray scattering experi-
ments are usually the better choice for observing higher order Bragg
peaks and peak widths. After we have seen the theories for identical peak
shapes of all orders, a few examples should be given for different peak
shapes at different orders.

For regular repetitions of identical building blocks, the theory of crystals
has been developed best [13]. From the theory of crystals the following pic-
ture has been developed: For the first three structure factors, we have
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assumed no uncertainty of the repeat distance. This results in equally shaped
Bragg peaks at all orders. In this case, only the finite sizeB of the crystallite
determines the peak width of all peaks through a correlation length x wB.
Therefore the neighborhood of platelets remains well defined. The second
kind of uncertainty (see also Ref. [14]) is introduced when the probability
becomes wider and wider when considering neighbors at larger distances.

n FIGURE 10.7 Structure factors for stacks with different statistics: [red (light gray in print versions)] fixed
number N ¼ 5 of platelets in stack, [blue (dark gray in print versions)] same probability for n ¼ 1.5
platelets in stack, and [green (gray in print versions)] Poisson distribution of n with mean value l ¼ 5.
The spacing is 20 Å. Note the logelog scale in the left section, while the scale is linear elsewhere.

n FIGURE 10.8 (Left) Typical small angle neutron scattering pattern of a montmorillonite clay in water dispersion. (Right) Even though the scattering pattern
looks quite featureless, isolated platelets and a Poisson distribution for the platelet number in a stack had to be assumed. From H.E. Hermes, H. Frielinghaus,
W. Pyckhout-Hintzen, D. Richter, Polymer 47 (2006) 2147e2155.
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This means that each particle only refers to its immediate neighbor, which
results in a loss of wide-range order. This scenario describes a paracrystal.

Kratky and Porod [36e38] introduced a Gaussian distribution for next-
neighbor correlations, which results in wider Gaussian distributions over
longer distances [2]. The expression for this structure factor reads:

bSðcÞ ¼ 1þ 2
N

XN

k¼ 1

ðN � kÞcosð2kcÞexp
�
� 2k

s2

d2
c2
�

(10.28)

We see that the total number of platelets is limited to N. The integer k de-
scribes the index difference of the platelets, which appears in the Gaussian
factor. In reciprocal space the corresponding Gaussian gets narrower,
contrarily to real space.

While in the abovementioned structure factor the mean distance is fixed,
and therefore a weakly paracrystalline model, another approach for interca-
lated polymereclay nanocomposites can be made. Now by d the minimum
distance is described, and a simple exponential decaying potential with a
decay length L describes the next neighbor interactions. Now the potential
allows for detachments and would be called “strongly paracrystalline.”
The structure factor reads:

bSðcÞ ¼
4

�
Lc

d

�2

2þ 4

�
Lc

d

�2

� 2 cos 2cþ 4
Lc

d
sin 2c

(10.29)

Both structure factors of the two paracrystalline models are compared in
Fig. 10.9. While the first model loses the higher order peaks quite quickly,
the second model keeps higher order peaks well. This corresponds to the
short distance correlations which are better in the second case. The first
model still provides a description of small angle scattering at the zero-
order peak, while the second model leads to such a homogenous clay distri-
bution that small angle scattering is predicted to be absent. This fact is a clear
inconsistency of the second model, which does not apply in reality. The
origin is the assumption of low platelet concentrations that in reality also
give rise to random orientations and therefore well-distinguished stacks
that do scatter at small angles.

From the first order peak width of the second model, the mean number of
platelets in a stack can be calculated when comparing to Eq. (10.25). In the
limit of large platelet numbers or small L, one would obtain:

hNiz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6
x2

d2
þ 1

s

z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
p2
$
d2

L2
þ 1

r

(10.30)
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The equilibrium total spacing d refers to the first maximum of the structure
factor and is depicted in Fig. 10.9B. The distance distribution function can be
motivated by the minimum distance d that is at least the platelet thickness,
and the parameter L that can be explained through a chemical potential m:
If the polymer deformation is assumed to be in the normal direction, the po-
tential would read m ¼ kBT (1 � D2/Rg

2) z kBT. For strong deformations, the
detail about the exact deformation is lost. In the comparisons with literature
data below, the actual chemical potential seems to be smaller than estimated
here. For conceptual reasons, we leave the explanation as it is. The number
of polymers between two platelets is given by n ¼ pR2D/Vm, where R is the
platelet radius and D the spacing between the platelets. Now the distribution
function for the spacing would read J(D) w exp(�(m/kBT)pR

2D/Vm),
and so

L ¼ Vm

pR2m=kBT
(10.31)

For the stacking number <N>, one would expect a decaying dependence
with the molar polymer volume Vm [39], while the spacing would increase
[40]. The two literature examples [39,40] are only semiquantitatively repre-
senting the described dependencies here, but the observed trends are correct.
The presented model is the simplest attempt to explain the connections

n FIGURE 10.9 (A) Comparison of the structure factors of paracrystalline models (d ¼ 20 Å). The red (gray in print versions) curve corresponds to the
KratkyePorod model (N ¼ 5) with Gaussian distributions of the distortions (s ¼ 1 Å), while the second model assumes an exponential decay
(L ¼ 3.9 Å / <N> ¼ 3) of the next neighbor distance distribution. (B) The spacing of the second model as a function of the scaled L parameter.
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between different parameters of intercalated polymereclay systems for non-
grafted polymers at low particle concentrations.

Some experimental results about rubber-filled clay systems are depicted in
Fig. 10.10 [41]. The pure clay shows sharp peaks that weakly decay in in-
tensity, which indicates high degree of order. The intercalated systems
show a much faster decay of higher order peaks, which might be addressed
to a paracrystal structure. At very high clay contents the spacing seems to be
dominated by the average space that a clay sheet has.

The focus on the structure factor distracted from the presence of the form
factor. For small stacking numbers (i.e., <N> d << R) the form factor is
present and would appear as follows due to the separation of length scales:

F2ðQÞ ¼ 2
Q2R2

$

�
1� J1ð2QRÞ

QR

�
$
sin2ðQHÞ
Q2H2

$bSðc ¼ Qd=2Þ (10.32)

Practically, the first term wQ�2 is essential in the wide angle x-ray scat-
tering (WAXS) patterns, and the single platelet thickness H ¼ d/2 might
appear as well. Note that for pure clay the stack thickness is so high that
the form factor can be assumed to be constant. Intermediate stacking
numbers require the full orientational averaging, as of Eq. (10.24).

7. POLYMER SCATTERING
Since polymers are one main material that is used for intercalation and exfo-
liation, many studies aim at the chain structure of polymers. As already

n FIGURE 10.10 (Left) The influence of rubber intercalation to layered double hydroxide (LDH) clay. The pure clay shows highly ordered stacks, while the
intercalated system has clear indications for disorder that likely is a paracrystal structure. (Right) The influence of high organo-clay (M60) contents on styrene-
butadiene rubbers (S-SBR) in units of phr (per 100 rubber). The high clay contents seem to equally distribute such that the spacing reduces. From A. Das, D-
Y. Wang, K.W. Stöckelhuber, R. Jurk, J. Fritzsche, M. Klüppel, G. Heinrich, Adv. Polym. Sci. 239 (2011) 85e166.
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intuitively clear, the chains can be rather undisturbed at low particle concen-
trations far apart from the platelets, and strongly deformed in the interca-
lated state between the platelets. Interestingly for spherical colloids, most
of the polymers stay rather unchanged in the presence of the particleseeven
at higher particle concentrations [42]. For simplicity and clarity, we start
with the concepts of undeformed chains, and then end at deformed interca-
lated chains [14,15].

The scattering function of a random coil for a chain was first derived by
Debye. Using the statistics of a random walk, one obtains the Debye
function:

F2ðQ; f Þ ¼ 2
Q4R4

g

$
	
exp
	
� f $Q2R2

g



� 1þ f $Q2R2

g



(10.33)

For later expressions, we introduced a segment fraction f of the overall
chain. For simple homopolymers, we set f ¼ 1 and obtain the full Q-depen-
dence of the scattering in the case of noninteracting chains. The polymer size
is given in terms of the radius of gyration Rg. The neglect of interactions is
true in theta solvents [43] and nearly true in melts of polymers with different
hydrogen isotope labeling [44]. The theoretical and experimental depen-
dencies are depicted in Fig. 10.11. The Guinier scattering at small Q and
the fractal structure of coils at high Q can be analyzed further [45,46], but

n FIGURE 10.11 (Left) The theoretical Debye function in a linear and double-logarithmic plot. (Right) The experimental scattering of a homopolymer melt of
protonated and deuterated chains, again linear and double logarithmic. From S. Gagliardi, V. Arrighi, R. Ferguson, A.C. Dagger, J.A. Semlyen, J.S. Higgins, J.
Chem. Phys. 122 (2005) 064904; H. Frielinghaus, Flexible polymers, in G. Gompper, U.B. Kaupp, J.K.G. Dhont, D. Richter, R.G. Winkler (Eds.), Physics Meets
Biology - from Soft Matter to Cell Biology, Schriften des Forschungszentrums Jülich, Jülich 2004, pp. C1.1eC134.
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would take us far from the scope of this manuscript. For the absolute scat-
tering of noninteracting polymers of the same polymerization degree, one
obtains:

dS

dU
ðQÞ ¼ ðD9Þ2$f$ð1� fÞ$Vpolymer$F

2ðQ; 1Þ (10.34)

We have already seen the general dependence in Eq. (10.8), but now the
labeled polymer fraction f can be high. This new expression results from
the random phase approximation (RPA) that describes concentrated systems
[15] and that will be derived in the following. Here, we mainly restrict our-
selves to polymer systems. The basis of the RPA is the matrix of the undis-
turbed polymers. In the case of well-distinguished homopolymers, the
matrix is diagonal:

S0ðQÞ ¼

0

B@

f1V1F
2
1 0 0

0 1 0

0 0 fnVnF
2
n

1

CA (10.35)

In the case of diblock copolymers (i.e., linear chains with two different
monomers, distributed block-wise along the chain), off-diagonal entries
appear in the matrix. In the case of a simple diblock copolymer melt, one
obtains the following matrix [47]:

S0ðQÞ ¼ fV

0

BB@

F2ðQ; f Þ 1
2

�
F2ðQ; 1Þ � F2ðQ; f Þ � F2ðQ; 1� f Þ�

1
2

�
F2ðQ; 1Þ � F2ðQ; f Þ � F2ðQ; 1� f Þ� F2ðQ; 1� f Þ

1

CCA

(10.36)

From this concept, it is possible to build an N � N matrix for any kind of
polymers with N kinds of well-separated polymeric blocks. If a one-phase
system is assumed, the entries for the same kind of monomers can be

compressed in terms of a simple addition (i.e., Seffkk ¼ P
i˛fkgSii and Seffkl ¼

P
i˛fkg; j˛flg;i>jSij for k > l and correspondingly for k < l). All of this

yielded the correlation matrix of unperturbed chains. For interacting
polymers, a second matrix describes the monomeremonomer interactions:

V ¼

0

BBB@

v11 v12 / v1n
v21 v22 / v2n
« « 1 «

vn1 vn2 / vnn

1

CCCA
¼

0

BBB@

v v� c12 / v� c1n

v� c12 v / v� c2n

« « 1 «

v� c1n v� c2n / v

1

CCCA

(10.37)

The first expression leaves much space for specific interactions, but usually
the parameters can be reduced by introducing a strong repulsive parameter v
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that is basically the same for all monomers, and a specific exchange interac-
tion cij that describes the energetic change of i-i and j-j contacts by i-j con-
tacts. Practically, for most polymer systems the interactions are point-like,
and therefore Q-independent. The central correlation function including in-
teractions is then expressed by:

S ¼ �
S�1
0 þ V

��1
(10.38)

This expression is still a matrix that cannot simply be compared to a simple
scattering experiment. The key is the scattering contrasts that have to be
considered for each monomeric species:

9 ¼

0

B@

91 � 9x

«

9n � 9x

1

CA (10.39)

Here, the contrast vector introduces an arbitrary reference scattering length
density 9x that can be picked from any species. This step is exactly valid in
the limit of incompressibility, which is respected for most systems. The over-
all scattering function then reads:

dS

dU
ðQÞ ¼ lim

v/N
ð9trS 9Þ (10.40)

The incompressibility limit of the model is achieved by leaving the repul-
sive interaction go to infinite values. This formalism was applied to many
simple systems. In the case of a homopolymer blend with two arbitrary
polymers, one obtains:

dS

dU
ðQÞ ¼ ðD9Þ2$

�
1

f1V1F2
1ðQ; 1Þ

þ 1
f2V2F2

2ðQ; 1Þ
� 2c12

��1

(10.41)

The volume fractions fi and molar volumes Vi refer to species i. As seen
from the dimensions, the interaction parameter c12 has the unit of a recip-
rocal volume. It can be seen as a dimensionless interaction parameter ec
divided by the monomeric volume, i.e.,

c ¼ ec=v0 (10.42)

This concept was derived for polymer chains with a small perturbation
through the monomeremonomer interactions. It proved to be highly suc-
cessful for many kinds of polymer blends with even more than two kinds
of monomers [48]. And even colloidal particles could be introduced to
this formalism [49].

The briefly mentioned option of changing contrast is ideally possible for
neutron scattering experiments by exchanging hydrogen through deuterium
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for polymers (or solvents). In this way, specific aspects of the sample can be
highlighted. Ref. [50] presents a thorough study to obtain the pure polymer
scattering in a nanocomposite with spherical silica filler [4]. There the single
polymer was replaced by a mixture of hydrogenous and deuterated polymer
that on average possesses the same scattering length density of the particles.
Apart from being successful, the preferential absorption of one of the labeled
polymers caused slight complications that still could be modeled well.

The general approximated approach of the RPA can be understood on two
levels: first, the fluctuations of the polymer concentration that give rise to
the scattering, as described above, cannot exceed the local concentration
of 0 or 1. The RPA would predict such unreasonable strong fluctuations
close to phase boundaries, where the system tends to separation anyhow.
Second, the strong fluctuations have an impact on the free energy of the sys-
tem that is neglected by the RPA, which explains where the simplification
would need to be corrected. Ref. [51] gives a brief overview on critical fluc-
tuations of homopolymer blends and of diblock copolymers. Historically,
Schwahn emphasized this topic for homopolymer blends [52], which was
then observed for diblock copolymers by several groups and finally concep-
tually taken to mixtures of two homopolymers and a corresponding diblock
copolymer [53,54], for instance. While the concepts have been rather well
understood, they were widely neglected in polymer/particle nanocompo-
sites. But the attractive Casimir force, for instance, is discussed for binary
liquids [55] and polymer solutions [34] so far, and detailed considerations
for polymers are about to be developed [56].

7.1 Confined Polymers
For chains that are confined between clay platelets, other formalisms were
introduced. The ideal case of a polymeric monolayer results in self-avoiding
trails discussed by Duplantier [57]. For slightly thicker layers of polymers,
the partially self-avoiding trails model the experimental behavior. This is
often true, because the minimum polymer layer thickness is c. 10 Å, which
leaves space for 2e4 chains in the normal direction. The resulting scattering
function reads:

SðQÞ ¼ 1
v0
$

0

B@1þ Q2x20

1þ k ln
K

Q2x20

1

CA

�1

(10.43)

The classical correlation length x0 ¼ a0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v0c0=2

p
appears already for the

random phase approximation without corrections. The logarithmic correc-
tion depends on the Ginzburg number k ¼ (4pc0a0

2)�1 and a less well-
determined constant K of order 1. The magnitudes v0, c0, and a0 are the
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two-dimensional interaction parameter, the monomer concentration, and the
statistical segment length (divided by the number

ffiffiffiffiffi
2d

p ¼ 2), respectively.
The concentration and the interaction parameter are connected to the
three-dimensional counterparts by c0 w c3dH, v0 w v3d/H, where H is the
thickness of the polymer layer. The interaction parameter v0 is normalized
in a way that it takes zero at the critical point (or spinodal) and therefore
can also be seen as a reduced temperature v0 w (T � T0)

g with the critical
exponent g.

The experimental thrill was to remove the unwanted scattering of the clay
particles from the polymer scattering [58]. Therefore the polymer scattering
was rendered high by using hydrogenous and deuterated polymers, and the
still-high clay background was determined in a polymer concentration series.
The rather pure polymer scattering is depicted in Fig. 10.12. One can see that
the model describes the scattering well for smaller Q < 0.04 Å�1, to which
the model applies. All fitting parameters are given in Ref. [58]. The cross-
check of this model was obtained by comparing the fitted Ginzburg number
k with the independently calculated k that was obtained from the other fitting

n FIGURE 10.12 The polymer scattering of two-dimensional h- and d-polyethylene oxide polymers be-
tween clay platelets LRD80 at different clay concentrations. The model fits correspond to Eq. (10.43).
The downturn of the fits toward higher Q at c. 0.04 Å�1 corresponds to the limit of the model where
the logarithm turns negative. From H. Frielinghaus, X. Frielinghaus, N. Ruocco, J. Allgaier, W. Pyckhout-
Hintzen, D. Richter, Soft Matter 9 (2013) 10484e10492.
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parameters. Astonishingly, the agreement was within a few percent for the
LRD80 clay particles with a diameter of 80 nm, but discrepancies were
observed for the smaller clay diameter of 20 nm. The explanation was the
polymer dimension in the lateral direction. Still, several polymers were
placed on the LRD80 platelets, while the number of polymers was too small
for LRD20, where an additional confinement might occur through the finite
diameter.

8. CONTRAST VARIATION
The basic understanding of experiments with varying contrasts would
already be clear in context of the two Eqs. (10.39) and (10.40) (the incom-
pressibility limit applies, but does not need to be mentioned explicitly). The
experiment would change at least one contrast over a wider range so that one
species becomes invisible at the contrast match point. For two different ma-
terials, one can obtain the experimental scattering length density. This is, for
instance, important for natural materials such as clays, while the solvent scat-
tering length density can be calculated on the basis of the changing deute-
rium to hydrogen ratio. Apart from the experimental match point, one
observes the residual scattering that results from inhomogeneities within
the particles. For clay particles, there occur inhomogeneities in the lateral di-
rection due to changing counter ions and possible wrinkles [27].

These inhomogeneities are also highly important for particles consisting of
two materials. At the overall match point the forward scattering is widely
reduced, and the internal structure remains. Apart from that, a single mate-
rial can be made invisible at the particular match point, and the other ma-
terial structure is observed as a pure structure. By this kind of
experiment, a more detailed picture is obtained that distinguishes between
the two materials of the particle [59].

In multidimensional contrast variation experiments, the match points of
each individual species should be selected in several series of experiments
[21]. This highlights separately different aspects of the complicated struc-
ture, and the individual aspect can be recovered from the whole set of exper-
iments. Formally, the Eq. (10.40) includes several sets of contrasts. If the
contrast matrix were quadratic, one could solve for the correlation matrix
exactly. To reduce the noise of this procedure, one better overdetermines
the problem by performing more measurements than actually needed, and
then a formal inverse matrix for 9 can be calculated by the singular value
decomposition method. The result of this experiment is the isolated struc-
tures on the diagonal of S, and the cross-correlations that tell about the rela-
tive positions of different species. While a single scattering experiment has
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to deal with the phase problem, which makes it impossible to determine the
real space structure exactly, the multidimensional contrast variation experi-
ment overcomes parts of this phase problem, at least in terms of the different
species.

9. RESOLUTION AND SIZE DISTRIBUTION
A particular problem of scattering experiments shall be addressed briefly
here. Many theories predict fringes of the scattering pattern at higher Q,
while experimentally the curves are smeared [60]. This simplifies the anal-
ysis of power laws but reduces the exactness of a size measurement. The
instrumental resolution arises from a wavelength spread and a finite collima-
tion. Often, the connection between a theoretical scattering function (index
th) and an experimental one (index exp) is given by:

dSexp

dU
ðQavÞ ¼ 1

DQ
ffiffiffi
p

p $

Z
dQ

dSth

dU
ðQÞ$exp

 

� ðQ� QavÞ2
ðDQÞ2

!

(10.44)

using the particular spread DQ in terms of Q. While for SANS this spread is
in itself Q-dependent, for X-ray scattering the resolution effect is often negli-
gible. Here, the sample polydispersity comes into play. Often single or mul-
tiple lengths in the sample structure are distributed. They would also be
described by a smearing, according to:

dSdistr

dU
ðQ; ‘avÞ ¼ 1

D‘
ffiffiffi
p

p $

Z
d‘

dSmon

dU
ðQ; ‘Þ$exp

 

� ð‘� ‘avÞ2
ðD‘Þ2

!

(10.45)

The monodisperse scattering function (index mon) is smeared over the
parameter ‘ to yield the scattering function of a distribution (index distr).
The smearing parameter is D‘. The two different origins of smearing are
identical in the case that both focus on the same length scale, i.e.,
Qav ¼ 2p/‘av. The simple exponential distribution can also be replaced by
a SchultzeZimm distribution [49].

10. DYNAMICS IN COMPLEX FLUIDS CONTAINING
CLAY PARTICLES

In the former sections, we have introduced most of the important length
scales and discussed the static structure factor, which are typically measured
by means of the SANS technique. The accessible length scales of SANS lie
in the range of 1e100 and even 1000 nm. Small angle X-ray scattering
(SAXS) is an interesting alternative but most applicable for the particle-
like scattering due to the contrast definition in terms of electron density
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differences like clay, but not for detailed polymer scattering. However, scat-
tering experiments in general allow for resolving dynamics of the sample
when the energy change of the probe (neutron or photon) is considered. In
most cases of soft matter research, the typical energies of neutrons are
much more suitable for this kind of experiments compared to X-rays. Espe-
cially for the long length scales of several nm to 100 nm, the method neutron
spin echo (NSE) spectroscopy involves Fourier times of up to 0.7 ms [62].
Therefore this quasielastic scattering method resolves energies of meV to
neV on the same length scales as SANS.

The general view on elastic scattering goes back to a more elementary view,
where energy and momentum transfers are observed, i.e.,

DE ¼ Zu ¼ Ei � Ef (10.46)

Dp ¼ ZQ ¼ Zðki � kf Þ (10.47)

The suffixes i and f refer to the initial and final stages. The method of small
angle scattering neglects the energy transfers, because they barely change the
momentum balance, while NSE spectroscopy manages to resolve the tiniest
energetic changes. The most important elementary scattering contribution is
the coherent scattering:

ScohðQ; tÞ ¼ 1
N

*
XN

j;l¼ 1

expðiQðrjðt ¼ 0Þ � rlðtÞÞÞ
+

(10.48)

similar to Eq. (10.5). The coherent scattering contribution measures time-
dependent correlations between the same species against the matrix. For
the time t ¼ 0, the classical SANS formula is obtained (Eq. 10.5). The focus
of the coherent scattering is the movement of the whole matter of species A
against the matrix, and so individual “atoms” do not matter. For complete-
ness, the incoherent scattering focuses on the same “atom” in the sense of
the abovementioned formula (10.48) with j ¼ l. Here, the individual “atoms”
matter, and for instance, the exchange of the same species would contribute
to the scattering signal.

As formulated in Eq. (10.48), the thermodynamic average <.> leads to a
symmetric scattering contribution Scoh(Q, t) ¼ Scoh(Q, �t), because the for-
mation of fluctuations is symmetric to their decay. Even for nonequilibrium
systems, the NSE method would symmetrize the scattering signal according
to SNSEðQ; tÞ ¼ 1

2 ðScohðQ; tÞ þ ScohðQ;�tÞÞ, which would matter in flow
experiments, for example.

The first example that is discussed here deals with rather diluted polyeth-
ylene oxide (PEO) polymers and clay particles dispersed in water [61].
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This system can be seen as an intermediate state for the preparation of PEO/
clay nanocomposites by solvent casting. This route was actually taken in the
example above (Section 7.1), where the aim was the polymer scattering. In
the current case the polymer was fully hydrogenous, while heavy water
introduced the contrast to both clay and polymer. Using neutron spin echo
spectroscopy, the relaxation of the thermal fluctuations is observed. In our
case, we described these relaxations by a stretched exponential function
(from the Kohlrausch-William-Watts theory [63]) and an elastic
background:

SðQ; sÞ
SðQ; 0Þ ¼ ð1� felÞexp

h
� ðGsÞb

i
þ fel (10.49)

The elastic background fel takes care of the immobile clay scattering (on the
nanosecond time scale). The relaxation rate G describes the typical speed of
the system at the observed scattering angle Q, and the positive stretch expo-
nent b is closer to 1 for diffusive motions and lower for more confined mo-
tions. Experimental NSE curves of system are depicted in Fig. 10.13 together
with the fitted curves of Eq. (10.46). One can directly see that at smaller scat-
tering vectors Q the elastic contributions are higher, while they are lower at
higher Q. This elastic contribution fel is depicted in Fig. 10.14 as a function
of the scattering vector Q. The function is decaying with increasing Q. This
means that at small Q the spatial window around the clay particles is large so

n FIGURE 10.13 Experimental neutron spin echo relaxation curves for different scattering vectors Q, and different polymer concentrations [(A) 4% polyethylene
oxide and (B) 8% polyethylene oxide]. The solid lines are fit curves with a stretched exponential and an elastic contribution, according to Eq. (10.49). From X.
Frielinghaus, M. Brodeck, O. Holderer, H. Frielinghaus, Langmuir 26 (2010) 17444e17448.
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that motions are only observed between the static window and the outside.
The fraction of polymers outside the window is small for large windows,
but with increasing Q the fraction becomes bigger. The solid line in
Fig. 10.14 corresponds to a Lorentzian curve with the typical width
X ¼ 9 Å that is connected to the polymer structure thickness and is called
localization length. Within the dynamic interpretation, this thickness is ob-
tained quite naturally, while for pure SANS experiments, this structure
had to be determined by a series of different polymer contrasts, which
were quite a chemical synthesis effort. Therefore, using NSE, we could
determine the adsorbed polymer structure on clay platelets, while SANS
with contrast variation delivers similar results [64].

Another system introduces microemulsions as complex fluids to which the
clay particles are introduced. Microemulsions consist of oil, water, and a sur-
factant [65]. On the nanoscale, domains of well-separated oil and water are
found. The surfactant mediates between the two phases and is found as a
film between them, so the microemulsion appears macroscopically homoge-
nous. For equal amounts of oil and water, the bicontinuous structure is found.
Both domains are continuous sponge structures that host the other one, such
that on macroscopic length scales domains are still connected. The latter
property can be proven by conductivity measurements or NMR [66].

n FIGURE 10.14 The elastic contribution fel as a function of the scattering vector Q. This curve is
described by a Lorentzian with the width X, the localization length, describing the polymer thickness
around the clay particles. From X. Frielinghaus, M. Brodeck, O. Holderer, H. Frielinghaus, Langmuir 26
(2010) 17444e17448.
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Planar hydrophilic surfaces lead to an ordering of the microemulsion. A
few perfect lamellar domains form in the vicinity of the surface, before
perforations induce a continuous loss of the order toward the bulk, where
the microemulsion is still bicontinuous. Such surfaces can be introduced
by clay particles. Rather large particles (Nanofil) of 500 nm diameter
result in a well-developed order of the microemulsion, so the two typical
time scales of the lamellar structure slam and the bicontinuous structure sbic
superimpose for the clay system to form an average sclay. The ratio Rs is
defined through sclay/sbic, which is depicted in Fig. 10.15 as a function
of the clay content for different scattering vectors Q. For higher clay con-
tents a clear deviation can be observed, and knowing slam, the fraction f of
the lamellar region within the whole system can be calculated (Fig. 10.16).
This volume fraction agrees very well with independent measurements of
the thickness of the lamellar region at macroscopic planar hydrophilic sur-
faces (c. 400 Å on one side). The scientific field of dynamics of complex
fluids at planar surfaces and specifically by introducing clay particles has
to be seen in context with the rheology of complex fluids. While NSE mea-
sures the nanoscale relaxation times of the fluid, the same speed is impor-
tant for the rheology of the fluid on macroscopic length scales. From this
knowledge a deeper insight of surface effects is to be expected in the near
future.

n FIGURE 10.15 The ratio Rs of relaxation times with respect to the slower bicontinuous microemulsion.
For higher clay contents a clear acceleration of the averaged time is observed. From F. Lipfert, O.
Holderer, H. Frielinghaus, M-S. Appavou, C. Do, M. Ohl, D. Richter, Nanoscale 7 (2015) 2578e2586.
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11. SUMMARY
We have seen that scattering experiments using neutrons and X-rays resolve
the structure of clay systems on the important nanoscale where the micro-
scopic understanding of macroscopic phenomena is obtained. While
WAXS experiments already start at the atomistic length scale, the slightly
smaller angles resolve the stacking properties of clay particles in terms of
periodicity and regularity. This knowledge is highly relevant to judge about
the dispersion state and the connection of macroscopic properties. Small
angle scattering experiments (SANS and SAXS) finally look at length
scales of 1 e300 nm, and possibly larger. Here large aggregates are
observed and can also be connected to stacking properties. Again, relations
to macroscopic properties are obtained. Finally, the dynamics of clay sys-
tems allows for structural analysis, but now with more details that also
have an impact on the macroscopic rheology.

We have shown quite different models that allow for the quantitative inter-
pretation of scattering experiments. We hope that the various examples and
models will attract and extend the attention of scattering experiments,
because the connection and understanding of microscopic mechanisms
with macroscopic behavior is still on the way for improvement. Only
then the next generation of products using clay particles will be made acces-
sible in an educated and directed way.

n FIGURE 10.16 The fraction of the lamellar region within the whole system as obtained from the
relaxation time ratio Rs. The volume fraction of the lamellar region agrees very well with independent
measurements at macroscopic planar hydrophilic surfaces. From F. Lipfert, O. Holderer, H. Frielinghaus,
M.-S. Appavou, C. Do, M. Ohl, D. Richter, Nanoscale 7 (2015) 2578e2586.
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12. APPENDIX
The Perkus-Yevick structure factor for hard spheres is usually written [34]
in terms of

9CHSðQÞ ¼ � 24f

ðsQÞ6
�
aðsQÞ3½sinðsQÞ � sQ cosðsQÞ� þ bðsQÞ2�2sQ sinðsQÞ

� �s2Q2 � 2
�
cosðsQÞ � 2

þ 1
2
fa
��
4ðsQÞ3

� 24sQ
�
sinðsQÞ � �ðsQÞ4 � 12ðsQÞ2 þ 24

�

cosðsQÞ þ 24

�

(10.50)

with the coefficients

a ¼ �ð1þ 2fÞ2 þ f3ðf� 4Þ��ð1� fÞ4

b ¼ �1
3
f
�
18þ 20f� 12f2 þ f4

��ð1� fÞ4 (10.51)

that then is combined for the structure factor:

SðQÞ ¼ 1
1� 9CHSðQÞ � 9CattrðQÞ (10.52)

While Eqs. (10.50)e(10.52) describe the pure hard sphere interaction, an
attractive parabolic potential of depth bA between the radial coordinates s

and s þ 2R [67] would contribute to corrections of the hard sphere structure
factor by:

9SattrðQÞ ¼ 96fA

ð1� lÞ2ðsQÞ5
�ð4l� 2ÞsQ cosðlsQÞ þ �lðl� 2ÞðsQÞ2 � 6

�

sinðlsQÞ þ ð2l� 4ÞsQ cosðsQÞ þ �ðl� 1Þ
ðsQÞ2 þ 6

�
sinðsQÞ�

(10.53)

with the energy parameter A ¼ bA=ðkBTÞ and the relative dimension
l ¼ 1 þ 2R/s. This potential can be used to mimic any short-range
attraction.
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1. INTRODUCTION
The behavior of materials such as clayepolymer nanocomposites is quite
frequently dictated by their surface and interface physicochemical proper-
ties. These boundary regions are critical and very important to control
because they influence the short- and long-term properties of claye
polymer-based multicomponent materials. It is thus imperative to assess
the surface properties of clays and their polymer nanocomposites by
surface-sensitive techniques. Toward this end, and from the authors’ expe-
rience, much time and effort were spent on X-ray photoelectron spectros-
copy (XPS) and inverse gas chromatography (IGC) for the determination
of the surface chemical composition and thermodynamics within a depth
ofw10 nm. In addition, nitrogen adsorption served to determine the specific
surface area and pore volume for pristine and modified clays as well as their
polymer nanocomposites. Infrared spectroscopy in the attenuated total
reflectance (ATR) or diffuse reflectance infrared Fourier transform (DRIFT)
mode probes the chemical bonds at the surface of the nanocomposites and
changes are tracked efficiently. Particularly, DRIFT is specific to powder
particle surfaces. By gathering these techniques (and less frequently
employed ones) in one single chapter it is hoped to provide the expert and
the newcomer with a combination of analytical tools to get a broad picture
of surface physicochemical properties of clayepolymer nanocomposites.

The chapter is constructed as follows.

We will summarize the basic principles of the selected techniques and
indicate the useful information they provide. Where appropriate, we
will report case studies and highlight the role of surface and interface
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modification of clays on the final physicochemical properties of the clay
and their polymer nanocomposites.

2. X-RAY PHOTOELECTRON SPECTROSCOPY
XPS is a routine surface-specific technique employed for characterizing
clayepolymer nanocomposites among solid-state materials. It is sensitive
to all elements (except hydrogen) and their respective chemical environ-
ments, and distinguishes hydrocarbons from alcohol or ester groups,
metallic from oxide state, and tracks chemical alteration of clay chemical
structure. A very large amount of data of core-level electron-binding en-
ergies for several elements in diverse chemical environments is freely avail-
able in the National Institute of Standards and Technology XPS database
[1]. XPS owes its success to the following features: it is nondestructive,
quantitative, and provides chemical shifts for all elements except hydrogen.

2.1 Basic Principles of X-ray Photoelectron
Spectroscopy

2.1.1 Photoionization and Relaxation
XPS is based on the photoelectric effect: when monoenergetic soft X-rays
(Al Ka or Mg Ka, hn ¼ 1486.6 or 1253.6 eV, respectively) strike solid ma-
terial surfaces (e.g., plates, films, powders, fibers) in high vacuum, core and
valence electrons are emitted and their kinetic energy is measured.

KE ¼ hn� BE� fs � d (11.1)

where hn is the energy of the photon, BE is the binding energy of the photo-
electron, fs is the spectrometer work function, and d is the surface static
charge. For insulating materials such as clay, polymers, and their nanocom-
posites, the static charge must be determined accurately to have precise peak
positions, which account for the chemical environments of the elements un-
der study. Fortunately, modern XPS machines are now equipped with elec-
tron flood guns that compensate exactly for the static charging effects
without any peak shift, distortion, or broadening, which accurately deter-
mines of peak positions and thus the corresponding functional groups.

The binding energy of a core level is characteristic of the probed element.
Upon ionization (Fig. 11.1A) the K shell vacancy (Fig. 11.1B) can be filled
by an electron from a higher level resulting in an X-ray emission detectable
energy or wavelength-dispersive spectrometers (energy-dispersive X-ray
and wavelength-dispersive X-ray, respectively). The second possibility of
relaxation is that the energy corresponding to the L2,3eK transition is suffi-
cient to eject a second electron from the L2,3 level, the so-called Auger
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electron, resulting in a doubly ionized state of the element (Fig. 11.1C). For
light elements, the energy of the Auger electron is approximated by:

EKL2;3L2;3zEK � EL2;3 � EL2;3 (11.2)

The kinetic energy EKL2;3L2;3 of the Auger electron is characteristic of the
element irrespective of the beam (X-ray, electron, ion) used to ionize the pri-
mary core level.

2.1.2 Surface Specificity of X-ray Photoelectron
Spectroscopy

While X-rays have high mean free paths (micrometer range), the emitted
photoelectrons have low inelastic mean free paths (l) in the 1e4 nm range
(NB: l is related to KE, see later); it follows that elastic photopeaks are a
result of the outermost layers only. The analysis depth probed by XPS is
given by:

d ¼ 3lcosq ¼ 2�12 nm (11.3)

where q is the analysis angle relative to the normal surface.

X-ray spot

photoelectrons
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n FIGURE 11.1 (A) Irradiation of a material surface by soft X-rays, emission, and analysis of photoelectrons followed by recording an XP spectrum of clay
(kaolinite). (B) Photoemission process. (C) Relaxation by emission of an Auger electron.
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For substrates coated by organic compounds, Seah and Dench [2] proposed
that the attenuation length can be computed using:

l ¼ �
103

�
r
��
49KE�2 þ 0:11KE0:5

�
in nm (11.4)

where the kinetic energy KE is in eV and r is the density of the organic
coating in kg/m3.

However, Eq. (11.4) does not give accurate l values when the calculation is
done for core-level peaks with high KE because of elastic scattering. To
solve this problem, Cumpson and Seah [3] proposed:

lAL ¼ 0:316a3=2
�

E

Z0:45½lnðE=27Þ þ 3� þ 4

�
nm (11.5)

where a is a lattice parameter (in nm) that can be estimated from:

a ¼ 108
�

m

rNav

�1=3

(11.6)

where Nav ¼ 6.02 � 1023 mol�1 is the Avogadro constant, r is the density of
the matrix (in kg/m3), and m is the average atomic mass of the matrix (in g). If
the top layer is poly(methyl methacrylate) (PMMA) [(C5H8O2)n], the
average atomic mass number m would be 6.67 g (averaged over the masses
of 5 carbon, 8 hydrogen, and 2 oxygen atoms in the MMA repeat units).

The values of l can be computed easily from the website www.lasurface.
com, by considering either Eq. (11.4) or (11.5). Most of the methods give
similar trends, and the sampling depth at normal emission is usually in the
2e12 nm range. It follows that any chemical changes experienced by the
clay nanosheets can be probed, particularly cation exchange of sodium by
cationic surfactants and covalent grafting of silane coupling agents or poly-
mer chains.

2.1.3 Quantification
For a homogeneous solid, the peak intensity (I) for an element A is given by
the simplified equation:

IfJ$TðKEÞ$½A�$s$K$l (11.7)

where J is the photon flux, T(KE) is the transmission function of the
analyzer, [A] is the concentration of the atom A in the solid, s is its Scofield
photoionization cross-section, K is an instrumental factor, and l is the photo-
electron inelastic mean free path.

Eq. (11.5) can be rewritten:

Ifs½A� (11.8)
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where s is the sensitivity factor. It follows that the atomic percentages of the
elements considered can be given by:

½A� at% ¼ ½ðIA=sAÞ�=½SðIn=snÞ� � 100% (11.9)

where In and sn are the integrated peak areas and the sensitivity factors,
respectively.

In actual commercial software (e.g., Avantage from Thermo), quantification
rests on the normalization of peak areas to the sensitivity factor taken as:

s ¼ s$TðKEÞ$lhs$TðKEÞ$KE0:5 (11.10)

assuming that l is a function of KE0.5. It follows that for elements A and B,
their calculated atomic ratio:

A=B ¼ 	
IA
�
sA$TðKEAÞ$KE0:5

A


�	
IB
�
sB$TðKEBÞ$KE0:5

B



(11.11)

Spectra can be fitted by the least squares method with as many components
as necessary. All components must be defined at least by four parameters:
peak position, peak height, full width at half maximum, and a Lorentzian/
Gaussian shape. For polymers, usually the components have Gaussian
shapes and the Lorentzian proportion is small (0%e20%). Examples of
fitted spectra with minimal c2 are displayed later [see Fig. 11.3 for poly(gly-
cidyl methacrylate) (PGMA) grafted to Cloisite]. It should be noted that the
best fit is obtained for the minimal c2 but this must make spectroscopic and
chemical sense. The best fit must thus reflect a physicochemical reality, not
merely a mathematical solution as noted by the authors quite frequently.

2.1.4 Mounting and Analysis of Specimens
Clayepolymer nanocomposites can be pressed against double-sided adhe-
sive tapes, which themselves are pressed against the sample holder, or
directly put in the sample holder fitted with small pits to host powder sam-
ples. For soluble clayepolymer nanocomposites, films can be prepared by
dip coating [4]. With the exception of clayeconductive polymer nanocompo-
sites, which are sufficiently electrically conductive [5], all clay nanocompo-
sites must be analyzed using an electron flood gun if the machine is fitted with
a monochromated Al k-alpha source. This is not necessary with Al/Mg dual
polychromatic sources, which induce minimal charging effects.

A surface analysis requires a few minutes, and for materials with several
elements (e.g., clays), which have low concentration, at least 30e120 min
are required. Note, however, that some commercial XPS machines provide
fast analyses in the “snapshot” mode where electrons from the whole energy
range are then collected simultaneously. This mode reduces a full analysis to
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less than 5 min because of the use of high-pass energy (e.g., 150 eV) and
elimination of overscanning, stepping, and settling. Acceptable signal-to-
noise and spectral resolution can be achieved.

Data processing consists of all or part of the following points:

n Spectral calibration, e.g., using the so-called internal standard, consists
of setting a known core-level peak at standard position (Au4f7/2 from
gold at 84.0 eV, CeC/CeH C1s component from a polymer set at
285.0 eV, or Si2p at 103.0 eV for clay).

n Background removal using a linear, Shirley “s-shaped,” or Tougaard
background.

n Determination of peak area followed if necessary by peak fitting to
assess not only elemental but also chemical composition.

In screening the literature, we have found many errors: (1) calculated base-
lines above the experimental baseline, (2) very narrow peaks practically
with full width at half maximum smaller than the X-ray source width (phys-
ically impossible), (3) binding energy positions outside the ranges reported,
which means problems associated with spectral or spectrometer calibration,
(4) completely wrong assignment of peaks from resolved doublet such as
those of Cu2p (in Cu2þ) with associated satellites.

2.2 Spectral Examination and Analysis
2.2.1 Survey Regions for Qualitative Elemental Analysis
A routine XPS analysis usually starts by recording a low-resolution survey
spectrum at 0e1100 eV (to check the presence of the Na1s feature at
1072 eV) or even up to 1350 eV to check the highly intense Mg1s peak
from Mg2þ cations. Other parameters are: step size (1.0e1.2 eV); pass en-
ergy (100e200 eV); dwell time (50e100 ms); and number of scans: 2e5.
Survey regions readily give a qualitative picture of any surface chemistry un-
dergone by the material. In the particular case of clayepolymer nanocompo-
sites, survey regions readily check cation exchange reactions of clay after
modification by silanes, ammonium, or diazonium salts, and the attachment
of organic modifiers and polymers to clay nanosheets or tubes.

Fig. 11.2 displays the survey spectra of pristine montmorillonite (MMT),
organophilic MMT (oMMT) obtained by cation exchange reaction with a
diazonium salt bearing photoiniferter group, followed by controlled radical
photopolymerization of glycidyl methacrylate (GMA) [6]. Al2p (74 eV),
Si2p (103 eV), O1s (533 eV), and N1s (1072) are the most important
core-level peaks. Ca2p and Fe2p minor doublets from clay can be noted at
347e350 and 710e723 eV, respectively. There is a peak at 285 eV assigned
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to hydrocarbon contamination. The main sodium Auger peak is noticed at
w500 eV. Any surface modification of the clay will result in dramatic
changes: the diazonium exchange reaction, for example (similar to exchange
reaction with ammonium salts, see Chapter 1), induces a loss of the Na1s and
Na Auger peaks, whereas simultaneously organic modification induces a
more intense C1s peak. In the case of diazonium and ammonium salts,
N1s appears at w402 eV. For the clayepolymer nanocomposites, strong
attenuation of the Al2p and Si2p peaks are readily observed, whereas the
important features from the polymer backbone dominate the survey regions
for either vinylic [6e8] or conjugated polymers [9,10]. Despite their interest
for the qualitative information they provide on the surface chemical changes,
survey spectra are not often published.

2.2.2 Narrow Regions: Chemical Shifts
High-resolution narrow regions are recorded to determine accurately the
binding energy peak position, which is directly linked to the chemical state
of the element under test. Difference in peak positions, which accounts for a
different functional group, is coined “chemical shift.” This is the corner-
stone of XPS since one can distinguish between chemical states for all el-
ements, e.g., silicon and silicates, aliphatic hydrocarbon from carboxylic
carbon, thiols from sulfate/sulfonates, amine from ammonium, metals
from oxides, etc.

n FIGURE 11.2 X-ray photoelectron spectroscopy (XPS) survey spectra of Cloisite, Iniferter-intercalated
clay (CL-INIF), and CL-INIFePGMA nanocomposite at a cation exchange capacity (CEC) fraction of 9.
Reproduced from H. Salmi-Mani, Z. Ait-Touchente, A. Lamouri, B. Carbonnier, J.-F. Caron, K. Benzarti,
M.M. Chehimi, RSC Adv. 6 (2016) 88126e88134, by permission of Royal Society of Chemistry.
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Fig. 11.3 compares N1s peak components from silanized clay [11], C1s from
a diazonium-intercalated clay, and the corresponding clayePGMA nano-
composite [6].

Silanization induces significant changes such as stripping of sodium and
appearance of C1s and N1s features. Examination of the N1s region in
Fig. 11.3 shows that the nitrogen from aminopropylsilane is partially in
the protonated form, which accounts for sodium cation exchange.
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Intercalation of clay with diazonium salts has been investigated many times.
Herein, Fig. 11.3B shows a high-resolution C1s region from clay modified
with a diazonium cation-bearing iniferter group [6]. Intercalation of the aryl-
diazonium is testified by pep* transition at 291 eV. Although very minor,
this feature demonstrates that the clay was intercalated with an aromatic and
not a saturated carbon-containing group/molecule. pep* transition was also
detected for diphenhydramine hydrochloride used to intercalate halloysite [12].

Table 11.1 reports a selected list of reference binding energy values for car-
bon, nitrogen, oxygen, silicon, and sulfur in various organic compounds.

Table 11.1 gives the main peak positions for frequently investigated elements
from clays and organic modifiers or polymers. In the majority of cases, the
chemical shifts are induced by the electronegativity of the neighboring atoms
of the element under test (primary chemical shifts). The effects are additive,
which is why the binding energy of C1s increases in the order
CeH/CeC < CeN < CeO < C]O < OeC]O < carbonate, while for
Si2p it increases in the order poly(dimethyl siloxane) <
trialkoxysilanew clay < silica.

Binding energy values for several core levels in all elements (except H)
were compiled and the data bank is freely available online at http://
srdata.nist.gov/xps/ [1]. Beamson and Briggs [17] published high-
resolution spectra of 111 homopolymers and reported chemical shifts for
C1s, O1s, N1s, F1s, Si2p, S2p, Cl2p, and Br3d.

2.3 Application of X-ray Photoelectron Spectroscopy
In this section we report case studies of the use of XPS to provide detailed
chemical information on clay surface chemical composition before and after
intercalation and polymer mixing or in-situ polymerization, calcination, and
carbonization of ammonium-intercalated clay, and finally abrasion of claye
nylon nanocomposite film.

2.3.1 Effect of Cation Exchange of Clay
Intercalation of clay (bentonite) by two ammonium chlorides was character-
ized in an elegant way by Schampera et al. [32] using a combined XPS, trans-
mission electron microscopy (TEM), and molecular modeling study. The
authors compared the intercalations of hexadecyltrimethylammonium and hex-
adecylpyridinium chlorides (HDTMACl, H2O and HDPyCl, H2O), respec-
tively. The fractions changed from w30% to 180% of the cation exchange
capacity (CEC) of bentonite. Interestingly, and as mentioned earlier, exchange
of Naþ was readily noted for both cationic intercalants. Below the CEC, chlo-
rides were merely introduced to the structure of the clay, but above 100%CEC,
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Table 11.1 Typical Binding Energies for C1s, N1s, O1s, Si2p, Al2p, and S2p in Selected Functional
Groups

Core Level and Associated
Functional Group BE (eV)

Representative
Material References

C1s

C]C 284.8 ATP-PS [13]

CeH, CeC 285.0 Hydrocarbon

Amine, CeN 285.6 DPH [12]

CeNþ 286.5 HDTMAB-exchanged
bentonite

[14]

CeCl 286.1 ATP-CMPTMS [13]

Ether, epoxy CeOeC 286.6 Epoxy group in MMT/
PGMA

[8]

Alcohol CeOH 286.7 CeOH in HNT/PHEMA [15]

Ketone, C]O 287.8 C¼O C1s component in
PEKK

[16]

Amide NeC]O 288.0/288.1/288.7 Nylon/PAAm/SBA-15
and PAAm/palygorskite

[17e19]

Ester, carboxylic acideCOOR,
eCOOH

288.9, 289.1 PGMA/MMT, PAA/MMT [8,20]

UreaeNHeC(]O)eNHe 289.2e289.9 PU urea/MMT [21]
Carbamate OeC(]O)eN 289.6 Polyurethane [17]

CarbonateeOeC(]O)eO 290.5 Polycarbonate [17]

Fluorocarbons CeF, CF2, CF3 287.8, 292, 293e294 Gasket, PTFE [17]

Aryl pep* transition 291e292 Cloisite-iniferter/ATP-PS/
DPH

[6,12,13]

N1s

ImineeN]C 398.5 MMT-PPyAg [22]

Aromatic NeN]C 399.3 P4VP [17]

Amide NeC]O 399.8; 400.0 Nylon 6; PAAm/
palygorskite

[17,19]

Carbamate NeCOOe 400.3 [17]

Amine in
eNHeCOeC(CH3)2BreNH2

400.0 MMT-SiBr [11]

Imide 400.9 MMT-PI [23]

AmmoniumeNH3
þ 402.1; 402.5; 402.7 MMT-NH2; (C/S)-q-

PDMAEMA/MMT; MMT-
ammonium initiator

[4,7,11]

AzideeN]Nþ]N� 4
eN�eNþ^N

401.0/404.5 (N�/Nþ) Azidopropylsilane-
modified SBA-15

[24]

DiazoniumeNþ^N 406.0/403.8 Nitrobenzenediazonium-
modified MMT

[8]

NitroeNO2 406.0 Nitrobenzenediazonium-
modified MMT

[8]
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Table 11.1 Typical Binding Energies for C1s, N1s, O1s, Si2p, Al2p, and S2p in Selected Functional
Groups continued

Core Level and Associated
Functional Group BE (eV)

Representative
Material References

S2p

Se(C]S)eN 161.8 Dithiocarbamate
diazonium-intercalated
Cloisite

This chapter

Se(C]S)eN 163.8

Thioether CeS, thiol CeSH 164.0 Bentonite-MPS/
mercaptosuccinic acid-
functionalized silanized
Cloisite

[25,26]

eSO3e 168.2 Laponite-PSS and
laponite-sultone

[27]

O1s

AleOeSi 532.0 Cloisite This chapter

532.5 Kaolinite This chapter

Carbonyl C]O, OeC]O 531.7/532.2 PEKK/polymethacrylates [17]

Alcohol, ether CeOeH,
CeOeC

532.8/533.5 PHEMA/PEKK [16,17]

EstereOeC]O 533.7 PMMA [17]

HeOeH 535.1 Adsorbed water [28]

Al2p

73.8e75.3/75.1 Various aluminosilicates/
kaolinite

[1]/This chapter

Si2p

Aluminosilicate SieOeAl 102.6e103/102.7/102.8/
103.3

Aluminosilicates/Cloisite/
MMT/kaolinite

[1]/This work/[29]/
This chapter

(RO)3SieC 103.0 Trialkoxysilanes [30]

Siloxane (in PDMS)
OeSi(CH3)2e

101.7/101.8 PDMS [17,31]

Silicon dioxide SieO 103.6 Silica layer on Si wafer [30]

(C/S)-q-PDMAEMA/MMT, poly(2-dimethylamino)ethyl methacrylate) quaternized by 2-chloro-dihydroxyacetophenone and 1,3-propanesultone;
ATP, attapulgite; BE, binding energy; CMPTMS, 4-(chloromethyl)phenyltrimethoxysilane; DPH, diphenhydramine hydrochloride; HDTMAB,
hexadecyltrimethylammonium bromide; HNT, halloysite nanotubes; MMT, montmorillonite; MMT-NH2, aminosilanized MMT; MPS,
mercaptosilane; P4VP, poly(4-vinylpyridine); PAA, poly(acrylic acid); PAAm, polyacrylamide; PDMS, poly(dimethyl siloxane); PEKK, poly(ether-
ketone-ketone); PGMA, poly(glycidyl methacrylate); PHEMA, poly(2-hydroxyethyl methacrylate); PI, polyimide; PMMA, poly(methyl methacrylate);
PPyAg, polypyrrole/silver nanoparticle hybrid; PS, polystyrene; PSS, polystyrene sulfonate; PTFE, polytetrafluoroethylene; PU, polyurethane; SBA 15,
Santa Barbara Amorphous mesoporous silica; SiBr, aminosilane modified by 2-bromoisobutyryl bromide.
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both cations were intercalated with a much higher amount of Cl� to compen-
sate for the excess positive charges brought by HDTMAþ and HDPyþ. Inter-
calation induces progressive increase in the interlayer spacing, which was
possible to image by high-resolution TEM. Concomitantly, XPS brought
strong evidence for the increase in the C and N contents (in at%). The TEM
and XPS experimental results were taken into account and had a clear picture
of the bentonite/intercalant interface versus the extent of cation exchange
(Fig. 11.4). Monomolecular intercalation (34%) induces a small increase in
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n FIGURE 11.4 High-resolution transmission electron microscopy (TEM) picture of hexadecyltrimethylammonium (HDTMA)-intercalated montmorillonite (MMT) at
0% cation exchange capacity (CEC) (A), 34% CEC (B), and 150% CEC (C). Intercalation modeling of MMT and corresponding computed interlayer spacing (D).
X-ray photoelectron spectroscopy (XPS)-determined Si, Na, C, and N atomic percents versus HMDTA fraction of CEC (E). Adapted with permission of Elsevier
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interlayer spacing from 11 (Fig. 11.4A) to 12 Å (Fig. 11.4B), whereas 150%
CEC leads not only to bimolecular but also to paraffin-like intercalation
(Fig. 11.4C). The molecular modeling depicted in Fig. 11.4D together with
TEM images permit the understanding of the changes in XPS-determined
composition versus CEC fraction (in %) displayed in Fig. 11.4E.

In another study, XPS was employed as the central technique for the charac-
terization of MMT/polypyrrole (PPy) nanocomposites and to understand their
interfacial interactions and electrical conductivity properties. The nanocompo-
sites were prepared by in-situ oxidative polymerization of pyrrole in aqueous
media in the presence of MMT and oMMT. XPS experimental conditions
could highlight the conductive nature of the nanocomposites (with 2.8 wt%
MMT) as no charging effects were noticed after PPy in-situ deposition [5].
Indeed, PPy constituted a percolated top layer and any static charging effects
were dissipated during analysis. It was also demonstrated that the changes in
composition for the MMT after in-situ synthesis of sulfate-doped PPy did
not account for charge balance, which suggested interfacial interactions be-
tween a positively charged PPy backbone with negatively charged aluminosil-
icates. At the interface, the extent of sulfate dopants was low.

Interfacial interactions differ markedly when it comes to oMMT; this is
because of the favorable interactions of PPy with the hydrophobic clay
compared to the hydrophilic pristine clay [9]. oMMT induces higher
amounts of PPy loadings as evidenced by Fig. 11.5, which exhibits relatively
more intense C1s and N1s peaks from the conductive PPy coated on oMMT.
Indeed, the hydrophobic character of PPy is very well documented [33]. For
MMT/PPy, Al2p (w74 eV) and Si2p (w103 eV) are clearly detected, while
PPy/oMMT has a PPy-rich surface (intense C1s and N1s peaks) and thus a
much higher conductivity (1.1 S/cm), c. 35-fold, than that of MMT/PPy.

2.3.2 Calcination and Carbonization
Other interesting studies concern calcination and carbonization of pristine
and organophilic clay, respectively. Calcination of kaolin at 650�C pro-
duces metakaolin but without significant change in Si/Al atomic ratio
(¼1.22) as determined by XPS. At 1200�C, metakaolinite transforms into
mullite with an Si/Al ratio ¼ 1.52, suggesting deallumination [34]. Calcina-
tion of a porous clay heterostructure intercalated with HDTMA yields a
decrease in C and N contents and an increase of Si and O contents [35].

Exfoliated poly(acrylic acid) (PAA)/MMT nanocomposites were prepared
and served as adsorbents for Fe3þ [28]. Calcination permitted the production
of partially exfoliated MMT/Fe. XPS results indicated cation exchange of
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Naþ and Ca2þ by the adsorbed Fe3þ and the spectral examination of the
Fe2p region indicates the formation of a-Fe2O3 in the final MMT/Fe nano-
composite after calcination.

MMT was modified with cetyltrimethylammoniumbromide at 1 CEC and
subjected to carbonization in three steps: overnight H2O2 treatment to
oxidize the intercalant in the pores, treatment in H2SO4, and heat treatment
at 100�C then 160�C prior to calcination. XPS results indicate the presence
of sulfide (eCeSeCe, main contribution to S) and sulfonyl bridges
(eCeSO2eCe); the latter were formed through the dehydration of sulfonic
groups during pyrolysis and almost completely transformed into sulfide
bridges [36].

2.3.3 Abrasion of ClayePolymer Nanocomposite Films
Nylon 6emodified MMT nanocomposites were prepared by melt mixing.
Abrasion testing was conducted using abrasion wheels composed of rubber
and alumina particles. It was found that the polymer matrix was easier to
remove than clay [37]. After abrasion, the XPS-determined Si/N ratio corre-
lated well with the mass loading of MMT in the nanocomposites (Fig. 11.6).
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The increase in the Si/N ratio after abrasion was suggested to be caused by
defects at the clayepolymer interface, resulting in greater wear of the poly-
mer matrix.

3. INFRARED SPECTROSCOPY TECHNIQUES
3.1 Basic Principles
Infrared (IR) radiation is utilized in IR spectroscopy to quantify the
absorbed incident radiation at a certain wavelength, to investigate the com-
ponents of solid, liquid, or gas samples. The structural formula has specific
absorbed or emitted wavelengths. The absorbed wavelengths foster the
atomic bonds reaching excited vibrational states to be transposed in the
compiled spectral data via a detector. There are several techniques for IR
spectroscopy as illustrated in Fig. 11.7. Fourier transform infrared spectros-
copy (FTIR) transforms the raw wavelength data collected by a detector over
a broad spectral range into the spectra by mathematical calculations. Potas-
sium bromide is advantageous for sample preparation because of its wide
spectral range with inconsiderable wavelengths in the middle-IR region. Po-
tassium bromide is mixed with powdered samples and hydraulically pressed
forming a pellet. Sampling of FTIR via transmission is commonly used to
assemble the IR spectra.
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n FIGURE 11.6 X-ray photoelectron spectroscopy (XPS)-determined Si/N atomic ratio versus montmoril-
lonite (MMT) mass loading, before and after abrasion of nylon 6/MMT nanocomposites. Based on data
reported in Q. Zhou, K. Wang, L.S. Loo, J. Appl. Polym. Sci. 113 (2009) 3286e3293.

3. Infrared Spectroscopy Techniques 377



Attenuated total reflectance-FTIR (ATR-FTIR) is a fast and facile technique
to depict structural information from the surface of solid or liquid samples
without preparation. ATR-FTIR is based on the total internal reflection by
monitoring the resulting alteration of the reflected beam from the sample
through a window with a crystal. The sample has to be in the vicinity of
the interface within a depth of penetration �1 mm of an IR-transparent inter-
nal reflection element or ATR crystal [38,39] depending on the refractive
indices of the sample and the ATR crystal by considering the angle of inci-
dence and reflection of the latter. The depth of penetration, in the middle-IR
region (4000e400 cm�1), ranges from 0.1 to 1 mm. This thickness is within
the thin film regime. Subsequently, ATR-FTIR spectroscopy can be consid-
ered as a surface-sensitive analytical technique and a complementary one to
XPS and inverse gas chromatographic (IGC) techniques.

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy is
another IR technique used to characterize the bulk matrix of a powder sam-
ple with a rough surface. Mostly, there is no need for sample preparation but
some samples need to be diluted by mixing with potassium bromide and
placing in a sample cup to be analyzed without any hydraulic press. Two
kinds of reflectance result from IR incidence on the sample: specular and
diffuse reflections. Specular reflectance is generated on the surface without
absorptive interaction with the sample, while diffuse reflectance comes from
the interaction with the particles upon passing through the sample providing
the IR absorption spectra. The DRIFT technique propagates higher spectral
resolution with minimal interference compared to the transmission
technique.

Nowadays, ATR-FTIR and DRIFT techniques are utilized as alternatives to
transmission FTIR because applying them to clayepolymer systems has
been augmented over the traditional FTIR-pressed pellet technique. This
can be correlated to the facility in setting the sample and the maximal

n FIGURE 11.7 Schematic diagram for the Fourier transform infrared spectroscopy (FTIR) spectroscopy techniques: (A) transmission; (B) attenuated total
reflectance-FTIR (ATR-FTIR); (C) diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. IR, infrared; IRE, internal reflection element.
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detection for major and minor spectral bands [40]. The ATR-FTIR technique
is suitable to attain information of wet clay samples, while DRIFT is a conve-
nient technique in the middle-IR region to investigate organoclay samples.

To sum up, the transmission technique is suitable for solids, liquids, and
gases for quantitative analysis with complicated sample preparation. On
the other hand, reflection techniques (ATR and DRIFT) are appropriate
for qualitative and quantitative analysis of solid, liquid, gel, and coating
samples with simple sample preparation.

3.2 Data Collection of Main Bands in Clays and Clay
Hybrids

Common infrared spectral bands in polymers and clays are demonstrated in
Fig. 11.8. Detailed values for these bands are listed in Table 11.2.

3.3 Selected Applications of ATR-DRIFT Techniques
Some examples for the IR spectral data analyzed via different IR techniques
for clayepolymer nanocomposites will be presented shortly. ATR-FTIR ab-
sorption bands clarified the extent of adsorption for Na-PAA on the surface
of alumina, silica, and kaolinite [41e43]. ATR spectra supported the determi-
nation of the intercalation of bentonite in a poly(vinyl alcohol) matrix [44].
Clayepolymer nanocomposites were tested as fire retardants. The ATR
technique with zinc selenide crystal was used to demonstrate the merging of
the conjugated structure in ethylene-co-vinyl acetate and ammonium poly-
phosphate/MMT nanocomposites [45]. In other studies, the DRIFT technique

n FIGURE 11.8 Schematic diagram for common infrared spectral bands in clayepolymer nanocomposites.
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was used to track the interactions between hexadecyltrimethylammonium bro-
mide (HDTMAB) and bentonite organoclays [14], as shown in Fig. 11.9,
providing a detailed understanding of the composition, surface functional
groups, structure, and morphology of HDTMAB/bentonite organoclays.

The morphology and final properties of poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV) and 3-aminopropyl triethoxysilane (APTES)
nanocomposites were investigated. DRIFT spectra are elucidated in
Fig. 11.10, and characteristic peaks for silane support the presence of
APTES in the nanocomposites. Hence this confirmed the chemical modifica-
tion of the nanocomposites of clay minerals; halloysite and MMT with the
biodegradable polymer (PHBV) [46].

Table 11.2 Common Infrared Spectral Bands in ClayePolymer Nanocomposites

Functional Group Characteristic Band (cmL1)

Polymer Alkyl CeH Stretching, 2950e2850 (m or
s)

Alkenyl ]CeH Stretching, 3100e3000 (m),
bending, 1480e1350

Alkynyl CeH Stretching, w3300 (s)

Aromatic CeH Stretching, w3030 (v)

Aromatic CeH Bending, 900e680 (s)

Alkenyl C]C Stretching, 1680e1620 (v)

Carboxylic acid C]O Stretching, 1780e1710 (s)

Amide C]O Stretching, 1690e1630 (s)
Ester C]O Stretching, 1750e1735 (s)

C]N Stretching, 1490, 1420 (s)

Alcohol phenol OeH Stretching, 3550e3200 (broad,
s)

Carboxylic acid OeH Stretching, 3000e2500 (broad,
v)

Amide NeH Stretching, 3700e3500 (m)

Clay Silane SieH Stretching, 2100e2360 (s)

SieOR Stretching, 1110e1000
(broad)

SieOeSi Stretching, 1150e900,
775e600

SieCH3 Stretching, 1250 (s, sharp)

HeOeH Bending, 1645e1620

AleO Stretching, 550

AleOeH Bending, 855

AleMgeOH Bending, 840 (m)

m, medium; s, strong; v, variable.
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DRIFT was utilized to pursue the incorporation of 12-phosphotungstic acid
(PTA) to synthetic saponite-like clay (SSA). The resulting PTA-SSA complex
was blended with chemically modified styrene/ethylene-co-butylene/styrene
block copolymer by melt mixing in order to prepare proton exchange

n FIGURE 11.10 Diffuse reflectance infrared Fourier transform (DRIFT) spectra of (A) the unmodified and modified halloysite (Hal) and montmorillonite (Mt)
with 3-aminopropyl triethoxysilane (APTES), (B) detail of Hal spectra, and (C) detail of Mt spectra [46].
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n FIGURE 11.9 Diffuse reflectance infrared Fourier transform (DRIFT) spectra of pure bentonite, organophilicmontmorillonite (oMMT), and
hexadecyltrimethylammonium bromide (HDTMAB). Reproduced with permission of Elsevier from C. Bilgiç, D.T. Yazıcı, N. Karakehya, H. Çetinkaya, A. Singh, M.M.
Chehimi, Int. J. Adhes. Adhes. 50 (2014) 204e210.
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membranes [47]. In Fig. 11.11, the spectra interpreted that the PTAeSSA
complex is concerned with the acidic PTA treatment that affected the strong
SieOeSi bond. In addition, background corrections of the clay complexes
spectra are presented in Fig. 11.12 displaying the influence of using high
PTA concentration (PTAeSSA) on the crystalline structure of the SSA clay.
DRIFT spectra indicate the composition of strong PTAeSSA complexes.

4. INVERSE GAS CHROMATOGRAPHY
4.1 Importance of IGC in the Study of the Molecular

Interactions of Materials
Surface properties of fillers are crucial for the interface interaction with a
polymer matrix in composites. These interactions influence the final utility
properties of composite materials. Surface activity, and its dispersive and
specific properties, can be characterized by means of IGC [48].

IGC has several advantages: it does not require a sophisticated apparatus, is
independant of the sample morphology and provides accurate measure-
ments over a wide range of temperature [49e52]. Advantages and problems
of this technique have been presented and discussed in several reviews
[52e55]. Modern, commercially available apparatus enables examination

n FIGURE 11.11 Diffuse reflectance infrared Fourier transform (DRIFT) spectra measured for (a) pure 12-phosphotungstic acid (PTA); (b) PTAesynthetic
saponite-like clay (SSA) complex (prepared at a weight ratio of 5); (c) pure SSA (nonexfoliated). The inset shows the 1125e400 cme1 region of the pure
PTA spectrum (A; dashed line) and the PTAeSSA complex spectrum after subtracting the SSA spectrum (D; in solid line). In the inset, vibration wavenumbers of
PTA and the new bands are visible in the complex spectrum. Asterisks indicate the new bands observed in the PTAeSSA complex [47].
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of various materials with precise control of the amount of injected test com-
pounds (both in the infinite dilution region and finite concentration) and at
different humidities. IGC is a powerful means for the comprehensive evalu-
ation of surface activity, which is described by surface energy. The energy of
a solid surface, gS, is expressed by the sum of dispersive, gD

S , and specific,
gSPS , components:

gS ¼ gD
S þ gSP

S (11.12)

Eq. (11.12) is derived from the surface tension components theory and these
components can indeed be accessed by a variety of methods from the raw
retention data.

4.2 Determination of London Dispersive
Interactions

The dispersive properties of the examined material are calculated from
retention data of alkane determined at infinite dilution (or zero surface
coverage). It is also assumed that interactions between the adsorbed mole-
cules are negligible.

n FIGURE 11.12 Diffuse reflectance infrared Fourier transform (DRIFT) spectra after background
subtraction measured for (a) 12-phosphotungstic acid (PTA); (bed) PTAesynthetic saponite-like clay
(SSA) complexes; (e) exfoliated SSA [47].
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Most often the Schultz and Lavielle procedure is used for the calculation of
gDS [56,57]:

R$T$ln VN ¼ 2$N$ap$
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gD
S $g

D
L

q
þ C (11.13)

where gDS denotes the dispersive component of surface free energy of the
solid; gDL denotes the dispersive component of surface free energy of the
test solute; and ap denotes the area occupied by the adsorbing molecule.

Eq. (11.13) is a straight line y ¼ ax þ b and gDS is calculated from the slope
of this straight line:

R$T$ln VN ¼ y a$
ffiffiffiffiffiffi
gD
L

p
¼ x 2$N$

ffiffiffiffiffiffi
gD
S

q
¼ a C ¼ b

The other most popular way of determining the dispersive component of the
surface free energy gDS , is the Dorris and Gray method [48,58]. Here, gDS is
calculated according to the equation:

gD
S ¼

�R2$T2$

"

ln

"
V ðCnþ1H2nþ4Þ
N

V ðCnH2nþ2Þ
N

##2

4$N2$ðaCH2Þ2$gðCH2Þ
(11.14)

where aðCH2Þ is the surface area of a methylene group, the value of this
parameter is assumed to be equal to 6 Å2 but sometimes is taken as 5.2 or
5.5 Å2; N is Avogadro’s number [6.023$1023 (1/mol)]; V ðCnþ1H2nþ4Þ

N is the
net retention volume of alkane Cnþ1H2nþ4; V

ðCnH2nþ2Þ
N is the net retention vol-

ume of alkane CnH2nþ2; and gðCH2Þ is the surface energy of the polyethylene-
type polymers with a finite molecular weight (mJ/m2). The value gðCH2Þ is
calculated according to the following equation:

gðCH2Þ ¼ 34:0� 0:058$t (11.15)

or

gðCH2 ¼ 35:6þ 0:058ð293� TÞÞ (11.16)

where t is the temperature (�C) and T is the temperature (K).

Schultz and Lavielle proved that the values of the gDS parameter determined
according to their method are similar to the values of the gDS parameter deter-
mined according to the Dorris and Gray method. Voelkel et al. also showed
similarity of the values of the gDS parameter determined according to these
two methods [59].

To illustrate the Dorris and Gray method, Fig. 11.13A depicts a plot of RT ln
Vg values versus the number of carbon atoms (Cn) per n-alkane adsorbed
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onto MMT and oMMT [9], where Vg is the specific net retention volume (VN

per gram of stationary phase). In Fig. 11.13B, RT ln(VN) � Cn correlations
are plotted for aminosilanized calcined kaolin [60] at various temperatures.
In Fig. 11.13A, the slope is lower for oMMT, which indicates a lesser ener-
getic material on the basis of Eq. (11.3). Surface energy minimization is an
important parameter that favors the interaction of low-energy polymers with
high-energy fillers. In Fig. 11.13B, temperature effect shows a slightly
higher slope at 80�C than at 140�C, but also for each probe lower retention
data at high temperature because of the easier desorption of the probes at
higher temperature.

Generally, gDS decreases with temperature, as shown for HDTMAB-
exchanged MMT (Fig. 11.14) [14]. However, interestingly the authors
have noticed a kink in the gDS -versus-T plot, which was ascribed to a Tg of
the long C16 alkyl chain from the HDTMA cation within the clay interlam-
ellar spacing.

The gDS parameter can be used for evaluating activity of the surface of solids.
The value of the gDS parameter for nonactive materials, e.g., inert glass wool
used for closing chromatographic columns, is close to 20 mJ/m2. Very active
materials, e.g., alumina oxide or pyrogenic silica, are characterized by values
of the gDS parameter close to 100 mJ/m2 [61,62], up to 400 (mJ/m2) for
carbon blacks [63], or even 500 mJ/m2 for carbonaceous materials [49].

n FIGURE 11.13 Plots of retention data versus the number of carbon atoms in the n-alkanes adsorbed on montmorillonite (MMT) and organophilic MMT
(oMMT) at 150�C (A), and on aminosilanized calcined kaolin at 80e140�C (B). In (A), oMMT is the commercial distearyldimethyl ammonium-exchanged MMT,
Nanofil 15. (A, B) Reproduced with permission of Elsevier from M. Mrav�cáková, K. Boukerma, M. Omastová, M.M. Chehimi, Mater. Sci. Eng. C 26 (2006)
306e313 and D.M. Ansari, G.J. Price, Polymers 45 (2004) 3663e3670, respectively.
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IGC is also useful to characterize nanomaterials [64]. However, it should be
noted that the high surface energy values are often compromised by micro-
porosity. The experiment is often carried out at too low a temperature, which
leads to skewed peaks and thus difficulty in accurately deducing the thermo-
dynamic parameters from the raw retention data. Nevertheless, IGC charac-
terization at low (room temperature) or moderate temperature (100e150�C)
is important to understand the behavior of composite components in realistic
conditions.

4.3 Determination of Lewis AcideBase Interactions
The injection of the polar probes makes it possible to assess specific interac-
tion energies [65e67]. The term specific interaction denotes all type of inter-
actions except London interactions, i.e., bipolar, H-bond type, acidebase,
metallic, magnetic, and hydrophobic. Such intermolecular forces are known
to dominate over dispersion and dipoleedipole interactions [68]. In the
absence of electrostatic, magnetic, or metallic interactions, acidebase ones
prevail over dispersive ones. Therefore the focus most of the time is on the
determination of the acidebase characteristics of material surfaces under test.

The ability of the solid surface to interact as a base or acid is expressed in
different ways. However, Gutmann’s scale seems to be most often used in
IGC procedures [69].

n FIGURE 11.14 The plot of gD
S versus temperature for organophilic montmorillonite (oMMT)

exchanged with hexadecyltrimethylammonium bromide (HDTMAB) at 1.5 cation exchange capacity (CEC)
fraction. Reproduced with permission of Elsevier from C. Bilgiç, D.T. Yazıcı, N. Karakehya, H. Çetinkaya, A.
Singh, M.M. Chehimi, Int. J. Adhes. Adhes. 50 (2014) 204e210.
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The specific component of enthalpy of adsorption of a polar compound,
DHS, is related to acceptor and donor numbers describing the electron
acceptor (AN*) and electron donor (DN) properties of the test compound:

DHS ¼ DN $KA þ AN� $KD (11.17)

The KA and KD parameters express the ability of the examined material to act
as electron acceptor and electron donor, respectively.

Plotting DHS/AN* against DN/AN*:

DHS

AN� ¼ DN

AN� $KA þ KD (11.18)

one obtains the straight line with the slope of KA. As the estimation of KD

from the intercept of Eq. (11.18) may lead to a significant error, one should
determine this value as the slope of the following relationship:

DHS

DN
¼ AN�

DN
$KD þ KA (11.19)

Parameters KA and KDwere also calculated by using DGS [70e73] instead of
DHS. This way of determining KA and KD leads to the temperature-
dependent values also containing an entropic factor [50,73]. These values
should not be compared to those calculated from DHS. One should note
that AN* and DN numbers of the test solutes express their ability to act as
electron acceptor and electron donor, respectively. Therefore the final result
should be discussed in terms of Lewis acidebase interactions.

The ability of the solid surface to develop specific interactions can be also
described by the specific component of adsorption energy, DGsp. DGsp is
determined as the difference between the adsorption energy of the polar com-
pound, DGpolar, and the adsorption energy of the hypothetical alkane, DGref

(Eq. 11.20), having the same selected property as the polar test solute (e.g.,
vapor pressure in the Papirer method [63,71,72,74,75] or the a$

ffiffiffiffiffiffi
gD
L

q
value

in the Schultz and Lavielle method) as polar compound (Fig. 11.15):

DGsp ¼ DGpolar � DGref (11.20)

where:

DGpolar ¼ �RT ln VNpolar þ C and DGref ¼ �RT ln VNref þ C

Chehimi and Pigois-Landureau [76] compared six methods of evaluating
DGS where RT ln VN was related to the abscissa coordinates labeled as
follows: Id DHd

vap (dispersive component of enthalpy of evaporation);
IIdDHvap (enthalpy of evaporation); IIIdTb (boiling point); IVdlog
P0 (saturated vapor pressure); and Vdap

�
gDL

�1=2
(area occupied by
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adsorbing molecule and the dispersive component of the liquid solute
surface tension, respectively); VId(hn)1/2a. These methods have advan-
tages and shortcomings, which were discussed previously [52,76]. The
correlations based on Tb, log P0, and ap

�
gDL

�1=2
remain the most popular.

Fig. 11.16 illustrates the determination of specific interaction energies for
calcined kaolin before and after silanization. One important feature is that
the ordinate values are higher for the same probes on kaolin compared to
the silanized material because of the highly adsorptive character of the
calcined clay. Silanization reduces the surface energy and it becomes easy
to inject probes and elute them to obtain measurable retention data. For
this reason, Fig. 11.16B shows more choice of polar probes compared to
the limited choice in the case of Fig. 11.16A.

4.4 Assessment of the Surface Roughness Using
Branched Alkanes

Interesting information about the solid surface can be obtained by studying
the retention behavior of a branched alkane [9]. The difference between the
free energy of the adsorption of a branched alkane (DGa-branched alkane) and
hypothetical n-alkane (DGa-reference alkane) with the same physicochemical
properties such as, e.g., boiling point, gives information about the
morphology of the studied material (its lamellar structure and microporosity).
Mrav�cáková et al. in Ref. [9] noticed that the difference �(DGa-branched

alkane�DGa-reference alkane) measured, as depicted in Fig. 11.15, for the
branched 2,2-dimethylhexane and to a lesser extent 2-methylheptane yielded
significant negative values for MMT by comparison to oMMT. This means
that branched alkane hardly enters the cavities, micropores, or interlamellar

∆G=-R·T·lnVN 

∆Gpolar

∆Gref

Thermodynamic property

C9H20 ∆Gsp 
C8H18

C7H16

C6H14 

C5H12

n FIGURE 11.15 Graphical method of determination of DGsp. The x-axis represents a thermodynamic
property, which could be Tb, elog P0, ap

�
gD
L

�1=2
, DHvap, DHdvap, or ðhnÞ1=2a.

388 CHAPTER 11 Surface Analysis of ClayePolymer Nanocomposites



spaces that have dimensions similar to those of the used branched alkane.
Thus the branched alkanes probe fewer adsorption sites, and hence have
lower VN and thus lower DGa. In the case of oMMT, n-alkanes and branched
alkanes (with similar, e.g., Tb or log P0) adsorb onto the oMMT surface in a
similar way, i.e., they probe the same number of adsorption sites.

Balard et al. [77] introduced a procedure of calculation of the so-called nano-
morphological index IM(ct). IM(ct) is calculated according to:

IMðctÞ ¼ 100
cexp � ct

ct

where ct is the topological index [78] of a branched alkane or cycloalkane
(e.g., cyclohexane) and cexp is the experimental value calculated for this

n FIGURE 11.16 Determination of specific interaction energies between specific probes and calcined
kaolin before (A) and after (B) aminosilanization. Reproduced with permission of Elsevier from D.M.
Ansari, G.J. Price, Polymer 45 (2004) 3663e3670.
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topological index based on the measurement of the retention times of the
nonlinear alkane and the n-alkanes. Typically, the rougher the surface,
the more negative is the value of IM(ct). For less rough surfaces, IM(ct)
tends to 0%. Bensalem et al. [79] compared IM(ct) for MMT and for
chitosaneMMT bionanocomposites. The low value of IM(ct) for MMT-
Naþ was assigned to size exclusion effects. The linear alkane is able to
intercalate partially the porous sites, whereas a cyclic probe such as cyclic
alkane is excluded. In the case of chitosaneMMT bionanocomposites, the
IM(ct) values increase slightly with the increasing mass ratio of chitosan to
MMT-Naþ, indicating the progressive disappearance of surface roughness
or porosity by adsorption of chitosan.

4.5 Surface Thermodynamic Data Collection
In Table 11.3 IGC data for the different clays and their modifications are
collected. The value of the gDS parameter for the different natural clays
(kaolin, smectite, smectite/illite, MMT, and illite) is very high: over
100 mJ/m2 at 100�C or higher temperatures. Only natural bentonite reported
in Ref. [80] is much lower: 42.0 mJ/m2 at 40�C. The most active natural
clays are MMT presented in Refs. [9,14]: 188 and 216 mJ/m2. Organoclays
are characterized by a less active surface than pure clays but they are still
very active. The activity of the clays’ surface also decreases after the calci-
nation process [81e83] and grinding [82]. Clays are very active materials as
regards specific interactions. Presented in Ref. [84] the values of the KA and
KD parameters for smectite are very high. Very often the polar compounds
(especially the basic ones) are strongly adsorbed on the surface of clays,
thus no elution peak is recorded [83].

The influence of water on the retention times of organic probes on clays
examined by IGC was investigated by Balard et al. [85]. The gDS remained
constant when dry carrier gas was used in the IGC experiment. However, gDS
values decreased significantly in wet carrier gas because of the increase in
clay hydration ratio. Adsorption of water molecules reduced access of the
alkane probes to the high-energy interaction sites.

Fekete et al. [73] showed the effect of the measurement time, conditioning,
and measurement magnitudes on the gDS . Conditioning at high temperature
led to desorption of water from high-energy sites of the filler surface. Further
measurements at low temperature result in the adsorption of water traces
and/or other contaminations from the probe and carrier gas. This leads to
a decrease in gDS over a longer time. While conditioning was carried out at
low temperature and measurements at high temperature the water molecules
were not removed during the initial step and continuous desorption occurred
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Table 11.3 The Values of gDS , KA, and KD for Different Clays and Their Modifications

Material
Temperature of
Experiment (°C) gD

S (mJ/m2) KA (e) KD (e)

Isp (LDGsp) (kJ/
mol)

ReferencesCHCl3 Dioxane

Kaolinitic raw material 110 163 e e �1.57 e [81]

Kaolinitic material calcinated
at 750�C

121 e e �0.09 e

Kaolinitic material calcinated
at 750�C and additionally
milled

101 e e 1.14 e

Kaolinitic material calcinated
at 840�C

83 e e 2.07 e

Kaolinitic material calcinated
at 940�C

95 e e 0.97 e

Kaolinitic material calcinated
at 940�C and milled

78 e e 2.49 e

Highly reactive metakaolin
(Burgess, USA)

105 e e 0.91 e

Natural bentonite 35 41.99 e e 23.11 80.99 [80]

NBt-MAOM-TMOS 47.40 e e 24.16 73.50

NBt-GOP-TMOS 48.22 e e 24.50 73.76

Raw attapulgite 130 164 e e 14 e [83]

Attapulgite after thermal
treatment at 400�C

143 13 e

Attapulgite after thermal
treatment at 800�C

119 13 e

Continued



Table 11.3 The Values of gDS , KA, and KD for Different Clays and Their Modifications Continued

Material
Temperature of
Experiment (°C) gD

S (mJ/m2) KA (e) KD (e)

Isp (LDGsp) (kJ/
mol)

ReferencesCHCl3 Dioxane

Smectite 130 128.15 5.33 3.26 e e [84]

140 119.53 e e

150 110.91 e e

Smectite 523 130 128.51 4.62 1.42 e e

140 119.09 e e

150 109.67 e e

Smectite 823 130 125.51 6.15 1.36 e e

140 114.51 e e

150 103.96 e e

Smectite H2SO4 130 120.45 2.86 2.50 e e

140 111.57 e e

150 102.69 e e

Smectite NaOH 130 124.63 1.56 0.97 e e

140 117.51 e e

150 108.64 e e

Smectite/illite 130 118.29 3.59 1.43 e e

140 111.38 e e

150 103.50 e e

Smectite/illite 523 130 103.15 1.83 1.38 e e

140 92.00 e e

150 85.73 e e

Smectite/illite 823 130 100.82 4.40 2.08 e e

140 89.46 e e

150 72.18 e e

Smectite/illite H2SO4 130 97.77 2.58 0.81 e e

140 93.25 e e

150 70.96 e e

Smectite/illite NaOH 130 123.47 4.69 1.33 e e

140 112.15 e e

150 99.83 e e



Organomontmorillonite
(modified by HDTMAB at 1.5
CEC fraction)

50 51.6 0.07 0.51 e e [14]
60 49.2 e e

70 47.4 e e

Montmorillonite 150 114 e e e e [5]

Organomontmorillonite
modified by polypyrrole

166e199 e e

Calcinated clay 80 139 e e e e [88]

90 137 e e

100 132 e e

110 126 e e

120 130 e e

130 124 e e

140 113 e e

Montmorillonite 190 188 e e e e [14]

200 178 e e

210 172 e e

220 166 e e

Organomontmorillonite
modified by HDTMAB
(amount of HDTMAB
calculated as CEC; here 1
times the value of CEC)

90 46.9 e e e e

100 44.6 e e

110 42.2 e e

120 40.4 e e

Montmorillonite 150 114 e e e e [5]

Montmorillonite/
polypyrroled21.4%

199 e e e e

Montmorillonite 180 134 e e e e

Montmorillonite/
polypyrroled21.4%

180 e e e e

Sepiolite 80 185.1 e e e e [89]

Calcinated sepiolite at 900�C 61.9 e e e e

Calcinated sepiolite coated
with polystyrene

53.93 e e e e

Na-montmorillonite 100 257 e e e e [90]

Cetylpyridinium chloride-
montmorillonite

32 e e e e

Continued



Table 11.3 The Values of gDS , KA, and KD for Different Clays and Their Modifications Continued

Material
Temperature of
Experiment (°C) gD

S (mJ/m2) KA (e) KD (e)

Isp (LDGsp) (kJ/
mol)

ReferencesCHCl3 Dioxane

Illite 40 174 e e e e [85]

80 167 e e e e

120 179 e e e e

40, carrier gas saturated with
water at 0�C

91 e e e e

80, carrier gas saturated with
water at 0�C

162 e e e e

120, carrier gas saturated
with water at 0�C

155 e e e e

40, carrier gas saturated with
water at 28�C

57 e e e e

80, carrier gas saturated with
water at 28�C

128 e e e e

120, carrier gas saturated
with water at 28�C

154 e e e e

Kaolinite 40 141 e e e e

80 171 e e e e

120 160 e e e e

40, carrier gas saturated with
water at 0�C

108 e e e e

80, carrier gas saturated with
water at 0�C

142 e e e e

120, carrier gas saturated
with water at 0�C

156 e e e e

40, carrier gas saturated with
water at 28�C

61 e e e e

80, carrier gas saturated with
water at 28�C

112 e e e e

120, carrier gas saturated
with water at 28�C

135 e e e e



Calcinated kaolin 80 139 e e e e [60]

100 132 �1.8 e

Calcinated kaolin coated
with g-aminopropyl
triethoxysilane

80 58 e e e e

100 63 4.1 e

Organomontmorillonite
(organic partdhexadecyl
trimethyl ammonium)

50 51.6 e e e e [91]

60 49.2 e e

70 47.4 e e

PMMA with 2 wt% of
organomontmorillonite

50 39.9 e e e e

60 36.9 e e

70 34.0 e e

PMMA with 5 wt%
organomontmorillonite

50 40.3 e e e e

60 38.2 e e

70 36.6 e e

PVC with 5 wt% of
organomontmorillonite

40 44.2 0.085 0.185 e e [92]

50 40.2 e e

60 35.8 e e

PVC with 5 wt% of
montmorillonite

40 39.1 0.100 0.146 e e

50 34.0 e e

60 31.1 e e

Montmorillonite 25 169.9 e e 11.9 e [93]

Montmorillonite-FDX 163.2 e e 11.3 e

Montmorillonite modified
with ODTMA

41.2 e e 13.8 e

Montmorillonite-FDX-ODTMA 38.5 e e 13.0 e

CEC, cation exchange capacity; FDX, fludioxonil PESTANAL; HDTMAB, hexadecyltrimethylammonium bromide; NBt-GOP-TMOS, natural bentonite modified with 3-glycidoxypropyltrimethoxysilane;
NBt-MAOM-TMOS, natural bentonite modified with methacryloxymethyltrimethoxysilane; ODTMA, octadecyltrimethylammonium; PMMA, poly(methyl methacrylate); PVC, poly(vinyl chloride).



during the experiment. This resulted in an increase in the surface energy
parameter. Fekete et al. [73] concluded that different types of fillers can
be compared only under standard conditions.

MMT/PPy nanocomposites were found to have higher gDS values compared
to MMT [5]. This was ascribed to an increase in the specific surface area
induced by intercalation of the polymer.

Surface properties of powder materials and their interactions with water
were also reported in other papers [86,87].

The opportunity to follow the changes of the surface energy caused by the
structure changes in the examined material resulting from milling, grinding,
and/or water adsorption/sorption is one of the positive advantages of IGC.

5. CHARACTERIZATION OF TEXTURAL
PROPERTIES OF CLAYS AND POLYMEReCLAY
NANOCOMPOSITES BY NITROGEN
PHYSISORPTION

5.1 Introduction to Nitrogen Physisorption
Measurements

The assessment of microstructure and textural properties of porous materials
is essential in the conception of materials targeted for adsorption, adhesion,
and catalysis, among other applications. It involves the evaluation of param-
eters describing the microporous structure encompassing specific surface
area, microporosity, pore size distribution, pore volume, pore geometry,
and pore arrangement [94], which can be assessed by N2 physisorption mea-
surements [95].

5.2 Principles of Nitrogen Physisorption
Measurements

The sorption isotherm is the plot of V versus (P/P0), where V is the amount
of gas adsorbed and (P/P0) is the relative pressure (P is the absolute pressure
and P0 is the saturation vapor pressure). Measurements are done by means of
a volumetric nitrogen adsorption apparatus as described in Fig. 11.17. The
shape of the isotherm and the hysteresis loop are part of the process of phys-
isorption and the type of pore network (cylindrical channels, slit-like pores,
and conical or bottleneck pores) [95].

According to the IUPAC, adsorption isotherms are classified into six types
and the hysteresis patterns into four types, as shown in Fig. 11.18 [96].
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Experimental examples of nitrogen adsorption isotherms are displayed in
Fig. 11.19 for pristine and silanized K10 MMT [97], as well as for
celluloseeclay nanocomposite [98]. All of them are Type IV with typical
hysteresis loops, which account for mesoporous structures.

Analysis station 

Sample

Cooler (Liquid N2 77K)

Outgassing station 

Sample Holder

Nitrogen

Heating mantle 

Data acquisition

n FIGURE 11.17 Volumetric nitrogen adsorption apparatus.

n FIGURE 11.18 IUPAC classification of adsorption isotherms and hysteresis loops. Reproduced from
K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti, J. Rouquerol, T. Siemieniewska, Pure App.
Chem. 57 (1985) 603e619.

5. Characterization of Textural Properties of Clays and PolymereClay Nanocomposites 397



BET-nitrogen, where BET stands for BrunauereEmmetteTeller, has been
adopted as a standard procedure for the determination of specific surface
area. This method has gained great interest since it overtakes the Langmuir’s
model, which takes into account the monolayer coverage only (isotherm
Type I). Indeed, Benton and White [99] considered multilayer coverage
and started to exploit gas adsorption data to determine specific surface area.
Their approach was eventually supported by BET [95,100] who converted
the monolayer capacity into specific surface area according to the following
equation:

P

Vp P� P0ð Þ ¼ 1
VmC

þ C � 1ð Þ
VmC

P

P0

� �

where Vp is the adsorbed volume at a pressure P, P
P0 is the relative pressure,

C is the BET constant, and Vm is the required volume to form a monolayer.

1

V
P0

P
� 1

� � ¼ A
P

P0

� �
þ B

where A is equal to ðC�1Þ
VmC

and B to 1
VmC

.

n FIGURE 11.19 N2 adsorption isotherms: (A) (a) K10 montmorillonite, (b) 3-aminopropyl triethoxysilane (APTES)@K10, (c) N-(2-aminoethyl)-3-aminopropyl
trimethoxysilane (AAPTMS)@K10 [97]; (B) nitrogen adsorption and desorption isotherm of celluloseeclay composite [98]. (A) Reproduced with permission of
RSC. (B) Reproduced with permission, copyright 2012 American Chemical Society.
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The determination of Vm

�
Vm ¼ 1

AþB


from the plot of 1

V
P0

P
� 1

� � as a

function of P
P0, within the relative pressure range 0.05e0.3, will permit the

calculation of the total surface area (TSA):

TSA ¼ VmNavS

Weight of adsorbate

where Nav is the Avogadro’s number and S is the cross-sectional area of the
adsorbate.

Hence:

The specific surface area ðSSAÞ ¼ TSA
Weight of the sample

The evaluation of the pore size is based on the kelvin equation; it permits
the conversion of data sorption (isotherm) into pore size distribution (PSD):

rK ¼ 2gV

ln
P

P0

� �
RT

cos q

where rK is the kelvin radius, g is the liquid surface tension, R is the molar
gas constant, T is the temperature, and q is the contact angle between the
condensed phase and the solid.

Barrett, Joyner, and Halenda (BJH) [101] assumed that pores are cylindrical
shaped, and they added an extra corrective term to the equation by consid-
ering the film adsorbed on the pore wall, as displayed in Fig. 11.20. The

n FIGURE 11.20 Capillary condensation of adsorbate into the porous channel.

5. Characterization of Textural Properties of Clays and PolymereClay Nanocomposites 399



film thickness (t) is determined from the t-curve: the plot of t as a function of
P
P0 , which was provided by Shull in 1948 [102]. Therefore the total radius is
defined as:

rðthe total radiusÞ ¼ rK þ t

The BJH method is most commonly used for the determination of PSD.
Fig. 11.21 shows the effect of structure and surface modifications on the
PSD of kaolinite [103] and laponite [104].

5.3 Application of Nitrogen Physisorption
Measurements to ClayePolymer
Nanocomposites

Clays and clayepolymer nanocomposites are a class of porous adsorbents
widely employed in adsorption and catalysis processes [94], as fillers for
polymeric matrices [105,106], and have many other potential applications
described in this book. Their SSA is a prevalent parameter for permeability
and diffusion of species that can be adsorbed onto the mineral surface. The
measurement, especially of the internal surface, depends on the inner surface
accessibility and the geometric organization, how the probe molecule (N2)
gains access to the interlayer spaces. Hence the accuracy of the result depends
on the lateral size extension of layers and as an obvious consequence, the
specific surface area values will rely on the degree of stacking/delamination
of clay layers [107].

As well as SSA, PSD and porosity are crucial aspects in the study of the
porous network of clays and polymereclay nanocomposites. They control
the properties of the porous media, e.g., elastic and mechanical properties,
and the diffusion behavior through the solid [95]. The synergy of clay and
polymer properties imparts remarkable mechanical, thermal, rheological,
and barrier features to their nanocomposites [108,109].

From a textural point of view, a proper dispersion of clay particles in the
polymer matrix affords the hybrid polymeric material a high surface area
and high aspect ratios [110]. The combination of physical and chemical
properties explains the great attention received by this type of composite
as an attractive support for various industrial and environmental applica-
tions, e.g., water treatment, catalysis, and in electrical and electronic sectors
[111e113]. Table 11.4 summarizes textural properties of different raw clays
and polymereclay nanocomposites reported in the literature.

Generally, the pretreatment of raw clays prior to polymer loading induces
an increase in specific surface area, pore size, and pore volume. These
trends depend on the nature of the pretreatment, i.e., acidic or alkaline
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treatment and cation exchange. For example, White et al. [115] demon-
strated that the SSA of halloysite, after treatment with H2SO4 for 84 days,
was fivefold higher compared to the raw one. The increase in the SSA
was accompanied by a decrease in the pore size and a remarkable increase

n FIGURE 11.21 Pore size distribution (PSD): (A) narrow PSD of kaolinite and modified kaolinite [103];
(B) broad PSD of laponite/polyaniline/graphene oxide nanocomposites (at the top left corner) [104].
Reproduced with permission, copyright 2015 American Chemical Society.
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in the pore volume. This was caused by the dissolution of the halloysite in
acidic medium and the precipitation of SiO2 inside the nanotubes. Guerra
and Airoldi [103] showed that the SSA as well as the pore volume and
pore size of urea-intercalated and urea-delaminated kaolinite are higher
than those of the natural kaolinite. In contrast, Varadwaj et al. [97] reported
that silanization of K10 MMT resulted in a decrease in the SSA and an
increase in the pore size.

It is worth noting that in some cases the increase of the SSA and the pore
size could also be caused by the in-situ synthesis of conductive polymers
inside the clay galleries, as noted by Boukerma et al. [5].

6. OTHER TECHNIQUES
We have considered the most applied techniques to characterize clays and
clayepolymer nanocomposites. Others are also gaining interest in the

Table 11.4 Textural Properties of Clays and PolymereClay Nanocomposites Reported in the Literaturea

Clay Modifier Polymer SSA (m2/g) PV (cm3/g) APD (nm) References

Kaolinite Urea e 20e22 3.45e8.75 0.12e0.75 [103]

K10 MMT APTES e 140e242 0.29e0.41 6.5e8.6 [97]

AAPTMS

Sepiolite HCL e 272.4 e 1.08 [114]

Halloysite H2O e 30.5e31.3 0.108 e [115]
NaOH 45e47 0.165e0.168

HCl 54.5e91.2 0.144e0.245

H2SO4 70.4e102.2 0.184e0.322

MMT e Polypyrrole 20e73 e e [5]

Bentonite HCl PGM 26e67 0.06e0.22 75e>1000 [116]

Synthetic
clays

e PVP 227e258 e 2.09e4.53 [117]

Bentonite e Chitosan 2e45 e 8.2e16 [118]

Laponite e GO-Poly 10e150 0.04e0.35 2.8e49 [104]

MMT CTAB Cellulose 87 0.31 1.8 [98]

MMT Naþ Carbon
(carbonized
sugar)

36e59 e 0.11e0.13 [119]

H2SO4
b 59e521 0.13e0.41

aAAPTMS, N-(2-Amino ethyl)-3-amino propyl trimethoxysilane; APD, average pore diameter; APTES, amino propyl triethoxysilane; CTAB,
cetyltrimethylammoniumbromide; GO-Poly, graphene oxide-polyaniline; K10 MMT, K10 montmorillonite; MMT, montmorillonite; PGM,
poly(glycidyl methacrylate); PV, pore volume; PVP, polyvinylpyrrolidone; SSA, specific surface area.
bMMT was treated with H2SO4 before sucrose intercalation.
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clayepolymer nanocomposite community, namely, contact angle measure-
ments and time of flight-secondary ion mass spectroscopy (ToF-SIMS).

Contact angles (q) are usually conducted with water drops to assess the
hydrophilic character of the clayepolymer nanocomposites. A contact
angle above 90 degrees indicates hydrophobic character, whereas a contact
angle below 90 degrees is an indication of relative hydrophilic character.
This is illustrated in Fig. 11.22 for sepiolite and sepiolite/polycaprolactone
(SP/PCL) fillers [120]. Water drops gently deposited with a syringe on sepi-
olite powder particles spreads readily (Fig. 11.22A), whereas a contact
angle of 53 degrees was measured for SP/PCL hybrid filler. This shows sub-
stantial hydrophobic character imparted by PCL grafts to sepiolite, which
made it possible to disperse the clay in the hydrophobic copolymer matrix
and induce remarkable enhancement of mechanical properties.

In another study, films of plasticized carboxymethyl starch (CMS) and
MMT-Ca/CMS were prepared with up to 7 wt% MMT [121]. The water
contact angle was found to increase from 69.9 to 106.9 degrees upon addi-
tion of 5 wt% calcium-MMT, a trend that contrasts with results obtained for
biodegradable corn starcheclay nanocomposites potentially applicable for
food packaging [122]. For the latter nanocomposite films, clay did not affect
significantly the wettability. The results are thus influenced by the reactivity
of the matrix and the concentration of plasticizers (e.g., glycerol).

Films of exfoliated nanocomposite of MMT and poly(dimethyl amino)
ethyl methacrylate (PDMAEMA) quaternized by 2-chloro-dihydroxyaceto-
phenone and 1,3-propanesultone (C/S-PDMAEMA) were found to impart
substantial hydrophilic character (q ¼ 65.7e84.0 degrees for MMT
1e10 wt%) to polypropylene substrate (for q ¼ 95 degrees) [4]. The sub-
stantial hydrophilic character and zwitterionic nature of C/S-PDMAEMA

OH

OH OHOH

OH OH

(A) (B)

n FIGURE 11.22 Water drops deposited on (A) sepiolite and (B) sepiolite/polycaprolactone (SP/PCL)
hybrid filler. Adapted with permission of RSC from P. Bhagabati, T.K. Chaki, D. Khastgir, RSC Adv. 5
(2015) 60294e60306.
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imparted an antifouling character and water vapor barrier effect because of
the tortuous pathway of water molecules inside the nanocomposite film.

These short examples, taken from the very recent literature, show that wetta-
bility is gaining interest given the growing utilization of clay-reinforced
biodegradable packaging materials, plastics for agricultural application
(e.g., seed tapes), or clay-reinforced plastics for antifouling applications.

ToF-SIMS is an interesting surface-specific technique. It is a mass spectros-
copy of the surface and probes a depth of 1 nm. It measures the mass of both
positively and negatively charged fragments emitted from the outermost
molecular layers of the sample after a source impinges on the surface under
test (Fig. 11.23). The secondary ions are analyzed with respect to mass-to-
charge ratio (in ToF-SIMS, typically z ¼ 1) in a time of flight analyzer, which
provides outstanding mass resolution and thus accurate chemical information
about the sample surface.

ToF-SIMS has rarely been applied to clayepolymer nanocomposites. Never-
theless, one eye-catching application concerns surface analysis of nanocom-
posites intended for use in low-earth orbit and the study of oxidation reaction
and chain scission of the epoxy matrix as a result of exposure to high
vacuum, UV radiation, atomic oxygen, and thermal cycles [124]. In another
study, ToF-SIMS demonstrated that degradation of the clay ammonium sur-
factant develops at low processing temperatures, triggering the reaggregation
of clay stacks and subsequent degradation of the polymer matrix [125].

Primary ions
< 1012 ions/cm² Secondary

ions

1015 atoms /cm²

+/-
+/-

Detector

n FIGURE 11.23 Schematic illustration of a time of flight-secondary ion mass spectroscopy (ToF-SIMS)
experimental analysis. The emitted ions give positive or negative ion spectra (here positive ion spectrum
of ethylene bis-stearamide). Spectrum reproduced with permission of Elsevier from D.F. Williams, M.-L.
Abel, E. Grant, J. Hrachova, J.F. Watts, Int. J. Adhes. Adhes. 63 (2015) 26e33.
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Table 11.5 Characteristics of the Analytical Techniques

Method Information and Advantages Shortcomings

XPS n Minimal sample preparation
n Accurate information on the surface

composition within 2e10 nm depth
n Chemical shifts for all elements (except

H) in one single analysis
n Quantitative
n Elemental and possibly chemical

mapping
n Mostly nondestructive

n Very expensive
n Limited to dry solids
n Limited to small sample area
n No detection of H
n Possible in-situ surface oxidation, reduction,

dechlorination, dihydroxylation, and
decomposition of azides

DRIFT/ATR n Fast analysis
n No or minimal sample preparation
n Smooth and rough samples can be

analyzed
n Provides valuable information on

chemical bonds

n Weaker spectra than traditional transmittance
IR ones

n The ATR spectra are influenced by the
wavelength and angle of IR incident
radiation, depth of penetration, and refractive
indices of the sample and the internal
reflection element (ATR crystal)

IGC n Surface energy components
n Adsorption properties over a broad

temperature range with a very large set
of molecular probes

n Very cheap technique and versatile;
applied to fibers, powders, and coatings
on inert support particles

n Requests sample conditioning at relatively
high temperature to desorb surface
contaminants

n Results depend on the conditioning
temperature particularly with clays

n Difficult with high surface energy materials as
they give tailed peaks

Nitrogen
adsorption

n Pore volume distribution
n BET-specific surface area
n Minimal sample preparation
n Low simple mass required for testing
n Mild conditioning temperature, thus

avoiding thermal degradation
n Mostly nondestructive

n Mostly nitrogen is used, which does not
reflect exactly the surface and pores
accessible to intercalants, which are much
larger than N2

n Strong interactions
n Slow diffusion <0.5 nm pores
n Not accurate for materials with SSA <1 m2/g

(10 mmol/g monolayer)

Contact angles n Surface energy components
n Hydrophilic/hydrophobic character
n Affordable equipment

n Complicated on powders and porous
materials

n Limited set of probe liquids

ToF-SIMS n Highly surface specific
n Accurate information on chemical bonds

and functional groups at 1 nm depth
n Sensitive to isotopes
n Excellent lateral resolution (100 nm)
n Chemically resolved images

n Highly expensive
n Large number of peaks, which make it

difficult to interpret data
n Irreversible degradation of materials under

test though limited in the static mode
n Difficult quantification

ATR, attenuated total reflectance; BET, BrunauereEmmetteTeller; DRIFT, diffuse reflectance infrared Fourier transform; IGC, inverse gas chromatog-
raphy; IR, infrared; SSA, synthetic saponite-like clay; ToF-SIMS, time of flight-secondary ion mass spectroscopy; XPS, X-ray photoelectron
spectroscopy.
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7. ADVANTAGES AND LIMITATIONS OF THE
TECHNIQUES

So far we have summarized the basic principles of the techniques and
their applications to characterize the surface clayepolymer nanocompo-
sites and related compounds. These techniques provide information on
surface chemical composition, surface area, and pore volumes as well
as the surface energies. Table 11.5 reports the advantages and limitations
of these surface analytical techniques. However, they do not give a com-
plete picture of the characterization of clayepolymer nanocomposites
and their related compounds, namely, pristine and modified clays and poly-
mers. To do so, usually these techniques are associated with bulk analysis
of the composition such as elemental analysis, ash content determination,
energy-dispersive X-ray spectroscopy, and thermogravimetric analysis. In
addition, TEM permits the imaging of intercalated or exfoliated clays
within polymer matrices, important information that parallels X-ray
diffraction studies.

8. CONCLUSION
This chapter demonstrated the importance of surface analytical techniques
to understand the reactivity of materials employed to make clayepolymer
nanocomposites and the behavior of their surfaces. We have frequently
employed tools such as XPS and DRIFT/ATR for characterizing the surface
chemistry of the materials. IGC provides an insight into the surface energy,
while nitrogen adsorption determines the specific surface area and the
porous volume. New directions indicate growing use of contact angle mea-
surements to understand the wettability of the clayepolymer nanocompo-
sites, particularly those intended for biodegradable packaging. ToF-SIMS
gives precise molecular information at interfaces with excellent detection
limit but its application is hampered by the excessive price of modern,
high-resolution equipment.

The techniques described herein are more or less costly with advantages and
limitations but their combination provides valuable information on the effects
of hydroxylation, calcination, silanization, intercalation, cation exchange re-
actions, and polymer grafting or mixing undergone by clays.
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Chapter12
Dynamic Mechanical Analysis of
ClayePolymer Nanocomposites
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1. IMPORTANCE OF DYNAMIC MECHANICAL
ANALYSIS FOR POLYMER COMPOSITES

1.1 Introduction to Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) is a versatile thermal analysis
technique that measures the response of a material subjected to periodic
stress as a function of temperature. The applied periodic stress is more
commonly called sinusoidal stress and provides output in the form of resul-
tant sinusoidal strain. In addition to analyzing the stiffness and damping of a
material as a function of temperature, time, and frequency [1], DMA also
helps to determine the behavior of polymers and polymer composites using
a correlation of its molecular structure, material properties, and processing
conditions. In some cases, the information provided by DMA helps to
corroborate the results of advanced thermal analysis of a material obtained
from thermomechanical analysis (TMA), thermogravimetric analysis, and
differential scanning calorimetry (DSC). The main difference between
DMA and TMA is that DMA allows the analysis of a polymeric material
under an oscillating load, whereas TMA provides the dimensional changes
under a constant load. In brief, DMA provides information about the
viscoelastic properties of a material with the help of three key parameters,
which are generally recognized as storage modulus (E0), loss modulus
(E00), and damping factor (tan d). The evidence for technological advance-
ment of viscoelastic material-based composites is certainly dependent on
their thermomechanical properties or dynamicemechanical performance.
Although the majority of available materials possess both elastic as well
as viscous characteristics, among them, polymers have a promising potential
for heavy-duty vibration damping mainly during their transition from glassy
to a rubbery state. This property is known as the damping capacity of a
polymer and is dependent on both storage and loss moduli of the material.
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The main purpose of the addition of nano-/microfillers (because of their high
stiffness) or compatibilizers (facilitating the interaction among two different
phases) in polymer blends/composites is to improve the damping capacity of
the composites. Another considerable effect is the phenomenon of relaxation
in nanocomposites, which occurs because of the change in phase, interfacial
interactions, or molecular dynamics. Effectively, this relaxation phenome-
non gives tentative information regarding some change in properties that
occurs because of the interaction between filler and matrix via chemical
attachment of functional groups or physical cohesion. Therefore it is consid-
ered to be dependent on contributions from all the elements present in a
particular composite.

Polymer-based nanocomposites and blends are some well-known materials
that are frequently used for particular thermospatial applications. The
suitability of particular fillers/nanofillers with polymer matrices and the
compatibility of different polymers for preparing polymer blends play a
major role in tailoring the overall performance of such composites and
blends. Moreover, binary and ternary blends of polymers have been proved
to be advantageous for preparing the damping materials. Such blends are
recognized by the existence of different glass transition temperatures (Tg)
[2e4]. The miscibility of such blends is identified by the height of loss
tangent and full width at half maxima of the peak. An increment in both these
values shows reasonable miscibility of the components having a wide glass
transition region. The Tg of nanocomposites is mainly dependent on the
nature of a polymeric nanolayer formed at the surface of highly charged
nanoparticles. This polymeric nanolayer created around the nanofiller is
considered as a double layer, where a tightly bound thin layer of polymer
over the nanoparticles restricts the motion of polymer chains and a
subsequent slightly thicker layer results in the immobilization of the polymer
region [5]. As the filler content in a composite increases, the immobile
polymer region becomes significant and leads to an increase in Tg of the
composite. Therefore depending upon the type of interaction between
polymer chains and the groups present in nanofillers, i.e., attractive,
repulsive, or neutral, the Tg of nanocomposites may increase, decrease, or
remain unchanged [5e7].

Fundamentally, polymers are viscoelastic materials that show characteristics
of elastic solids and viscous (Newtonian) fluids. These characteristics are
mainly differentiated on the basis of the stresserecovery path and the phase
difference between applied sinusoidal force and resulting strain. Both these
effects are clearly explained with the help of Figs. 12.1 and 12.2, respec-
tively. Perfectly elastic materials show in-phase components, while in purely
viscous fluids, strain lags the applied stress by a 90-degree phase difference.
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n FIGURE 12.1 Stress recovery path for elastic, plastic, elasticeplastic, and viscoelastic materials.

n FIGURE 12.2 Phase difference in stress and strain for different types of materials and vectorial
relation between dynamic parameters.
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In the real world, there is neither any perfectly elastic solid nor any purely
Newtonian fluid. Both these ideal conditions are treated as assumptions
for the classification of concerned materials. Viscoelastic materials are those
that always show a certain phase lag between the applied strain and resulting
stress. Typical relations between applied stress (s) and lagging strain (ε) can
be understood by the following expressions [8]:

Stress; s ¼ so sinðtuþ dÞ (12.1)

Strain; ε ¼ εo sinðtuÞ (12.2)

where u denotes the angular frequency of oscillation, t denotes time, and
d denotes the phase lag of strain w.r.t. applied stress.

According to Hooks’ law, a perfectly elastic solid follows the expression
s(t) ¼ Eε(t). However, for a purely Newtonian (incompressible and isotropic)
fluid, the relation between stress and strain is given by sðtÞ ¼ K dε

dt .
Substituting the expressions of stress and strain from Eqs. (12.1) and
(12.2), the defined relations for perfectly elastic and purely viscous trans-
forms to so sin(tu þ d) ¼ Eεo sin(tu) and so sin(tu þ d) ¼ Kεou cos(tu),
respectively. These transformations prove that the two components are
in-phase for a perfectly elastic solid and have 90-degree phase difference
for a purely viscous fluid. Damping properties of a viscoelastic material
gives the resultant behavior through a balance between these two ideal
conditions [9].

1.2 Basic Dynamic Properties and Their Significance
Dynamic properties of viscoelastic materials are generally recognized on the
basis of dynamic modulus, which is also known as the complex modulus.
Theoretically, it can be defined as the ratio of stress to strain resulting from
an oscillatory load applied under tensile, shear, or compression mode.
Instead, storage modulus, loss modulus, and tan d are considered as funda-
mental dynamic properties, whereas complex and dynamic viscosity, storage
and loss compliance, transition temperatures, creep, and stress relaxation are
some of the secondary properties that can also be examined using DMA.
These secondary properties are sometimes very helpful to depict the reasons
for variation in basic properties of polymeric composites. For example, the
transition temperatures can be used to confirm the DSC results and creep/
stress relaxation tests depict the stability of such composites at a particular
temperature, under a specified load. In addition, this technique also helps
to study performance characteristics such as impact resistance, degree and
rate of curing, morphology, sound absorption, etc. The viscoelastic
properties of polymer-based composites rely on the interaction among
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components, crystalline behavior, and the extent of cross-linking between
polymer chains and filler. These properties are found to improve with
improvement in surface properties between the components and the addition
of crystalline fillers. Polymer composites are found highly suitable for civil
infrastructure systems and aerospace applications because of the variation in
loading conditions originating from environmental effects such as wind,
ocean waves, jarring/piercing sound, etc. In addition, dynamic mechanical
properties are essential to analyze the performance and reliability of
materials/composites for structural applications, i.e., bridges, buildings,
etc., under varying environmental or physical conditions. As a result,
DMA has been considered as a unique tool to analyze the performance of
polymer composites for a wide range of conditions.

Dynamic storage modulus is the ratio of stress (in-phase with strain) to strain
in a system having sinusoidal loading [10]. Physically, it corresponds to the
energy storage capacity of a system and other relevant properties of the
elastic portion. In other terms, it is a measure of the stiffness of the material.
Generally, the addition of fillers to polymer matrices is expected to have a
significant improvement in storage modulus and accordingly notify the suit-
ability of a particular filler for subsequent applications. It should be noticed
that the mobility of polymer chains increases (i.e., polymer chains become
more active at the molecular level) with an increase in temperature and there-
fore storage modulus of polymers or polymer-based composites decreases
with increasing temperature [11]. On the other hand, loss modulus represents
a ratio of stress (90 degrees out-of-phase with strain) to strain, in the same
system having sinusoidal loading. It corresponds to the viscous portion
of a viscoelastic material and is a measure of the ability of a material to
dissipate energy in the form of heat [10]. The addition of filler in a polymer
incorporates a large number of additional chain segments, which leads to an
increase in full width at half maxima of the loss modulus peak. Another
fundamental dynamic property is damping factor, which is also known as
tan d or mechanical loss factor. It is defined as the ratio of loss modulus
to storage modulus at any specified temperature. Damping factor introduces
the Tg of a composite material on the basis of its molecular mobility transi-
tions and determines its damping capacity at any specified temperature using
“intensity and width of its tan d peak” and “the value of loss modulus at that
particular temperature.”A broad glass transition region has been achieved by
interpenetrating a polymer network through the formation of small phases
and microheterogeneous structures, which leads to high damping capacity
of these materials [12e15]. The main motive of research in the area of
polymer-based nanocomposites is to prepare materials with high damping
capacity. In such cases, damping behavior mainly depends on the type of
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fillers, interaction of filler with a particular matrix, and the presence of air
bubbles/voids in the micro-/nanocomposites [16e18]. Certainly, the intro-
duction of a suitable filler should support a reduction in damping, depending
on other conditions. The actual relation between E0 and E00 can be related to
the behavior of a material under an applied stress. In a simple way, it could
be considered that until storage modulus is higher than loss modulus, the
applied force (stress) is less than intermolecular forces, and beyond the
crossover point of two modulus values, i.e., loss modulus becomes higher
than storage modulus, the material begins to yield. Although the material
behaves like an elastic solid before this crossover point, this cannot be
treated as an ideal elastic behavior because of considerable losses during
dissipation of mechanical energy in the form of heat (loss modulus). In terms
of the stress and strain relations in viscoelastic materials, previously
discussed in Section 1.1, fundamental damping properties during tension
or compression can be defined by Eqs. (12.3)e(12.5):

Storage modulus; E0 ¼ so

εo
cos d (12.3)

Loss modulus; E00 ¼ so

εo
sin d (12.4)

Damping factor; tan d ¼ E00

E0 (12.5)

Complex modulus; E� ¼ E0 þ E00 (12.6)

Resultant damping or complex modulus (E (٭ can be evaluated by substitut-
ing the values of E0 and E00 in Eq. (12.6). The relation between the three
moduli is shown with the help of a vector diagram in Fig. 12.2.

The addition of filler having a high surface area-to-volume ratio restricts the
mobility of polymer chains. At higher temperatures, polymer chains
become more active and dissipate a large amount of energy through viscous
movement during the glass transition phase. Moreover, with an increase in
the quantity of filler, friction caused by viscous movement becomes more
active and increases loss modulus of the composite. Consequently, tan
d should decrease but intercalation of polymer chains within the layers of
layered fillers or wrapping of polymer chains around the fibers leads to
strong fillerematrix interaction and as a result storage modulus also
increases with the addition of fillers [19]. It should be noticed that the value
of storage modulus of polymers is always much higher than loss modulus
and likewise the increments in the moduli of composites. Therefore the ratio
of loss modulus to storage modulus, i.e., tan d, always decreases with the
addition of filler.
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1.3 Consequential Features Derived From Basic
Properties of Dynamic Mechanical Analysis

Some secondary features, i.e., degree of entanglement (N), C-factor (C), rein-
forcement efficiency factor (r), adhesion factor (A), and ColeeCole plot, can
be efficiently used for a precise investigation of the dynamic behavior of
such composites. These factors help to project a correlation between the me-
chanical and thermomechanical properties of viscoelastic composites. Usu-
ally, the degree of entanglement suggests a possible interaction between
filler and matrix, C-factor shows the probability of particular composite to
enter its glass transition region more quickly, i.e., at lower temperatures,
and reinforcement efficiency factor and adhesion factor indicate the bonding
between filler and matrix. The evaluation of “r” and “A” can only be applied
to the composites for which the volume fraction of individual components
can be determined. The positive effect of a filler with its increasing content
in the polymer composite leads to an increase in the degree of entanglement
and decrease in C-factor, reinforcement efficiency factor, and adhesion fac-
tor. The calculations of “N,” “C,” “r,” and “A” can be performed with the
help of Eqs. (12.7)e(12.10), respectively [20e23]:

Degree of entanglement ðNÞ; N ¼ E0

6RT
mol

�
m3 (12.7)

C � factor ðCÞ; C ¼

�
E0
g

.
E0
rg

�

comp�
E0
g

.
E0
r

�

poly

(12.8)

Reinforcement efficiency factor ðrÞ; Ec ¼ Emð1þ rVf Þ (12.9)

Adhesion factor ðAÞ; ð1þ AÞ ¼ 1
ð1� Vf Þ

tan dc

tan dp
(12.10)

where, R is the universal gas constant, T is absolute temperature, E0 is storage
modulus at a specified temperature, E0

g is storage modulus in the glassy state,
E0
r is storage modulus in the rubbery state, Ec is storage modulus of the

composite, Em is storage modulus of the matrix, Vf is volume fraction of
the filler, tan dc is damping factor of the composite, and tan dp is damping
factor of the polymer.

Besides, ColeeCole plots are based on theColeeColemethodwhere the shape
of loss modulus (E00) versus storage modulus (E0) curve reflects the nature of
the composite system. Typically, homogeneous polymeric materials show
perfectly semicircular shapes, while other multiphase systems have a diver-
sion to nearly elliptical curves [24]. In this way, the shape of the ColeeCole
plot ensures the presence of different phases in a polymer composite.
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1.4 Effect of Various Parameters on Dynamic
Properties of Polymers and Their Composites

Dynamic properties of viscoelastic materials vary with changing tempera-
ture, frequency of oscillation, amplitude of sinusoidal loading, and time
(creep phenomenon). Most of such studies deal with analyzing the behavior
of material over a range of temperatures under constant frequency and
amplitude only, or just over a range of frequencies keeping the temperature
and amplitude as constants [25]. The variation of dynamic properties under
varying temperature, at multiple frequency or amplitudes, provides addi-
tional important information for its practical applicability under different
loading conditions. This provides information regarding changes in primary
relaxation (Tg), dynamic fragility, cross-linking density, etc. [26e28]. Still,
when a material is subjected to a constant stress at a particular temperature
and for a specified period of time, localized stresses are developed within the
materials, which are minimized through molecular rearrangements [21].
Therefore creep tests are preferred to analyze the time-dependent stress
recovery of viscoelastic materials. This section includes brief information
about the need for change in typical parameters during dynamic analysis
of polymers and their composites.

1.4.1 Effect of Frequency and Amplitude
Storage modulus decreases and loss modulus increases with increase in the
frequency or amplitude of vibrations. In addition, tan d curves show an increase
in peak height and shift toward higher temperature at higher frequencies or
amplitudes [29]. This indicates an increase in Tg. The increase in Tg with
increasing frequency takes place because of the temperature-dependent molec-
ular relaxation behavior in polymers, i.e., molecular relaxations take place at
higher temperatures. In fact, in one of the works related to the role of fiber/
matrix interactions in chemically modified banana fiber composites, Pothan
et al. [30] have shown that the shift in glass transition is in accordance with
the Arrhenius equation, which is given by,

log f ¼ log f0 � H

2:303RT
(12.11)

where f is the frequency of loading, f0 is the experimental constant
(frequency when temperature approaches infinity), H is apparent activation
energy of relaxation, T is the specific temperature, and R is a gas constant.

Activation energy is essentially the energy required to initiate the molecular
movement in the polymer backbone [31]. The activation energy can be
obtained from Arrhenius plots (log f vs. 1/T). Assuming the frequency of
oscillation as constant, the temperature will increase with an increase in

420 CHAPTER 12 Dynamic Mechanical Analysis of ClayePolymer Nanocomposites



activation energy and vice versa. The activation energy of a particular
material is constant and therefore its Tg will increase with increasing fre-
quency. It has also been noticed that the addition of a filler/nanofiller
increases activation energy of composites because of improvement in stiff-
ness of the composite. This increase in activation energy shows that more
energy will now be required to initiate the molecular movements, which
confirm an improved interaction between filler and matrix.

1.4.2 Effect of Humidity
The variation of fundamental dynamic properties under different humidity
levels can also be studied through the DMA technique using a relative
humidity accessory. It will help to improve the ability of this technique
for analyzing materials for their use in hydrophilic thin films for food pack-
aging, outer aerospace components, marine components, etc. It has been
noticed that the Tg of polymers decreases at higher humidity levels and
consequently the components fail to meet the expectations when they are
used in humid environments. It has been accepted that the use of fillers
improves the Tg of polymer composites; consequently, the stability of
such composites should also be tested against different humidity levels
with the help of this technique.

1.4.3 Creep Phenomenon
Creep tests can be carried out using the DMA technique to analyze the ability
of a material to recover internally induced stress within a specified period of
time. Initially, a preload force is applied to ensure the stretching of sample
material without any slack, which ensures that the movable part of the clamp
is in proper contact with the specimen. Although these tests can be carried
out using tensioning or nontensioning clamps there is no need for a preload
force while using the nontensioning clamps. Creep behavior of viscoelastic
materials is usually studied under constant temperature and constant stress
levels. Stress and temperature are determined on the basis of application-
oriented end-use conditions. Creep time and recovery time are two important
terms in this particular mode, which refers to the time for which stress is
applied and the time set for recovery after removal of stress, respectively.
Recovery time is typically taken as 2e3 times that of creep time.

1.5 Applications
1.5.1 Interaction Between Filler and Matrix
Fillerematrix interaction may be quantified using dynamic modulus and
damping values [30]. This interaction is sometimes quantified by a specific
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term known as “adhesion factor (A),” which depends on the molecular
mobility of the matrix. An improved adhesion between constituents of a
polymer composite reduces the molecular mobility of polymer chains and
thereby decreases the value of adhesion factor. Referring to Section 1.2, it
can be specified here that reduction of adhesion factor (better fillerematrix
interaction) reduces the damping in composites. However, for hybrid
composites, the interaction of different fillers with a matrix varies, which
makes it complex to analyze the relation between adhesion and damping
for such composites [32].

1.5.2 Predicting the Curing Behavior of Thermosets
DMA enables the observation of viscosity, gel point, activation energy,
vitrification and decomposition of thermosetting resins, adhesives, paints/
coatings, etc. These properties enable transformation, preparation, and
modification of resins into application-oriented materials/composites [33].
Particularly, cure behavior of thermosets can be studied at isothermal heating
or under a temperature ramp. The specimen preparation for DMA testing of
thermosetting resins requires solid supporting substrates, i.e., wood, glass
fiber, etc. It should be noted that drying and curing of the resin can be marked
by a sudden increase of storage modulus, vitrification is identified with a drop
in the tan d peak of a tan d versus log(time) curve, and gel point is marked as
the intersection point of E0 versus time and E00 versus time. These parameters
clarify the curing behavior of such thermosets.

1.5.3 Selection of a Material for a Particular Application
It has been a challenging opportunity to introduce new materials/
composites to industrial applications that are scientifically observed to be
better than the existing materials for specific applications. Especially in
the case of polymer-based composites, engineers and designers face a
lack of parameters for testing the practical applicability of these materials.
DMA has been found very useful to explore thermomechanical properties
of polymer composites up to a large extent through the introduction of
different modes of testing and providing a wide range of variable parame-
ters. Most of the mechanical techniques provide the properties of materials
at a particular temperature and the temperature at which any material fails
under a specified load is known as the heat distortion temperature under
that particular load. As an alternative, DMA provides an opportunity to
observe the behavior of a viscoelastic material under a range of tempera-
tures, varying frequencies, and amplitudes, and also under varying humidity
conditions. This provides in-depth analysis of temperature- and humidity-
dependent mechanical properties of viscoelastic materials.
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1.5.4 Minimizing Run Time Using TimeeTemperature
Superpositioning

Timeetemperature superpositioning (TTS) is a specific treatment in DMA,
which is designed to reduce the prolonged test timings as per end-use
conditions. Most of the materials to be used in structural or consumer goods
require analysis for longer times under repetitive cyclic (sinusoidal) loading.
TTS accelerates the molecular rearrangements to minimize localized
stresses through a simultaneous increase in temperature. This practice
reduces the experimentation time to the desired level through coordination
between temperature and time (frequency).

1.5.5 Tensile Measurements of Thin Films and Fibers
DMA also provides a facility for stressestrain measurements in thin films
and fibers using film/fiber tension clamps. It has been found very effective
in evaluating the mechanical properties of film and fiber samples in compar-
ison to conventional physical testing devices, mainly because of limitations
of mass and inertia of grips in conventional instruments.

1.5.6 Distribution of Molecular Weight in Polymers
The distribution of molecular weight helps to predict physical properties of a
polymer. Initially, size-exclusion chromatography was used for this purpose
but it has been found unsuitable for high molecular weight species. The
distribution of molecular weight in polymer melts can be detected by
analyzing the complex viscosity (h*) versus frequency curves. The TA
rheology manual, inbuilt with DMAmanuals, provides detailed mathematics
for the calculation of molecular weight distribution in polymers.

2. EFFECT OF CLAY ON DYNAMIC RESPONSE OF
POLYMER-BASED NANOCOMPOSITES

Clay refers to the layered nanoplatelets made of tiny inorganic particles that
do not show specific crystallinity or composition. Depending upon the type
of dispersion of a filler in a polymer matrix, the introduction of layered
silicates as reinforcement in polymer nanocomposites may result in the
formation of micro- or nanocomposites. Such a typical classification is
shown here with the help of Fig. 12.3. Generally, these layered silicates
consist of tetrahedral and octahedral sheets having hydrous, aluminum,
and/or magnesium silicates [34]. It has been noticed that simply physical
mixture of polymer and layered silicates cannot be considered as a nanocom-
posite. Pristine layered silicates are hydrophobic in nature, which makes
them incompatible with most of the hydrophobic polymers. Therefore a
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prerequisite for the preparation of polymer nanocomposites is chemical
modification of nanoclay to make it compatible with the desired polymer
matrix. One such modification involves the transformation of hydrophilic
layered silicates into organophilic silicates through ion exchange reactions
of these layered silicates with cationic surfactants [35]. The mechanism of
interaction between polymer and clay is exclusively dependent on the prop-
erties of the polymer, type of solvent, and type of clay [34]. Clayepolymer
nanocomposites are prepared via in-situ intercalative polymerization,
exfoliationeadsorption, and melt intercalation techniques. Hussain and
Hojjati [36] provided a brief and clear description of these techniques.
The main problem with the synthesis of polymer nanocomposites is the pres-
ence of clay as tactoids. Tactoids are clusters of individual clay particles
(varies in number) that cannot be separated or broken down into individual
particles. Organically modified nanolayered silicates can resolve the forego-
ing problem to some extent. These modified nanolayered silicates are also
referred to as organosilicates or nanoclay [37]. The dispersion of nanoclay
strongly influences the dynamic response of polymer composites.

In the previous section, dynamic properties of polymers and their interrela-
tion have been discussed to recognize the need of dynamic analysis of
polymers. This section will elaborate the effect of clay on dynamic proper-
ties of different types of polymers. DMA is a particular thermal analysis

n FIGURE 12.3 Scheme of three main types of layered silicates in a polymer matrix. Reproduced with
permission from M. Alexandre, P. Dubois, Polymer-layered silicate nanocomposites: preparation, properties
and uses of a new class of materials. Mater. Sci. Eng. R Rep. 28 (2000) 1e63.
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technique that provides insight into the structure of polymer nanocompo-
sites through different rheological properties. The use of DMA for the study
of control over morphology can be possible through establishing a correla-
tion between changes in morphology with variation in dynamic properties.
In turn, such correlation also presents a mirror image of their molecular and
morphological features. In this way, it reveals the extent of clayepolymer
interaction at different dispersion levels of the filler. Related studies have
also shown compatibilizing effects of clay in polymer blends or composites
reinforced with carbon nanotubes, carbon black, etc. through the dynamic
performance of such composites [39e41]. In addition, multicomponent
polymer composites are found much superior because the possibility of
tailing the properties of such composites is conventionally higher than
general composites having a single matrix and filler phases. The presence
of nanofillers in such polymer blends may also influence the interfacial
morphology, phase behavior, and/or kinetics of the phase separation. Such
multicomponent polymer systems show varying behavior under different
environmental or operating conditions. DMA enables the examination of
the performance of these systems under a wide range of process parameters.

2.1 Use of the DMA Technique to Analyze the
Dispersion and Intercalation of Clay in Polymers

Improvement in interfacial interactions between the large surface area of
layered silicate nanofillers and polymer chains improves dispersion of the
filler in a matrix, which can be reflected through an increase in storage
modulus of the composite. Moreover, this will also lead to a reduction in
mobility of polymer chains, which means that higher energy will then be
required for transitions. Certainly, corresponding effects can be observed
through a reduction in the damping factor, broadening of tan d peak, and/
or increase in Tg. It has been observed that the addition of a layered silicate
improves the loss modulus of composites. This is mainly because of the large
surface area per unit volume of reinforcing layered silicates, which enables a
significant increase in friction between the constituents of a composite.
Therefore a lot of energy is transformed into heat when such composites
are deformed under an applied load. Moreover, the increase in loading of
reinforced layered silicates increases the frictional forces until the filler
exceeds a particular limit where it begins to agglomerate within the matrix.
Generally, uniform dispersion of suitable filler improves the value of E00 and
simultaneously shifts the peak point to a higher temperature, which is an
indication for improvement in its Tg. In this way, rheological analysis using
the DMA technique quantifies the dispersion and morphology of clay in
polymer composites and blends.
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2.2 ClayeThermoset/Thermoplastic Composites
DMA is a powerful tool to examine the relaxation in polymer composites
through a correlation between storage and loss modulus of viscoelastic mate-
rials under different loading conditions and temperatures. Smart handling of
its performance parameters helps to recognize the transformations in com-
pounded solids (viscoelastic composite materials, i.e., polymer composites
or blends).

In one of the works by Wilhelm et al. [42] the authors have prepared
starcheclay composite films using aqueous suspensions. The DMA of these
composite films has shown three different relaxation processes: b1, a, and
b2. b1 and b2 were attributed to the two different phases that have arisen
because of partial miscibility of starch and glycerol. Specifically, b1 belongs
to the glycerol-rich phase and b2 belongs to the amylose-rich phase (starch).
a-Relaxation was attributed to the loss of moisture from different sources.
The shift in corresponding temperatures observed for different relaxation
processes was summarized in a table, which is shown here as Table 12.1.
The existence of b1 and b2 for all of the compositions has proved that starch
and glycerol remained partially immiscible.

Various researchers have studied the properties of polypropylene (PP)eclay
nanocomposites (PPCN) using the DMA technique. In 1967, McCrum et al.
[43] suggested the presence of three localized relaxations (g, a, and Tg) in PP
at around�80, 100, and 10�C, respectively. The relaxation corresponding to
Tg indicates the glasserubber transition phase of PP. An improvement in E0

and subsequent drop in tan d value with slight change in the shape of curves
suggest improvement in thermomechanical stability of those composites.

Table 12.1 Temperatures of the Relaxation Peak for Glycerol-Plasticized Cará Starch and Glycerol-
Plasticized StarcheClay Composite Films at 1 and 5 Hz, as Determined by the Peak of E00 Curves

Composition w/w
StarcheClay

1 Hz 5 Hz

b1 Peak (�C) a Peak (�C) b2 Peak
a (�C) b1 Peak (�C) a Peak (�C)

100e0 �74 32 172 �67 31

95e05 �76 27 180 �71 27

90e10 �43 29 144 �38 29

80e20 �73 36 171 �67 35

70e30 �73 39 169 �67 38

aOnset temperatures take from E0 curves.
Reproduced with permission from H.M. Wilhelm, M.R. Sierakowski, G.P. Souza, F. Wypych, Starch films reinforced with mineral clay.
Carbohydr. Polym. 52 (2003) 101e110.
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However, there remains the issue regarding the opposing behavior of Tg
beyond 3 wt% content of clay. Their observations indicate that the addition
of silicate layers up to 3 wt% decreases Tg and further addition of these
layered silicates increases Tg. In 2001, Liu et al. [44] prepared PPCN using
cointercalation organophilic clay having higher interlayer spacing in com-
parison to originally alkylammonium-modified organophilic clay. A larger
interlayer spacing of cointercalation organophilic clay and the reaction
heat caused by grafting resulted in improved dispersion of silicate layers
in the polymer matrix. The dynamic properties of cointercalation organo-
philic clay-reinforced PP nanocomposites are shown in Fig. 12.4. They
claimed that the introduction of this particular type of modified clay resulted
in a remarkable improvement in stiffness of the nanocomposites. Its reinforc-
ing effect was claimed on the basis of increase in storage modulus and
decrease in tan d values. Kodgire et al. [45] have also prepared organophilic
clay-reinforced PPCN via the melt intercalation technique in a single-screw
extruder. The interaction between organoclay and maleic anhydride-grafted
PP, used as a compatibilizer, assisted in the expansion of layered silicates.
The DMA of nanocomposites has shown around a 56% increase in storage
modulus and a reduction in loss modulus, which indicate weak relaxations of
PP in PPCN.

Zhang et al. [46] prepared PPCN by blending PP with PPeclay-
graftingeintercalating composites (GIC). GIC were obtained through
blending of PP with maleic anhydride-modified organoclay. Initially, they
have claimed the reinforcing effect of clay in the PP matrix on the basis
of improvement in storage modulus of the PPCN, which shows an improve-
ment in stiffness of the nanocomposites. Furthermore, they proposed that the
intercalation/exfoliation of PP macromolecules within layers of modified
organoclay restricted motion or relaxation of PP chains and therefore the
addition of GIC also shows increment in Tg of the nanocomposite. In
2005, Wang et al. [47] synthesized org-attapulgite (org-ATP) using
silane-coupling agent and its subsequent graft polymerization with butyl
acrylate. Nanocomposites were prepared by reinforcing org-ATP in a PP
matrix via the melt-blending technique. It was noticed that the surface-
grafting reaction improved the dispersion of attapulgite in PP without
affecting its crystal structure. Their study was mainly focused on b-relaxa-
tion of PP, which corresponds to the transition phase of the amorphous
portion and Tg. Typical dynamic properties of org-ATPePP nanocomposites
are shown in Fig. 12.5. The incorporation of org-ATP as reinforcement in PP
resulted in improvement in storage modulus and decrease in the tan d value
caused by restriction in the motion of the polymer chain that controls
relaxation in the polymer. However, in this case, there was a discrepancy
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with nanocomposites containing 2 wt% of org-ATP as reinforcing filler.
These composites have shown about a 100% increase in storage modulus
and a slight increase in the value of Tg. Therefore the need for further inves-
tigation was recommended to clarify the mechanism of clay in the PP matrix,
which is responsible for the change in Tg of the PPCNs.

In 2001, Agag et al. [48] synthesized clayepolyimide (PI) hybrids using
organically modified montmorillonite (oMMT) as reinforcement to PI.
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These hybrid composites were prepared by solution blending of oMMT and
poly(amide acid), obtained from 4-diphenylamino-diazonium-exchanged
clay-modified bentonite (B-PDA) and 4-diphenylamino-diazonium
(PDA), in N,N-dimethylacetamide. Dynamic mechanical properties of B-
PDA/PDAeclay nanocomposites are shown in Fig. 12.6. In this work,
the obtained results were much different from the scenario. For specific
compositions, the Tg of hybrid composites was increased beyond the tested
limits (400�C). Except for 4 wt% loading of clay, the value of storage
modulus of nanocomposites reduced with the addition of filler. Moreover,
at 4 wt% clay loading, there were improvements in storage modulus, loss
modulus, and value of tan d. A simultaneous increment of Tg and value
of tan d raises an interesting issue, which should be clarified through
detailed investigation about the mechanism of clay within a PI matrix.
However, in 2002, Priya et al. [49] for the first time synthesized poly(viny-
lidene fluoride) (PVDF)eclay nanocomposites through melt intercalation
of organophilic clay and PVDF. The addition of clay has shown significant
improvement in storage modulus for the whole temperature range and a
simultaneously positive shift in Tg by 6e8�C. The shift in Tg was attributed
to hindered cooperative motion of polymer chains. Similar effects have
been observed in other works. The DMA of montmorillonite (MMT)-rein-
forced poly(methyl methacrylate), PVDF, and PP nanocomposites have
shown significant improvement in storage modulus upon addition of
MMTs [50e52].

n FIGURE 12.5 (A) E0 of pure polypropylene (PP) and its composites as a function of temperature. (B) Tan d of pure PP and its composites as a function of
temperature. Reproduced with permission from L. Wang, J. Sheng, Preparation and properties of polypropylene/org-attapulgite nanocomposites, Polymers 46 (2005)
6243e6249.
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2.3 ClayeElastomer Composites
Elastomers belong to the particular category of polymers that are extensible
(high failure strain), having weak intermolecular forces and low Young’s
modulus. Sometimes these are also referred to as rubber or elastic polymers.
Rubber is a specific type of polymer that has been commercially used in
automobile tires, dampers, and many other components subjected to repet-
itive cyclic loadings and experiencing continuous deformations. Elastomers
are commonly used as a matrix to introduce elasticity and flexibility in
composites. It has been realized that dynamic mechanical thermal analysis
(DMTA) provides indirect evidence to figure out the dispersion of fillers in
elastomeric matrices [53e56]. The use of this technique has been found very
important to observe the behavior of these materials/composites under
dynamic loading conditions. A number of studies have also dealt with the
dynamic response of rubbery polymer composites reinforced with layered
silicates. The addition of layered silicates as reinforced nanofillers in
rubber/elastomer matrices depends on the type of silicate (aspect ratio,
etc.), state and level of dispersion, method of composite preparation, sur-
face/bulk modification of silicates, and processing parameters. Independent

n FIGURE 12.6 (A) Dynamic mechanical properties of B-PDA/PDAeclay nanocomposite films with various organically modified montmorillonite (oMMT)
contents. (B) Tan d of 4-diphenylamino-diazonium-exchanged clay-modified bentonite/4-diphenylamino-diazonium (B-PDA/PDA)eclay nanocomposite films with
various oMMT contents. Reproduced with permission from T. Agag, T. Koga, T. Takeichi, Studies on thermal and mechanical properties of polyimide-clay
nanocomposites, Polymers 42 (2001) 3399e3408.
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of the type of modified/unmodified silicates, the DMA of rubber-based
composites provides a close approximation of the morphology, mechanism
of exfoliationeintercalation, different types of relaxations, and their interde-
pendence in these composites. The core mechanism of addition of silicate
layers in rubber matrices is exfoliation of layered silicates and intercalation
of rubber within the layers, which improves storage modulus and broadens
the tan d peak. This section will comprise some typical observations from
various researchers showing dynamic mechanical characteristics of claye
rubber nanocomposites.

Chakraborty et al. [57] prepared styrene butadiene rubber (SBR)/bentonitee
clay nanocomposites via latex blending. Although they have not conducted
DMTA, DSC results of SBReclay nanocomposites proved that the Tg was
significantly improved after the addition of clay. After that, in 2010, Bandyo-
padhyay et al. [58] studied the distribution of Cloisite 30B (30B) and Cloisite
Naþ (NA) in nonpolarepolar and nonpolarenonpolar rubber blends via
dynamic mechanical measurements. They have calculated the distribution
of two different types of clay in rubber blends with the help of Eqs.
(12.12)e(12.14), adopted from one of their works by Maiti and Bhowmick
[59].

Distribution factor; R ¼ ðtan dgÞmax � ðtan df Þmax

ðtan dgÞmax

(12.12)

Filler to polymer weight fraction; u ¼ R

a
(12.13)

Weight fraction of the filler in the particular phase; u0
1 ¼ R0

1R2u

R0
1R2 þ R1R0

2

(12.14)

In the foregoing expressions, (tan dg)max refers to the highest value of
damping factor (tan d); f and g signify filled and gum systems; a is a param-
eter that represents interaction between filler and matrix; and R1, R2, R0

1, and
R0
2 represent distribution of clay for natural rubber (NR) in NReclay, for

epoxide natural rubber (ENR) in ENReclay, for NR in NR/ENReclay,
and for ENR in NR/ENReclay, respectively.

Calculations based on Eqs. (12.12)e(12.14) have shown that the distribution
of 30B in the 50:50 NR/ENR blend was 42:58 and that of NA was 7:93. For
the nonpolarenonpolar blend (50:50 NR/BR), the distribution of 30B was
85:15 and that of NA was 55:45. This is a really good example of the
effectiveness of DMA for computing the distribution of fillers in polymer
matrices.
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Among elastomers, polyurethane (PU) has been in demand for some time
because of its high elasticity, flexibility, and excellent damping ability.
Certainly, its applicability is limited by poor barrier properties and thermal
stability. The effect of dispersion of nanoclay (30B) on the rheology of
PUeclay was examined by Berta et al. [60] on the basis of DMA performed
under a frequency sweep oscillatory test. They claimed the classification of
PUeclay composites as “microcomposites” and “nanocomposites” because
of the nanoscale dispersion of clay in PU observed through transmission
electron microscopy (TEM) images. Microcomposites were referred to
PU-based composites having aggregates of clay that led to poor dispersion
of clay in the matrix and nanocomposites belonging to composites having
exfoliated and homogeneously dispersed clay in the PUmatrix. The dynamic
response of pure PU (as reference) and its composites is shown in Fig. 12.7.
It was observed that the storage modulus of nanocomposite was higher than
PU, while that of microcomposite was lower than PU, which in turn
converged at a higher frequency. This behavior indicates the probability
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n FIGURE 12.7 Frequency sweep oscillatory test results for nanocomposite, microcomposite, and pristine
polyurethane. Reproduced with permission from M. Berta, A. Saiani, C. Lindsay, R. Gunaratne, Effect of
clay dispersion on the rheological properties and flammability of polyurethane-clay nanocomposite
elastomers, J. Appl. Polym. Sci. 112 (2009) 2847e2853.
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of physical interaction in nanocomposite because of better exfoliation of clay
platelets, as predicted by TEM images. Besides, the loss modulus of both the
composites (micro- as well as nano-) was higher w.r.t. reference material
(PU) and the difference was found to be increasing with increase in
frequency. It was attributed to the resistance in flow of hard segments in
PU with the introduction of clay particles having large surface area. The
analysis of phase transition in composites performed through temperature
sweep at a particular frequency showed improvement in Tg of the nanocom-
posite in comparison to pure PU and microcomposite, which is another
indication of the reduction in polymer chain mobility with improved disper-
sion of nanoclay in the matrix. In addition, this improved dispersion of
nanoclay was suggested to be responsible for extended viscoelastic regime
and improvement in thermal stability of nanocomposite, which offers better
mechanical performance at higher temperatures. In another work, Maji et al.
[61] prepared PU nanocomposites by the addition of diisocyanate,
poly(propylene glycol), various hyperbranched polymers, and layered sili-
cate. The DMA of layered silicate-reinforced nanocomposites (8 phr clay
loading) showed about a 120% increment in storage modulus in comparison
to pure PU. Damping behavior confirmed that the improvement in glass
transition of nanocomposites followed a linear behavior with increasing
clay loading. Simultaneously, the value of the damping factor showed a
steady decrement. These changes in dynamic parameters corroborate good
interfacial adhesion between clay and PU segments.

The investigation of relaxations of chitosan and chitosan-treated silicates is
another platform in which DMA has been found very useful. DMA is
generally used to identify the Tg and observe the molecular motion in the
modified/unmodified nanofiller-reinforced polymer matrix composites. In
1980, Ogura et al. [62] observed the dynamic properties of chitosan
wet films and found that the properties of these films are highly influenced
because of the presence of water content. The glass transition of wet chitosan
film was observed around 50�C on the basis of its loss modulus
peak, whereas it was raised to 140�C for dry chitosan films. In 2009,
González-Campos et al. [63] also studied the effect of water on thermal
relaxations of chitosan through dielectric spectroscopy analysis and DMA.
Their observations have shown that the glass transition associated with
a-relaxation varies from 18 to 62�C in proportion to the presence of water
molecules. At low moisture content (�0.05 wt%) glass transition was not
observed because of the superposition of a- and s-relaxations, where
s-relaxation is associated with the proton mobility and often noticed in
the temperature range of 80e210�C.With an increase in the content of mois-
ture, s-relaxation disappears and secondary b-relaxations can be observed,
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which shows the motions in side groups through glycosidic linkage. In this
way, dynamic properties provide extensive information regarding the molec-
ular behavior of these materials on account of the presence of different relax-
ations. In 2014, Wu et al. [64] prepared elastomeric composites using
chitosan-treated clay (chi-clay) as reinforcing filler in hydrophobic thermo-
plastic polyurethane (TPU) to study their water-responsive dynamic perfor-
mance. Dynamic properties of TPU-based composites reinforced with
varying amounts of chi-clay contents were analyzed under wet and dry
conditions. The addition of chi-clay in TPU resulted in significant improve-
ment in storage modulus (w260%) of the composite, depending upon the
content of water. Storage modulus was found to be higher with an increase
in filler content and acidic nature of the solution to which the composites
were exposed. Researchers expected that such water-responsive polymer
composites may have potential applications in biomedical fields. In this
work, it has also been realized that the drying of composites recovers the
storage modulus and shows storage modulus values even higher than those
of initially dried composites.

The properties of elastomeric hybrid composites, prepared by reinforcing
various nanofillers in an SBR matrix, were studied by Bhattacharya et al.
[65] in 2009. Modified and unmodified MMTs were also used as nanofillers.
They confirmed a negative shift in Tg of unmodified clay-reinforced
nanocomposites caused by slippage of polymer chains through the
self-aligned capillaries formed by clay layers. Also a plasticization effect
had been noticed in the low-temperature range of storage modulus of modi-
fied MMT-reinforced nanocomposites. In 2012, Lakshminarayanan et al.
[66] studied the dynamic properties of organoclay-reinforced fluoroelasto-
mer nanocomposites prepared by the melt-mixing technique. It has been
reported that organoclay (Cloisite 20A and Cloisite 15A)-reinforced fluoro-
carbon rubber (FKM)-based composites showed improvement in storage
modulus by 4e5 times as compared to untreated clay or carbon black-
reinforced FKM composites. Furthermore, DMA in strain sweep mode has
shown that modulus values of organoclayeFKM composites started to
reduce at 1%. This is an indication of the initiation of a breakdown in filler
network at this level of strain. However, carbon blackeFKM composites
have not shown any such behavior at lower strain levels. A sudden change
in modulus at higher strain value was recognized in the crystallization of
vinylidene fluoride units in fluoroelastomers. Then, in 2013, for the first
time, shape-memory effects in grafted nanoclay-reinforced elastomeric com-
posites were studied [67]. In this work, researchers prepared poly(metha-
crylic acid)-grafted clay-reinforced TPU composites (PMAA-g-clay-TPU)
via the solution-casting technique. Grafting of clay nanoplatelets was carried
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out to improve the dispersion and network formation of PMAA-g-clay in
composites. DMA was used to recognize the dispersion of modified clay
in the matrix through a change in modulus values. Significant improvement
in storage modulus was observed with the addition of PMAA-g-clay.
However, in wet samples (by distilled water and 0.1 M HCl) the modulus
values were dropped in the presence of water molecules. The reason behind
this concerned previous observations where the absorption of water mole-
cules by clay species had been claimed to be responsible for an increase
in intergallery spacing of clay [68] and a tendency for PMAA chains to reas-
semble and connect with two neighboring clay tactoids [69]. However, the
storage modulus of wet composites was found to be revertible after drying.
In most of the cases, the improvement in thermomechanical properties of
clayepolymer nanocomposites was found to be extensively dependent on
the dispersion behavior of clay in the polymer matrix. Although morpholog-
ical analysis techniques such as TEM and scanning electron microscopy
provide a close view regarding distribution of clay in the matrix, DMA
ensures the effect of the distribution of clay when these composites are
subjected to dynamic loading conditions.

3. RECENT TRENDS TOWARD IN-DEPTH
INVESTIGATION OF DYNAMIC BEHAVIOR OF
CLAYePOLYMER NANOCOMPOSITES

The advancement in rheological analysis of viscoelastic materials, espe-
cially focused on polymer blends and composites, has provided some
exciting new facilities such as relative humidity chamber as an accessory
in DMA Q800. The undesirable effect of humidity variation, such as
dimensional changes, condensation caused by moisture absorption, etc.,
reduces the performance of composites or blends. Although until now little
work has been carried out on the evaluation of clayepolymer composites
under varying humidity conditions, this can be very helpful for aerospace
applications or structural components.

In spite of new features in the dynamic mechanical analyzer, the analysis of
composites on the basis of storage modulus and relaxation processes has
been found successful in confirming the fundamental mechanical and
morphological properties of the polymeric materials. The combined analysis
of some interesting research contributions in the past few decades for
diverse DMA of elastomers, thermosets, and thermoplastics may be helpful
for new breakthroughs in the field of polymer composites.

Significant progress has been made to study the agglomeration tendency of
nanoparticles, role of percolation threshold, relaxation and melt rheological
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behavior, etc., with the help of dynamic mechanical spectroscopy. In one
such work, Sahoo et al. [70] studied the thermomechanical behavior of a
functionalized soybean oil-modified toughened epoxy/organoclay nanocom-
posite. They observed significant improvement in storage modulus,
cross-link density, and damping behavior of the nanocomposite after the
addition of nanoclay. Terrin et al. [71] observed the influence of organoclay
with different clay loadings (0%e15%) in a model dental resin prepared by
mixing four monomers, i.e., 7 wt% of triethylene glycol dimethacrylate,
29 wt% of urethane dimethacrylate, 29 wt% of ethoxylated bisphenol-
A-dimethacrylate, and 34 wt% of bisphenol-A-glycidyl methacrylate. With
the help of DMA results, they observed and claimed that, “the presence of
organoclays can limit the mobility of the polymeric chains at the claye
polymer interface indicating higher resistance of the material against defor-
mation.” The DMA of nanocomposites prepared by intercalation of polymer
salt complex, consisting of polyacrylonitrile (PAN) as a host matrix and a
lithium salt (LiPF6), in nanometric channels of dodecyl-modified montmoril-
lonite (DMMT) clay has been carried out to validate the consistency of a
typical mechanism, based on mathematical equations, for stiffness in poly-
mer matrix composites [72]. It has been observed that the nanocomposites
prepared for a particular combination of (PAN)8LiPF6 and DMMT may
be an exciting material for energy storage devices. Ge et al. [73] investigated
the effects of three silane coupling agents, i.e., (3-mercaptopropyl)trime-
thoxysilane (MPTMS), bis[3-(triethoxysilyl)propyl]tetrasulfide, and [3-(2-
aminoethylamino)propyl]triethoxysilane on the tribological properties of
clayerubber composites. They observed that the addition of MPTMS was
most favorable among other agents. Composites having 0.035 mol MPTMS,
30 phr bentonite (clay), and 100 phr NBR (rubber) were declined with a
slower rate at temperatures beyond the glass transition region. The DMA
results were found to be helpful for understanding the tribological properties
of such composites.

4. SUMMARY AND FUTURE SCOPE
This chapter entailed some basic factors that provide logical reasons for
using DMTA to analyze the performance of clayepolymer nanocomposites.
It has been realized that the fundamental properties of the DMA technique
offer precise indications for various transitions, relaxations in composites,
and morphology of fillers dispersed in matrices through measuring the
response of particular composites under sinusoidal loading. Independent
of being an elastomer or thermoset/thermoplastic polymer, the increase in
storage modulus suggests better dispersion of filler and its interfacial adhe-
sion with the polymer chains. In addition, the decrease in value of damping
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factor points toward constrained motion of polymer chains because of the
large surface area of silicate nanolayers. However, for some particular cases
with specific polymers or some typical modifications of clay, there had been
slight deviations from this defined trend. These observations raise a need for
further investigation of the mechanism of clay in such polymer composites.
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Chapter13
Flame Retardancy Properties of
ClayePolymer Nanocomposites

José-Marie Lopez-Cuesta
Ecole des Mines d’Alès, Alès, France

1. INTRODUCTION
The majority of this chapter on nanocomposites and flame retardancy is
related to layered silicates or phyllosilicates, usually called clays. The
clay family is very varied, but the scientific literature on polymer nanocom-
posites concerns mainly 2:1 silicates, particularly the family of smectites,
and predominantly organomodified montmorillonites. From the pioneering
work of the NIST and Cornell University in the 1990s [1e5], many studies
have been performed on these materials, as with other kinds of nanoparticles,
to highlight their potential as flame retardants. A lot of work has been per-
formed on the development of surface and interfacial modifications of clays
to disperse them in polymers to achieve nanostructures. This led to investi-
gations into the processing of clay nanocomposites to improve reaction to
fire. Research work has also been carried out on the understanding of the
mechanisms of the fire-retardant action of organomodified layered silicates
(oMLS) regarding surface modifications and interactions with other possible
components used to improve the fire retardancy of polymers. Moreover, in
relation to investigations concerning mechanisms, the research into synergis-
tic effects in multicomponent systems represents a significant part of the
literature devoted to clays and flame retardancy. This last topic is particularly
important for companies since they have tried to replace halogenated com-
pounds in many applications, such as in cables or in the transportation
area. In fact, since the incorporation of clays, even organomodified does
not meet fire standards such as vertical UL 94 V at the level V0 for thin spec-
imens, therefore a large panel of combinations was investigated, leading in
some cases to very complex compositions.

In this chapter, Section 2 will discuss at first the interest of clays in polymers
to improve their thermal stability and reaction to fire. This section will also
present the relevant techniques used to highlight the potential of such
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materials toward fire-retardant properties. Section 3 will focus on their mech-
anisms of action. Then, their possible use as a component or synergist in
different multicomponent systems containing flame retardants will be pre-
sented in Section 4. In some cases, these systems are polymer blends, since
a second polymer can also play a specific role in fire retardancy. Therefore it
will give the opportunity to discuss the influence of clays regarding the fire
reaction of polymer blends. Finally, as new procedures and experimental
techniques are developed to scrutinize the mechanisms of action of nanopar-
ticles, Section 5 is devoted to present these new developments.

2. INTEREST IN CLAYePOLYMER
NANOCOMPOSITES IN FIRE RETARDANCY

As shown in Fig. 13.1, a large variety of layered silicates with different
structures exists [6]. They differ notably by the nature of associated struc-
tural sheets and their composition. The main categories are the 1:1 and 2:
1 phyllosilicates. For the former, a sheet of tetrahedral silicates alternates
with a sheet of octahedrons containing atoms other than Si such as Al or
Mg. For the latter, the octahedrons are sandwiched by two silicate sheets.

n FIGURE 13.1 Classification of clays.
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Different ions (e.g., Naþ) can be intercalated between two successive silicate
sheets to ensure the electroneutrality of the whole structure. In the case of
talcs, this condition is not necessary, and van der Waals interactions instead
of ionic ones ensure cohesion between tetrahedral sheets.

As we will stress the need to achieve a nanostructure for the composite to
improve fire retardancy significantly, the main challenge is to disperse the clays
in the polymer to have only stacks of sheets having nanometric dimensions.

A microstructure at the nanometric scale in various polymers can be ob-
tained for some clays presenting at least one nanometric dimension at the
natural state, for example, halloysite and sepiolite, which exhibit respec-
tively tubular and acicular morphologies and particle diameters less than
100 mm. Concerning clays showing only micronic dimensions, size reduc-
tion leading to a dimension (thickness) in the nanometric range can be
achieved for some phyllosilicates through mineral processing techniques
such as delamination processes of layered sheets [7]. However, a reduced en-
ergy of cohesion is needed between them so it can be easily performed for
talcs, but not for micas, for which the cohesion is ensured by ionic
interactions.

Nevertheless, the majority of layered silicates used as nanoparticles in poly-
mers results from ionic exchange of intercalated inorganic ions ensuring
electric neutrality by mainly alkylammonium ions, particularly in the case
of phyllosilicates of the family of montmorillonites or bentonites [8,9].

Hence the main contributions of clays to the fire retardancy of polymers
concern this last category of oMLS or organomodified montmorillonites
(oMMT) [10].

In all cases, the possibility of achieving significant improvement in fire
retardancy is related to the existence of a huge interfacial area between
the silicate sheets and the polymer. These sheets or rather nanoparticles cor-
responding to sheet stacks or structures can be dispersed at the nanometric
scale in the polymer, or polymer chains can penetrate inside the sheet
stacks. For oMLS/polymer nanocomposites, the first case corresponds to
exfoliated nanostructures, while in the second case intercalated nanostruc-
tures are obtained. It can be noticed that both kinds of nanostructures can
coexist in the same nanocomposite. Nevertheless, despite exfoliated struc-
tures being more advantageous regarding flame retardancy, it was not
possible to show significant differences between the fire behavior of poly-
mers exhibiting both microstructures [11].

In many articles, the important role of the nature of the organomodifier has
been emphasized, with regard to the achievement of a nanostructure on the
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one hand and its thermal stability during processing steps on the other hand
[12]. It has been noticed that for some engineering polymers, alkylammo-
nium ions are not really relevant in the case of melt compounding. They
can undergo a thermal decomposition named Hoffman decomposition
with release of ammonia (Fig. 13.2). Consequently, some researchers
replaced them with other kinds of organomodifiers such as phosphonium,
stilbonium, or imidazolium ions [11,13,14]. Fig. 13.3 and Table 13.1 sum-
marize the degradation temperatures under an air atmosphere of imidazolium
ions of different structures.

n FIGURE 13.2 Hoffmann degradation affecting the alkylammonium ions.

n FIGURE 13.3 General structure of imidazolium ions.

Table 13.1 Degradation Temperatures Under Air of Different Imidazolium Structures

Designation R1 R2 R3 Tonset (�C) Tpic (�C)

DMPIM-Cl Methyl Methyl Propyl 259 299

DDMIM-Cl Decyl Methyl Methyl 255 294

DMHDIM-Br Methyl Methyl Hexadecyl 250 304
DMEIM-Br Methyl Methyl Eicosyl 260 315

DMEtBIM-Br Methyl Methyl Ethylbenzene 275 330

DDMIM-Cl, 1-dodecyl-3-methylimidazolium chloride; DMEIM-Br, 1,2 dimethyl-eicosyl-imidazolium bromide; DMEtBIM-Br, 1,2 dimethyl-
ethylbenzene-imidazolium bromide; DMHDIM-Br, dimethyl hexadecyl-imidazolium bromide; DMPIM-Cl, 1,2-diethyl-3-propylimidazolium chloride.
From W.H. Awad, J.W. Gilman, R.H. Nyden, R.H. Harris, T.E. Sutto, J. Callhan, P.C. Trulove, H.C. De Long, D.M. Fox. Thermochim. Acta, 409 (2004)
3e11.
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For the majority of organomodified or nonmodified layered silicates leading
to nanostructures (nanoclays), a significant improvement of thermal stability
of polymer nanocomposites has been noticed by many authors [15]. The
onset degradation temperature is increased as well as the temperature corre-
sponding to the maximum mass loss rate.

This increase in thermal stability generally entails the improvement of the
main fire reaction properties of the polymers such as reduction of the
maximum value of the heat release rate (pHRR), measured as a function
of time when the materials are exposed to a radiant heat flux, as well as
the ability to autoextinguish [5,16]. Fig. 13.4 shows results at the cone calo-
rimeter performed by Fina et al. [16], corresponding to polypropylene (PP)
filled with alkylammonium-modified montmorillonite (Cloisite 20A). More-
over, a comparison is made with a nonmodified montmorillonite, which
leads to a macrocomposite.

Conversely, resistance to ignition of the sample is often damaged. More-
over, a significant decrease of the total energy released is not generally
achieved through the use of nanoclays alone in the polymers. Therefore
they have to be combined with other components in what is called a
flame-retardant system.

This connection between the increase of thermal stability and the improve-
ment of important fire reaction properties was especially noticed for poly-
olefins, and, for example, in the case of poly(ethylene vinyl acetate), a
copolymer often used in the cable industry, which requires a high level
of fire retardancy for this use.

n FIGURE 13.4 Heat release rate curves of polypropylene, polypropylene with 5 wt% pristine
montmorillonite, and 5 wt% organomodified montmorillonite. From A. Fina, F. Cuttica, G. Camino,
Polym. Deg. Stab. 97 (2012) 2619e2626, with permission.

2. Interest in ClayePolymer Nanocomposites in Fire Retardancy 447



Nevertheless, it has to be noticed that hydroxyl groups (silanols or alumi-
nols) linked to the silicate sheets or present in the organomodifiers can entail
hydrolysis processes for various polymers. It is particularly the case for
thermoplastic biobased polyesters, resulting in a lowering of thermal stabil-
ity, even in the case of well-dispersed nanoparticles. Halloysite is a natural
clay, existing at the nanometric scale, extracted from natural deposits chem-
ically similar to kaolinite, with the following chemical composition:
Al2Si2O5(OH)4$2H2O. Its nanotubular structure gives rise to very interesting
properties that have attracted the attention of researchers for many applica-
tions [17,18].

Kennouche et al. [19] introduced halloysite in poly(hydroxyl butyrate
valerate) (PHBV) and its blends with poly(butylene succinate). Thermal
stability and fire performance were assessed.

It was noticed that thermal stability was reduced because of hydrolytic
degradation caused by the hydroxyl groups of halloysite. This effect in-
creases with the percentage of halloysite incorporated (Fig. 13.5). However,
there is no coincidence between thermal stability and fire retardancy since
the maximum value of the heat release rate (HRR) (peak of heat release)
was decreased for this kind of nanocomposite (Fig. 13.6).

Fire reaction properties are currently determined through standardized tests
[20]. The ability to self-extinguish can be assessed using tests for which
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n FIGURE 13.5 Thermogravimetric analysis (5�C/min in air) of poly(hydroxyl butyrate valerate) (PHBV)
and its nanocomposites with halloysite.
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samples are ignited using a flame from a burner of a heated wire. UL94 V
test [Underwriters Laboratories vertical test (ISO 9773)] is one of the
main tests devoted to the ranking of polymer compositions according to
the behavior of thin barrels exposed to a Bunsen burner regarding the ability
to autoextinguish. Datasheets of many polymers also present their limiting
oxygen index (LOIdISO 4589), which corresponds roughly to the mini-
mum percentage of O2 in an O2 þ N2 mixture allowing a stable combustion
to occur. This test can be interpreted as an indirect method to assess the abil-
ity to self-extinguish.

A cone calorimeter (ISO 5660-1) assesses most of the parameters related to the
heat release through the use of the Huggett principle [21], which means that a
consumption of 1 g of oxygen corresponds to a heat release of 13.1 kJ. A
square sheet (100 mm � 100 mm � 6 mm) of polymer is irradiated by a
radiant cone at different possible intensities (typically from 25 to 75 kW/m2).
HRR (kW/m2) as well as the mass loss of the sample are registered as a func-
tion of time.

Various research work published at the end of the 1990s or thereafter has
shown outstanding decreases of the peak of HRR (Fig. 13.7), even for
low percentages of oMMT (<1 wt%) incorporated in thermoplastic poly-
mers [4,5,22,23].

It was also noticed that for the oMMT nanocomposites, the mass loss rate
during the cone calorimeter test was significantly reduced in comparison
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n FIGURE 13.6 Heat release rate (HRR) curves of poly(hydroxyl butyrate valerate) (PHBV) and its
nanocomposites with halloysite from a cone calorimeter at an irradiance of 35 kW/m2.
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with the pristine polymer. Moreover, in some cases, a noninorganic fraction
of the final residue remaining at the end of the thermal degradation of the
nanocomposite was significantly increased in comparison with the pristine
polymer [5,23].

Pyrolysis combustion flow calorimeter (PCFC) or microscale combustion
calorimeter (MCC), a new technique developed by Lyon et al. [24], has
been used to try to characterize the fire behavior of polymers at the micro-
scopic scale (mg). The sample is pyrolyzed according to a very steep temper-
ature ramp (typically 1 K/s), the combustible vapors are burnt in a furnace
(combustor) at 900�C, and HRR is measured as a function of temperature.
According to different authors, it appears delicate to correlate cone calorim-
eter data and PCFC ones [25,26]. Nevertheless, approaches were developed
to highlight fire-retardant mechanisms using both techniques [27].

3. MECHANISMS OF FIRE RETARDANCY
The mechanisms of action of clays in polymers in fire retardancy are now
rather well established because of the extensive work of many researchers.
Barrier mechanisms have been proposed as the main fire-retardant effect
conferred by clays. Nevertheless, various authors have shown that chemical
effects were also involved in addition to the physical ones (barrier effect),
corresponding mainly to the limitation of heat and mass transfers because
of the aspect ratio and huge interfacial area of the layered silicates at the
nanometric scale.

n FIGURE 13.7 Mass loss rate of polyamide 6 and organomodified montmorillonite (oMMT)/polyamide
6 under a heat flux of 35 kW/m2. From J.W. Gilman, Appl. Clay Sci. 15 (1999) 31e49, with
permission.
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It has been shown by Lewin et al. [28,29] using X-ray photon spectroscopy
that barrier mechanisms can be enhanced, but only for thermoplastic poly-
mers because of the migration of the lamellar sheets toward the surface
exposed to the radiant flux.

It is obvious for all kinds of polymeric materials that the thermal ablation at
the surface of a clayepolymer nanocomposite resulting from thermal irra-
diation caused by a radiant panel or a cone of a calorimeter is able to entail
an increase in the surface concentration of layered sheets, which creates a
barrier effect. Moreover, a high surface concentration of inorganic species
in thermoplastics is also caused by a migration of silicate sheets because
of viscosity and surface tension gradients through the sample. Finally, as
also shown by Zanetti et al. [23] for ethylene vinyl acetate (EVA), the
layered sheets can organize to form a microstructure, similar to tiles on a
roof, during combustion (Fig. 13.8).

The reduction noticed in pHRR is not constant for polymers, but it is strictly
related to their macromolecular structure and composition. In some cases, it
has been shown that the degradation pathway of the polymer has been
changed because of the presence of oMMT. Jang et al. [30] have synthe-
sized different research work leading to this conclusion (Table 13.2). In
fact, this chemical effect is strongly connected to the barrier effect. The poly-
mers that exhibit good fire retardancy because of nanocomposite formation
and existence of a barrier effect present significant intermolecular reactions,
such as interchain aminolysis or acidolysis, radical recombination, and
hydrogen abstraction. In the case of polymers that degrade through a radical
pathway, the relative stability of the radical is essential for a significant
decrease in pHRR. The more stable the radical formed from the polymer,
the better is the fire behavior regarding pHRR values. Finally, the modifica-
tion of the degradation pathway, particularly for polystyrene (PS) and EVA,
is strongly connected to the residence time of the degradation species inside
the burning material, with long-lived and more stable radicals. This allows
secondary reactions, possibly catalyzed by the surface of clays, which can

n FIGURE 13.8 Migration of silicate sheets to the surface exposed to heat flux.

3. Mechanisms of Fire Retardancy 451



become more acidic after the degradation of alkylammonium ions, leading to
charred structures, possibly reinforced by the lamellar sheets [23]. This kind
of reinforced char is able to lower the maximum value of pHRR.

A complementary mechanism involving radicals has also been proposed
and appeals to a paramagnetic trapping of the radicals produced by the com-
posite during its degradation [31]. Such mechanism is ascribed to the pres-
ence of paramagnetic impurities in the raw clay, mainly iron ions.

As mentioned earlier, the migration of clays through the material exposed to
a radiant heat flow is governed by viscosity gradients caused by temperature
gradients. Hence viscosity of the polymer at the molten state will influence
its fire behavior, and it has to be noticed that the incorporation of nanopar-
ticles and particularly particles showing high aspect ratio such as clays tends
to increase the viscosity significantly. Various authors have intended to
correlate the influence of nanoparticles on viscosity with fire performance.
High viscosity values should decrease the growth of the bubbles formed by
the decomposition of polymers as well as their diffusion rate in the melt to
the surface. These bubbles will burst at the surface and supply the flame
with fuel. Kashiwagi et al. [32] showed that an increase in the storage
modulus (G0) measured by dynamic mechanical analysis up to a clay loading
of 10 wt% leads to a decrease in mass loss rate of PS/clay nanocomposites.

Table 13.2 Modification of the Degradation Pathway of Polymer Caused by the Presence of Nanoclays
and Effect on Heat Release Rate (HRR) Reduction

Polymer
Degradation Pathway of
Polymer

Degradation Pathway of
oMMT/Polymer pHRR Reduction (%)

Polyamide 6 Intraaminolysis, acidolysis,
and random scission

Interaminolysis, acidolysis,
and random scission

50e70

Polystyrene Beta-scission Recombination, random
scission

40e70

Ethylene vinyl acetate Chain stripping,
disproportionation

Hydrogen abstraction,
random scission

50e70

Styrene acrylonitrile and
acrylonitrile butadiene
styrene

Beta-scission Random scission,
recombination

20e50

Polyethylene Disproportionation Hydrogen abstraction 20e40

Polypropylene Beta-scission,
disproportionation

Random scission 20e50

Polyacrylonitrile Cyclization, random scission Cyclization, random scission <10

Polymethylmethacrylate Beta-scission Beta-scission 10e30

oMMT, organomodified montmorillonite.
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The authors also showed that the rheology controlled the formation of a
cohesive charred layer without cracks.

Clerc et al. [33] showed that the swelling of EVA/talc composites could be
dependent on the viscosity of the composites. The authors considered that
viscosity could have an influence on the thickness of the residue obtained
from cone calorimeter tests and showed that the incorporation of more
lamellar particles (high aspect ratio talcs or nanotalcs obtained by strong
delamination) leads to a higher viscosity and a more swollen sample.

Battistella et al. [34] have investigated the rheology of nanocomposites
made of ultrafine kaolinite (also delaminated) incorporated in EVA and
compared this with micronic aluminum trihydrate (ATH) in the same poly-
mer and at various loadings. The relative pHRR is represented as a function
of the relative G0 for EVA filled with kaolinite and ATH. Rheological mea-
surements were carried out at 160�C, while temperature in the condensed
phase during the cone calorimeter test increases from ambient to pyrolysis
temperature of the polymer (i.e., approximately 450e500�C).

Two distinct tendencies were observed (Fig. 13.9). In a first regime, relative
pHRR decreased quickly when relative elastic modulus increased strongly.
A second regime was observed for which the relative pHRR remains almost
constant, regardless of the further increase of relative elastic modulus. This
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n FIGURE 13.9 Relative peaks of heat release rate (HRR) as function of the relative storage modulus
for ultrafine kaolinite and aluminum trihydrate (ATH). The numbers correspond to the percentage in
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Polym. Deg. Stab. 100 (2014) 54e62, with permission.
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behavior supports the hypothesis that a more elastic composite (high G0)
could lead to an improved fire performance by limiting bubbling, convection
into the condensed phase, and transfer of the volatile combustible to the
flame. Beyond the threshold value of G0, pHRR is stabilized and does not
decrease anymore.

In the same article, various micro- and nanofillers in EVA such as high
aspect ratio talcs and boehmite were compared. This confirms that the addi-
tion of lamellar nanoparticles to reduce the pHRR is only effective as long
as the elasticity of the material is below a threshold value. Even if higher
loading content should lead to a more insulating layer at the surface of
the sample, pHRR remains constant. Consequently, the barrier effect is
not generally a heat shielding process.

4. USE IN MULTICOMPONENT FLAME-RETARDANT
SYSTEMS

On the whole, the incorporation of nanoparticles and in particular layered sil-
icates is restricted to percentages much lower than 10 wt%. As mentioned
earlier, a nanostructure is needed to achieve an improvement in fire behavior
using nanoclays. The ability to disperse or to exfoliate adequately the silicate
sheets as well as the possibility of obtaining an intercalated morphology will be
damaged in the case of too high a nanoparticle loading. These high loadings
can also hinder the processing of the polymer because viscosities are too
high. Moreover, it was reported earlier that from a certain amount of layered
silicates, the peak of heat release was leveling off. Consequently, it was noticed
that despite a very promising influence on fire retardancy, layered silicates
were unable to meet fire performance standards in comparison with usual
flame retardants, such as phosphorous, hydrated minerals, halogen, or nitrogen
compounds. Hence the concept of combining layered silicates with mainly
nonhalogenated flame retardants has emerged. Moreover, it was noticed that
in many cases the dispersion at nanometric scale of the layered silicates was
not worsened by the incorporation of flame retardants, particularly in the
case of phosphorous ones. In addition, synergistic effects between nanoclays
and different types of flame retardants were achieved for many combinations.
These advantageous results are often related to chemical interactions between
both components and possibly with the polymer during its decomposition. In
some cases, chemical reactions occur, for example, between nanoclays and
phosphorous compounds leading to new decomposition products, for example,
metallic phosphates [35].

Moreover, new strategies for surface modifications of layered silicates with
organic compounds able to promote fire retardancy were developed [36].
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The use of novel phosphorus, halogen, or nitrogen modifiers instead of alky-
lammonium ions seems promising. The flame-retardant action promoted by
the modifier can be combined with both the influence of the nanostructure
(and particularly in the case of polymer blends) and the action of a flame
retardant incorporated in the polymer matrix.

As can be supposed, the majority of combinations of nanoclays with proposed
flame retardants concerns mainly oMMTs. Nevertheless, some research work
as well as industrial applications is also related to synthetic anionic clays cor-
responding to mixed metallic hydroxides, generally named layered double hy-
droxides [37]. Moreover, various nonmodified 2:1 or 1:1 silicates have been
successfully associated with micronic metallic hydroxides, phosphorous, or
phosphorous/nitrogen compounds. The mechanisms often involve an intumes-
cent behavior, but also barrier effects based on an optimized combination of
particle shape and size can be associated with water release in metallic hydrox-
ide compositions. In the next subsections, various notable combinations of
clays with usual flame retardants will be presented.

4.1 Layered Silicates in Intumescent Systems
Intumescent flame retardant systems are usually composed of at least a pol-
yacid, able to dehydrate the second main component, which is a carbon
source [38,39]. This carbon source can be a carbonization agent, such as
pentaerythritol, xylitol, mannitol, etc., or in many cases polymers able to
produce a stable charred structure when they decompose: polyamide 6
(PA6), polyurethane (PU), polycarbonate (PC), etc. [40]. In this last case,
when the polymer used as carbon source is not the polymer matrix, the intu-
mescent system involves a polymer blend.

The intumescent behavior corresponds to a swelling and expansion of the
polymer matrix beyond a critical temperature, with the formation of a stable
charred structure that is generally foamed. It provides a barrier to heat trans-
fer, volatile gases, and decomposition products and protects the remaining
material from oxygen and the heat source. The main acid sources are ammo-
nium polyphosphate (APP), melamine phosphate (MPP), or pyrophosphate
(PyMP). Various studies report the use of oMMT combined with APP,
which appears to be the most disseminated combination. It has been shown
by Bourbigot et al. [41] that PA6 nanocomposites containing 2 wt% oMMT
could be better as a carbon source than pristine PA6 in EVA containing APP.
For a constant percentage of 60 wt% in EVA, significant improvements of
the LOI and HRR were noticed.

Intumescent flame-retardant systems based on oMMT, pentaerythritol, and
APP in PP were also studied by Tang et al. [42,43]. In these compositions,
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since partially intercalated nanostructures were required to achieve signifi-
cant improvement of fire retardancy, two types of maleated PP (MAPP)
were used. It was shown that the MAPP containing the highest maleic anhy-
dride content (4 vs. 1.1 phr) led to the highest dispersion at the nanometric
level. An optimum percentage of 4 wt% for oMMTwas noticed to maximize
the synergistic effect between the nanoclay and the intumescent flame retar-
dant. It was shown that a higher loading of oMMT entailed a too important
viscosity of the charred structure, hindering the expansion caused by water
vapor and ammonia release.

Tang et al. [42,44] have also combined a PA6/EVA blend in a PP/MAPP
one with the same intumescent flame retardant. They took the opportunity
of the reaction between MAPP and PA6, leading to a copolymer, to improve
the mechanical properties of the flame-retarded composite. It was noticed
that the PA6/EVA ratio influenced dramatically the impact resistance/flame
retardancy balance at a constant percentage of oMMT (0.5 wt%) and intu-
mescent flame retardant (25 wt%). High values of this ratio led to better
fire performance, whereas low values improved the impact resistance. In
various studies, other kinds of compatibilizing agents and organomodifiers
were used in similar flame-retardant systems. Ma et al. [45] used carboxyl-
ated PP as reactive compatibilizer for a PP/PA6 blend in which PP was the
polymer matrix and PA6 the carbon source.

Zhang et al. [46] used various alkylammonium ions in montmorillonite
blended with APP in PP.

They also used PP grafted using diethyl-p-vinylbenzyl phosphonate as com-
patibilizer and vinyltriphenyl phosphonium ion as organomodifier. The same
group combined different flame retardants with ammonium-modified clays
in PA6 and polyamide 66 films [47].

It was shown that APP caused the best improvement of LOI measured as
DLOI and expressed as:

DLOI ¼ LOI (Nanoclay/Flame retardant) � LOI (Flame retardant)

Nevertheless, for some combinations, the poor thermal stability of organo-
modifiers led to negative values of DLOI.

Other kinds of clays such as oMMT have been used in combination with
APP in polymer blends in which one polymeric component acts as a carbon
source. Sepiolite, which is a 2:1 clay presenting missing sheets and zeolitic
channels, seems very promising in such combinations for different poly-
mers or polymer blends.
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Vahabi et al. [35] incorporated sepiolite and APP in PP/PA blends (PP/
PA ¼ 80:20). Dispersion of sepiolite was improved using styrene-
butylene-styrene grafted with maleic anhydride.

Synergistic effects were found on HRR values for compositions containing
3 wt% of sepiolite.

APP/sepiolite combinations were also investigated by Vahabi in poly(methyl
methacrylate) (PMMA) [48]. Comparisons were made with other kinds of
nanoparticles such as oMMT and zirconium oxide. The best results of
LOI and HRR at the cone calorimeter (Table 13.3) were obtained with
sepiolite. Both for sepiolite and oMMT, a silicon phosphate SiP2O7 was
formed after degradation of the polymer. Moreover, it was shown, using
X-ray tomography, that inorganic particles in the cone calorimeter residue
were better dispersed at the nanometric scale during combustion for the sepi-
olite sample.

Incorporation of oMMT and APP in thermosetting polymers has been
particularly reported for unsaturated polyesters [49], vinylesters [50], and
PUs [51].

Nazaré et al. [49] studied combinations of APP and oMMT differing by the
type of ammonium ion in unsaturated polyester and methyl methacrylate
cross-linker. It was noticed that the kinetics of the cross-linking reaction
was reduced in the presence of clay percentages higher than 5 wt%, limiting

Table 13.3 Limiting Oxygen Index (LOI) and Heat Release Rate (HRR) Curves of Poly(Methyl
Methacrylate) (PMMA) and Combinations of PMMA With Ammonium Polyphosphate (APP), Nanooxides,
Sepiolite, and Organomodified Montmorillonite

pHRR (kW/m2) THR (MJ/m2) Final Residue (wt%) LOI (%)

PMMA 600 126 0 17.2

PMMA/APP 359 96 22 20.7

PMMA/ZrO2 370 100 24 18.9
PMMA/oMMT 310 98 26 20.9

PMMA/Sepiolite 248 92 26 21.4

PMMA/APP/ZrO2 369 98 24 22.1

PMMA/APP/oMMT 233 94 20 22.5

PMMA/APP/Sepiolite 209 90 29 22.8

pHHR, maximum value of the heat release rate; THR, total heat release.
From H. Vahabi, Q. Lin, C. Vagner, M. Cochez, M. Ferriol, P. Laheurte, Polym. Deg. Stab 124 (2016) 60e67.
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the ability to process the material. Improvements of fire retardancy were
achieved using nanoclays alone but to a limited extent. Only additive effects
but not synergistic effects of APP and nanoclays were noticed.

Intumescent oMMT/PU structures were investigated by Song et al. [51] A
PU network was obtained from PP oxide glycol and toluene diisocyanate
(NCO/OH ¼ 2:1) cross-linked using glycerine. MPP was used as acid
source. Also here, no synergistic effects were found between oMMT and
MPP. However, HRR values decreased significantly and relatively high
values of LOI (27.5%) were found in the presence of 5 wt% of oMMT
and 6 wt% of MPP. The improvement in fire retardancy was explained by
a char promotion effect, involving reaction of polyphosphoric derivatives
with acidic sites of silicate and PU, as well as a favorable action of
oMMT on cross-linking of PU.

4.2 Layered Silicates Combined With Other
Phosphorous and Nitrogen Fire Retardants

Since phosphorous fire retardants correspond to a wide range of chemical
structures and not only inorganic phosphates incorporated as additives in
polymers, combinations of nanoclays and organic phosphates, phosphi-
nates, phosphonates, and red phosphorus were reported [10]. Some of these
compounds are present as chemical groups in grafted polymers or copoly-
mers, which can also act for some of them as reactive fire retardants.

Various research work, mainly carried out in Asia, mentioning the combi-
nation of oMMT and red phosphorus [52,53], have studied ternary combi-
nations of oMMT with magnesium hydroxide (MH) and red phosphorus in
PA6. It is well known that MH acts mainly as a fire retardant by its endother-
mal decomposition and water vapor release, which occurs over the decom-
position range of the polymer. A partial substitution of 2 wt%MH by oMMT
(mixed intercalated and exfoliated) in the ternary blend allowed significant
improvement of fire performance, observed using cone calorimeter and
LOI test, to be achieved. The water vapor released makes the cross-
linking and charring of PA6 easier. Moreover, red phosphorus can form
polyphosphoric acid derivatives, which can react with the decomposition
products of the other components and lead to a stable glassy and charred
protective layer.

The combinations of oMMT with aromatic phosphates such as triphenyl
phosphate (TPP) and resorcinol bis(diphenylphosphate) (RDP) were inves-
tigated by Wilkie et al. [50,54,55] in PS and unsaturated vinyl ester resins.
Aromatic phosphates did not influence the nanostructure created by the
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nanoclays. Synergistic effects on the ability to autoextinguish (UL 94 V0)
were achieved in PS for phosphate loadings of 30 wt%. For vinylester resins,
synergistic effects were found for HRR values with a superior effect on char
formation.

Table 13.4 shows the improvement of fire reaction achieved using the com-
bination of oMMT and RDP: the peak of HRR is decreased and occurs over
a longer time; nevertheless, total heat release (THR) does not change in com-
parison with RDP alone.

Strategies based on reactive fire retardants associated with clays were pro-
posed by various authors.

Organophosphorus epoxy resins were synthesized by Hussain et al. [56]
through the reaction of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide with diethylene glycol ethyl ether acrylate (DGEBA) resin. Addition
of 5e7.5 wt% of oMMT was added to investigate possible synergies.
Cone calorimeter tests showed that the presence of 3 wt% phosphorus or
7.5 wt% clay could improve pHRR values and THR for poly(diethylene gly-
col ethyl ether acrylate) (P-DGEBA), but no evidence for complementary ef-
fects for combinations was found (Table 13.5).

Toldy et al. [57] investigated the flame-retardant effect of newly synthesized
phosphorus-containing reactive amine, which can be used both as a cross-
linking agent in epoxy resin and as a flame retardant. The effect of
combining the organophosphorous amine with oMMT or sepiolite was
also studied. A combination of this amine with 1 wt% oMMT entailed an in-
crease in LOI from 21% to 36% in comparison with the same percentage of
oMMT and reference amine without phosphorus. Similarly, with sepiolite,
LOI increased from 21% to 34%. Moreover, a V-0 rating was achieved using
organophosphorous amine.

Table 13.4 Fire Reaction Data for Polyvinyl Ether (PVE) With Organomodified Montmorillonite (oMMT)
and Resorcinol Bis(Diphenylphosphate) (RDP) at 35 kW/m2 Irradiance

Sample Time to Ignition (s) pHRR (kW/m2) Time for pHRR (s) THR (MJ/m2)

PVE 82 1197 106 80

30% RDP 86 633 49 48

6% oMMT 53 823 83 74

6% oMMT þ 30% RDP 81 535 110 47

pHRR, maximum value of the heat release rate; THR, total heat release.
From G. Chigwada, P. Jash, D.D. Jiang, C.A. Wilkie, Polym. Deg. Stab 89 (2005) 85e100.
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Other routes can consist of intercalating phosphorous compounds between
the silicate sheets. This allows the interaction between nanoclay and the
phosphorous compound to be enhanced and will also limit the volatility
of the phosphorous compound.

Kim et al. [58] have combined oMMT with TPP in acrylonitrile butadiene
styrene (ABS) blended with epoxy resin. TPP incorporated in the clay pre-
sented a higher evaporation temperature in comparison with TPP incorpo-
rated in the ABS matrix, leading to improved thermal stability. The
incorporation of epoxy resin at a constant global loading of 15 wt% for all
components in ABS allowed a significant improvement in LOI to be
achieved. This improvement was ascribed to better compact aspects of
charred structure formed after burning.

Phosphonium-modified layered silicate epoxy resin nanocomposites were
prepared by Schartel et al. [59] and their combinations with ATH and tri-
phenyl phosphate. Nevertheless, the combination of TPP and
phosphonium-modified layered silicate showed antagonistic behavior in
most of the fire properties.

A phosphorus-functionalized nanokaolin [with triphenyl phosphite (TPPi)]
and a phosphonium-modified montmorillonite through the surface hydroxyl
groups of nanoclays were incorporated in poly(ethylene terephthalate)/pol-
ycarbonate (PET/PC) blends by Swoboda et al. [60]. The combination of
PET/PC 80:20 (wt:wt) with 4 wt% P-modified oMMT and 5 wt% TPPi
led to a decrease of more than 50% of the pHRR in comparison with the pris-
tine blend.

Phosphorus-containing monomers are also of interest to improve flame
retardancy in combination with oMMT. Ge et al. [61] synthesized a

Table 13.5 Fire Reaction Data for Epoxy Resin, Poly(Diethylene Glycol Ethyl Ether Acrylate) (P-DGEBA),
and/or Organomodified Montmorillonite (oMMT) at 50 kW/m2 Irradiance

Sample Time to Ignition (s) pHRR (kW/m2) Time for pHRR (s) THR (MJ/m2)

DGEBA 65 1396 155 90

7.5% oMMT 47 857 145 99

3% P in DGEBA 55 702 165 64

7.5% oMMT þ 3%P 41 867 140 75

pHRR, maximum value of the heat release rate; THR, total heat release.
From M. Hussain, R.J. Varley, Z. Mathys, Y.B. Cheng, G.P. Simon, J. Appl. Pol. Sci. 91 (2004) 1233e1253.
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phosphorus-containing copolymer in which terephthalic acid, ethylene gly-
col, and 2-carboxyethyl(phenylphosphinic) acid were intercalated into mont-
morillonite. For a loading of 2 wt% of oMMT, a V-0 rating was achieved.

4.3 Layered Silicates Combined With Metallic
Hydroxides

The use of layered silicates in combination with metallic hydroxides is
aimed at assessing synergistic effects on fire retardancy, but also at reducing
drawbacks caused by this family of fire retardants. Various authors have re-
ported combinations of nanoclays with mainly ATH and MH, which are the
most frequently used metallic hydroxides as flame retardants. Their mode of
action, based on endothermal release of water, needs high loadings (up to
65 wt%) of these compounds to meet industrial standards. Hence ultimate
mechanical properties are often damaged and the density of filled polymers
is not advantageous. Combination with nanoclays allows fire performance to
be improved or maintained at a lower global loading, particularly for EVA or
low density polyethylene (LDPE) frequently used in the cable industry. The
synergistic effect achieved results in the formation of a cohesive protective
layer because of the presence of nanoparticles.

From cone calorimeter tests, for example, in EVA [34], it has been shown
that natural nanoclays, such as nanokaolinite, promote barrier effects, and
could even compete with ATH as a flame retardant.

Different mechanisms have been evoked, such as the promotion of charring
and bubble nucleation related to decomposition products of polymers, con-
nected to increased viscosity such as in EVA. Expanded residues have been
observed in the case of EVA at cone calorimeter testing (for example, EVA
with 55 wt%MH and 5% oMMT) because of this barrier effect, and are able
to retain volatile combustibles in the residue (Fig. 13.10). Our research group

n FIGURE 13.10 Expanded residue of ethylene vinyl acetate (EVA) filled with 55 wt% magnesium
hydroxide and 5% organomodified montmorillonites (oMMT) obtained after exposure to an irradiance of
50 kW/m2 at a cone calorimeter test.
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called this phenomenon of expanded residue after cone calorimeter test
“mineral intumescence” [62,63].

To enhance the cohesion of the charred protective structures associated with
metallic oxides resulting from the dehydration of metallic hydroxides, other
components have been associated with nanoclays and ATH or MH, such as
sepiolite [64] and silica [63]. Laoutid et al. [63] investigated different types
of silicas in partial substitution of an MH/oMMT blend in EVA for a global
loading of 60 wt% (5 wt% oMMT þ 5 wt% silica). Despite cracks forming
on cone calorimeter residues, the introduction of silica leads to a significant
improvement in fire performance (Table 13.6).

As noticed in combination with phosphorous flame retardants, the combina-
tion of metallic hydroxides and oMMT allows the nanostructures to be
maintained despite high loadings. Nevertheless, in the case of PP, the use
of compatibilizing agents is also required. Ristolainen [65] used two types
of compatibilizers in an oMMT/ATH blend in PP. Up to 5 wt% oMMT,
intercalated/exfoliated structures were found. Synergistic effects were
observed on HRR values, reduced mass loss, and char formation for PP,
which is a noncharring polymer.

MH and ATH were not the only metallic hydroxides associated with nano-
clays. Hydromagnesite (HM) (5MgO$4CO2$5H2O) exists as natural
hydroxycarbonate but can result from the pharmaceutical industry as a by-
product. HM presents a lower decomposition enthalpy than ATH or MH
but its total mass loss (CO2 þ H2O) is higher (56 wt% instead of around
30 wt%). HM has been associated with oMMT in EVA by Laoutid et al.
[66]. HM/oMMT 55:5 (wt:wt) offers synergistic effects with HRR values
similar to MH combined with oMMT, but better resistance to ignition and
an ability to self-extinguish. Sintering of mineral particles corresponding

Table 13.6 Cone Calorimeter Data of Ethylene Vinyl Acetate (EVA) Filled With Magnesium Hydroxide,
Organomodified Montmorillonite (oMMT), and Different Pyrogenated Silica (50 kW/m2)

Composition TTI (s) Peak of HRR (kW/m2)
Time of Second Peak of
HRR (s)

Thickness of Residue
(mm)

EVA/MH 82 336 436 1e2
EVA/MH/oMMT 86 200 656 9.0

EVA/MH/oMMT/T38X 81 184 549 6.9

EVA/MH/oMMT/T73 83 199 473 7.2

EVA/MH/oMMT/T365 80 168 578 8.5

HRR, heat release rate; TTI, time to Ignition.
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to the residue from cone calorimeter tests was observed using scanning elec-
tron microscopy. In the case of the incorporation in EVA/LDPE blends by
Haurie et al. [67], synergistic effects were also noticed for the pHRR values.
A higher compactness and stability for the residue was also noticed
(Fig. 13.11).

Finally, the use of more and more complex flame-retardant systems in
which nanoclays, organomodified or not, are associated with the usual flame
retardants and possibly with other kinds of nanoparticles, able to act through
other fire-retardant mechanisms, tends to represent an interesting alternative
to conventional fire retardants or fire-retardant systems based on well-
known synergies (e.g., halogenated compounds with antimony trioxide).
Beyond the use of new fire-retardant systems devoted to contributing to
the phase-out of halogenated fire retardants, these fire-retardant composi-
tions, including nanoclays, propose new challenges in materials science
and industrial applications, such as the control of complex morphologies
and processing steps.

5. EXPERIMENTAL APPROACHES TO ASSESS THE
FIRE BEHAVIOR OF CLAYePOLYMER
NANOCOMPOSITES

The use of nanoclays in fire-retardant systems as well as other kinds of
nanoparticles has led to new experimental equipment or couplings as well
as new approaches to characterize their performance, and also to provide
a better understanding of their mechanism of action. Moreover, the
increased use of nanoparticles in fire-retardant systems has required these

n FIGURE 13.11 Cone calorimeter residues (50 kW/m2) of filled ethylene vinyl acetate (EVA): 60 wt%
hydromagnesite (A), 55 wt% hydromagnesite/5 wt% organomodified montmorillonite (oMMT) (B). From
L. Haurie, I. Fernandez, J. Chimenos, J.I. Velasco, J.M. Lopez-Cuesta, F. Espiell, Polym. Deg. Stab. 92
(2007) 1082e1087, with permission.
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systems to deal with environmental issues, particularly those related to the
composition of the aerosols released by the combustion of nanocomposites
in case of fire or incineration in industrial plants.

One of the first attempts to highlight and elucidate the outstanding behavior
conferred by very low amounts of oMMT in polymers was performed by
researchers of the NIST through the development of a gasification setup
based on a cone calorimeter structure [23,68,69]. It was used to study the
condensed-phase pyrolysis process occurring under heat fluxes simulating
a fire. The use of nitrogen allowed the sample to be considered during a py-
rolysis without the involvement of a flame produced by combustion.

Mass loss rate was determined as well as the quantity of char formed. The
results have shown that the formation of char was particularly noticeable
for nanocomposites corresponding to polymers, which normally produce
little or no char when burned alone, such as PS, PP-g-MA, and EVA.
These studies allowed the microstructure of the reinforced charred layer
formed and the spacing between silicate sheets inside this char versus py-
rolysis time to be characterized. The mass loss rate was plotted as a func-
tion of time and it was noticed for PS that the incorporation of 10 wt% of
pristine montmorillonite could decrease the peak value of mass loss rate by
25% in comparison with pristine PS, whereas the use of oMMT, exfoliated
in the polymer and at the same loading, could entail a decrease of peak
mass loss rate close to 70% [68]. The mass loss rate data of a polymer
can be used as a prediction of HRR since more mass and more volatile
combustibles will be released (if no flame retardant is present). In the
case of the polymereclay nanocomposite tested, the volatile mass was
assumed to be totally flammable. It was shown that a homogeneous disper-
sion of nanosheets was maintained during pyrolysis, leading to a
homogeneous residue. The quality of char was proved to control the
flame-retardant effect. Finally, these experiments of gasification have
shown that the clays could change the pathway of degradation of polymers
because of the barrier effect limiting volatile release and oxygen penetra-
tion inside the material, causing cross-linking processes and ultimately
catalyzing the carbonaceous char formation [23].

The mode of action of nanoparticles used alone in polymers has led in some
cases to contradictory results or conclusions regarding the different fire-
retardant properties. It has been noticed that pHRR at the cone calorimeter
was significantly decreased, but in some cases the resistance to ignition was
decreased. For some LOI experiments, the values were not very satisfactory
in comparison to pristine polymers because of wick effects on flame prop-
agation along the surface of specimens.
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The conditions of ignition were particularly studied by Fina et al. [16] for
the ignition of PP, PP/montmorillonite, and PP/oMMT, respectively micro-
and nanocomposites, under irradiation in a cone calorimeter. The surface
temperature as a function of time was measured using thermocouples and
the chemical changes occurring during evolution of volatiles by means of
spectroscopic analyses of the surface after interrupting the combustion
(quenching of the flame just after ignition using a stream of nitrogen).

In the presence of clays, differences in time to ignition were noted
(Fig. 13.12), depending on both the degree of clay dispersion and irradiance.
Accumulation of the clays at the surface by migration and/or polymer abla-
tion appears to play a role in the diffusion of oxygen, and controls ignition at
low heat flux. For higher irradiances, effects on oxygen barrier become irrel-
evant to polymer decomposition, and the authors ascribe the control of the
decomposition process to a combination of other factors, such as surface
radiative absorption/emissions, convective heat exchange, catalytic effects,
and oxidation of volatile gases on the specimen surface.

It has been shown that one of the main mechanisms of action of nanoclays
is the limitation of mass transfers in the condensed phase (heterogeneous
catalytic effects, tortuosity effects, action on bubbling processes, increase
of viscosity). All these processes entail what is called the barrier effect,
even if all processes are not pure physical effects. The development of
the PCFC, also called MCC, allowed the investigation of the fire behavior
of a very low amount of material, and thereby isolation of the contribution

n FIGURE 13.12 Ignition temperature of polypropylene (PP), PP containing 5 wt% montmorillonite
(CNaþ), and PP containing 5% wt organomodified montmorillonite (oMMT) (Cloisite 20A). From A.
Fina, F. Cuttica, G. Camino, Polym. Deg. Stab. 97 (2012) 2619e2626, with permission.
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of such physical effects toward chemical ones. In PCFC, the degradation of
the condensed phase is carried out in a pyrolysis chamber under nitrogen
flow (method A) or under air flow conditions (method B). The sample is
heated up to 750�C max, at 0.5e4 K/s temperature ramp. In both methods,
released gases are sent to a combustion chamber in which the temperature is
generally selected to ensure complete combustion: typically 900�C and ox-
ygen in excess (80/20 nitrogen/oxygen flow) (Fig. 13.13). As for the cone
calorimeter, HRR is calculated according to Huggett’s relation.

Various authors have shown that there is no general correlation between
PCFC and cone calorimeter. Hence PCFC should not be used as a screening
tool [25,70e72] to predict cone calorimeter results. One of the major sources
of noncorrelation between both tests stems from the existence of the barrier
effect, which could be effective only in cone calorimeter testing when an
organic or hybrid char layer is formed at the surface of the sample. This layer
would be able to limit the heat transfer from the flame to the underlying ma-
terial and the gases release rate from the condensed phase to the vapor phase.
Nevertheless, this effect could be neglected in PCFC because of the very
small weight and size of the sample.

Sonnier et al. [27] proposed to exploit the discrepancy between the HRR re-
sults in PCFC and cone calorimeter tests to highlight the barrier effect
created by the nanoparticles. Two parameters R1 and R2 have been defined:

R1 ¼ pHRRðflame retarded polymerÞ
pHRRðpure polymerÞ in PCFC

R2 ¼ pHRRðflame retarded polymerÞ
pHRRðpure polymerÞ in cone calorimeter

It is considered that R1 is always higher than (or at least equal to) R2. So, a
component exhibiting a flame-retardant effect leads to a stronger pHRR

n FIGURE 13.13 Scheme of pyrolysis combustion flow calorimeter (PCFC) setup. DAQ, data acquisition systems.
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decrease in cone calorimeter than in PCFC. It has to be noticed that all
modes of action (barrier effect and other modes such as chemical ones)
are active only using cone calorimeter (barrier effects are not detectable
with PCFC). It was concluded that when R1 ¼ R2, the component does
not act as a fire retardant by a barrier effect. On the contrary, when
R2 < R1, the barrier effect is a significant mode of action. This method
has been successfully applied to more than 60 compositions containing
different types of nanoparticles alone and also combined with flame retar-
dants. Fig. 13.14 shows the interest in this method applied to ultrafine
kaolinite and micronic ATH [34]. It can be noticed that barrier effects are
active as a fire-retardant mode of action for both minerals, but it is more
effective for ultrafine kaolinite because of its size, shape factor, and action
on viscosity, which limit mass transfer.

The interest in PCFC experiments lies also in the possibility of coupling this
device with Fourier transform infrared spectroscopy (FTIR) to analyze
continuously the nature of degradation products released as a function of
temperature [73]. Moreover, the combination of PCFC data with thermogra-
vimetric analyses performed at the same temperature ramp allows the effec-
tive heat of combustion (EHC), which can be defined as follows, and a
function of time to be calculated:

HRR(t) ¼ MLR(t) � EHCi(t)
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n FIGURE 13.14 R1 and R2 plots for aluminum trihydrate (ATH) and ultrafine kaolinite in ethylene
vinyl acetate (EVA). The numbers correspond to the loading. From M. Batistella, B. Otazaghine, R.
Sonnier, A-S. Caro-Bretelle, C. Petter, J-M. Lopez-Cuesta, Polym. Deg. Stab. 100 (2014) 54e62, with
permission.
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An average value of EHC can also be defined as follows:
THR ¼MLR � EHCm.

The comparison between EHCm and EHCi(t) (instantaneous effective heat
of combustion) combined with FTIR provides very interesting information
about the heat released during all the degradation stages [74].

Some investigations regarding fire retardancy of polymer blends containing
oMMT using PCFC were carried out on polylactic acid (PLA)/PHBV
blends filled with 5 wt% oMMT [75]. A distinct pHRR was observed for
each polymer, since both polymers are not miscible. The pHRR of PHBV
was always shifted toward higher temperatures in the presence of oMMT
(Cloisite 30B), whereas the shift was not significant for PLA. It was assumed
that the fire reaction of the blend was improved because of the presence of
oMMT by creating a modification of the degradation pathway of polymers:
PHBV for all blends, PLA only when it was the main component in the
blend.

Potential toxicity is becoming a major issue regarding the increasing use of
nanoparticles in many applications of polymer nanocomposites. The major-
ity of nanoparticles used in tonnage are nanoclays. Mechanical reinforce-
ment, barrier properties (e.g., for packaging), and fire retardancy are
among the main properties conferred on materials for which the end of
life will be incineration. Hence studies have been carried out to investigate
the nature of particles present in the aerosols of combustion that could be
released in the atmosphere, despite the use of filtration setups in incineration
plants. Beyond the assessment of potential toxicity, some research groups
took the opportunity to use specific setups devoted to the characterization
of aerosols for a better understanding of the fire reaction mechanisms
involved in the combustion of nanocomposites or polymers containing com-
plex fire-retardant systems including nanoparticles [76e78].

Ounoughene et al. [79] used two experimental setups to investigate the ther-
mal degradation products (residues and aerosols) of oMMT/PA6 and halloy-
site/PA6 at 5 wt% loading. Fire retardancy conferred to PA6 has been shown
by Marney et al. [80].

A specific tubular furnace was used (850�C with combustion and postcom-
bustion chamber, excess oxygen, and turbulent conditions).

Time-tracking and offline analyses were carried out for particle matter. An
electric low-pressure impactor was used downstream of a fine particle
sampler dilutor. Particles from the aerosol were also collected on a transmis-
sion electron microscope (TEM) grid. Imagery on particles collected on pol-
ytetrafluoroethylene impactor substrates revealed the presence of soot
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particles in the aerosol containing submicronic aggregates of amorphous
aluminosilicate structures derived from halloysites. These particles are
rather acicular, but the initial tubular structure seems damaged
(Fig. 13.15A). TEM observations and X-ray diffraction performed on the
combustion residue show that they are completely inorganic and made of
quartz as well as micronic aggregates of the same acicular particles found
in the aerosol (Fig. 13.15B).

Similar observations on aerosol and residue compositions were made on the
same samples using a cone calorimeter at an irradiance of 75 kW/m2 (cor-
responding to 900�C at the surface of the sample) with a hood allowing the
oxygen concentration to be maintained at 21 vol%. Particle size measure-
ments in the 5 nme1 mm range were determined using a differential mobility
spectrometer and a condensation particle counter.

Finally, the combination of all these characterizations and techniques of
analysis of ultrafine particles and aerosols is now able to provide very useful
information to identify the potential risks arising from nanoparticles and to
help to understand more accurately the mechanisms of thermal degradation
leading to the release of nanoparticles.

6. CONCLUSION
The different types of layered silicates are among the main components of
polymer nanocomposites. Because of their huge interfacial area with the
polymers as naturally occurring or organomodified, nanoclays can confer
in many cases enhanced thermal stability and better fire reaction to the
host polymers. Nevertheless, outstanding improvements of properties can
only be achieved in the case of a dispersion of silicate sheets at the

(A) (B)

n FIGURE 13.15 (A) Aluminosilicates present in the aerosol. (B) Micronic aggregates in the aerosol.
HNTs, Halloysites. From G. Ounoughene, O. Le Bihan, C. Chivas-Joly, C. Motzkus, C. Longuet, B. Debray A.
Joubert, L. Le Coq, J-M. Lopez-Cuesta, Environ. Sci. Technol. 49 (2015) 5450e5457 and G. Ounoughene,
(Ph.D. dissertation), University of Nantes, France, 2015, with permission.
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nanometric scale. Their mechanisms of action on fire retardancy have been
scrutinized by many researchers. They can act through both physical and
chemical effects and are able in many cases to modify the degradation
pathway of polymers. Nanoclay migration, as well as the ablation of the
polymer exposed to heat source, generates physical barriers able to protect
the remaining material. In addition, rheological behavior of the nanocompo-
site during its degradation seems to play a significant role in the decrease of
HRR measured using a cone calorimeter. Nevertheless, the limitation of the
percentage of nanoclays in nanocomposites compatible with dispersion,
intercalation, or exfoliation at the nanometric scale implies the use of com-
binations with usual or new types of flame retardants to meet industrial re-
quirements. It has been shown that various organomodified clays and even
natural clays existing as nanoparticles can be adequately combined with
phosphorous compounds or metallic hydroxides to produce synergistic ef-
fects on flame retardancy.

New strategies have been also developed because of modifications of clays
using phosphorous species allowing the efficiency of such combinations to
be reinforced.

Hence flame-retardant systems in polymers become more and more com-
plex because of the number of associated components, which can often
interfere through interplaying physical and chemical effects. In relation to
the use of nanoclays in fire-retardant systems, the research into the barrier
effects to mass and heat transfer during combustion has become one of
the main objectives of designing effective fire-retardant systems. It entails
the development of new experimental approaches and setups, including
fire reaction assessment at the microscale, by the use of PCFC and various
coupled techniques, as well as investigations regarding the composition and
particle size distribution of the particles released from the combustion.
Beyond a better understanding of fire reaction mechanisms, these new ap-
proaches are facing new challenges, particularly the environmental assess-
ment of the end of life of polymers containing nanoparticles and the
issues related to the release of ultrafine and composite particles when poly-
meric materials burn accidentally or are incinerated in industrial plants.
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5-FU 5-Fluorouracil
API Active pharmaceutical ingredient
B100 Surfonamine B100
B200 Surfonamine B200
CEC Cationic exchange capacity
CHT Chitosan
Cloisite 30 B An organically modifiedMMTwith N,N-bis(2-hydroxyethyl)-N-

methyl-N-tallow ammonium chloride)
DDA Dodecylamine
DDS Drug delivery system
dp Pore size diameter
EE Encapsulation efficiency
EPR Enhanced permeability and retention
FA Folic acid
HEMA Poly(2-hydroxyethyl methacrylate)
HLB Hydrophilic-lypophilic balance
HNT Halloysite
LDH Layered double hydroxide
MMT Montmorillonite
MMT-148 Modified MMT with polyetheramine EDR-148
MSH Mesoporous synthetic hectorite
NaAlg Sodium alginate
NPs Nanoparticles
OFL Ofloxacin
PAMAM Poly(amidoamine)
PCH Porous clay heterostructure
PCL Polycaprolactone
PEO Polyethyleneoxide
PGA Poly(glutamic acid)
PDLLA Poly(D,L-lactide)
PLA Polylactic acid
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PLGA Poly(D,L-lactide-co-glycolide)
PVA Poly(vinyl alcohol)
PVP Polyvinylpyrrolidone
SBET Specific surface area
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TEOS Tetraethyl orthosilicate
Vp Pore volume
XRD X-ray diffractions

1. INTRODUCTION
The classical pharmaceutical forms involve a fast drug release with a sig-
nificant fluctuation of plasmatic drug concentration that requires repetitive
administrations (especially for drugs with short half-life). The develop-
ment of new pharmaceutical formulations is encouraged to solve these
limitations and therefore achieve an increase of therapeutic effect.

Controlled drug delivery systems (DDSs) or modified release delivery
systems aim to ensure a constant plasmatic drug concentration with a pre-
determined rate for a certain period of time, locally or systematically. Some-
times these smart systems are also designed to act as targeted DDS to a
certain organ/tissue [1,2].

Controlled DDS are smart multifunctional platforms that are designed to
improve the pharmacological activity of a therapeutic agent or active
pharmaceutical ingredient (API) by increasing the drug solubility, stability,
and bioavailability, reducing side effects and enhancing the selective deliv-
ery of drug with a predictable rate and mechanism to specific organ/tissue/
cells. The controlled release of API can be triggered by various external
stimuli [3,4].

These drug delivery platforms have been developed by using different clas-
ses of polymers, biocompatible inorganic hosts (clays), or by combining
organiceinorganic components as hybrid DDS. Various inorganic hosts
such as mesoporous silica (MCM-41), montmorillonite (MMT), and halloy-
site were dispersed into biopolymers [5e7].

The development of polymereclay hybrid DDS is justified and encouraged
by superior properties that combine the advantageous features of polymers
(e.g., biodegradable capacity, low toxicity, swelling capacity, and tunable
morphology) with those of clays (high textural properties, biocompatibility,
adsorption capacity, and low cost). In addition, these hybrid hosts exhibit
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remarkable pharmacokinetic properties with a huge potential as promising
materials for controlled DDS applications [8,9].

Nanocomposites based on polymers and clays are attractive materials with
remarkable potential for development of controlled DDS due to the advan-
tageous properties such as (1) high drug encapsulation efficiency (EE), (2)
enhanced stability of API against pH variation and enzyme action, (3) low
burst release of drug, and (4) a controlled drug release profile, respectively.
In addition, these hybrid materials can be used to project targeted drug
delivery systems. The barrier properties of the polymer-based nanocompo-
sites play a significant role on the dissolution rate, drug uptake, drug release
profile, and release mechanisms. The presence of clays in the polymer matrix
affects the barrier properties by acting as retardants of drugs or carriers of
penetrants [10,11].

Polymer-based DDS exhibit some disadvantages such as a low drug encap-
sulation efficiency and a high burst drug release profile that significantly
reduces the therapeutic efficiency of drug delivery. For example, alginate
beads are characterized by a low entrapment efficiency of water soluble
drugs and a fast disintegration in the intestinal fluid that ensures a rapid
drug release.

2. COMPONENTS OF NANOCOMPOSITES USED IN
DRUG DELIVERY SYSTEM APPLICATIONS

The preparation of nanocomposites involves the presence of a polymeric
material, an inorganic host (clays), APIs, and other components that are
required to enhance the compatibility (compatibilization agents), increase
the processability (solvents), and allow the development of smart drug de-
livery systems (e.g., imaging agents and targeting agents) (Fig. 14.1)
[6,12e14].

2.1 Polymers
In pharmaceutical applications, polymers are recommended as excipients
(e.g., binder in tablet formulations, film coatings, enteric coatings) for
drug formulations, components involved in the synthesis of polymer-drug
bioconjugates or prodrugs, organic hosts for drug encapsulation and ma-
trixes for various nanocomposites/hybrid materials based on inorganic nano-
structured agents (e.g., clays, mesoporous silica), carbon nanotubes,
graphene oxide, etc. (Fig. 14.2).

The polymeric excipients are inactive compounds that play an important role
in the formulation of drug products. They are mixed with API to improve the
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n FIGURE 14.1 Components involved in the preparation of polymereclay nanocomposites.

n FIGURE 14.2 Applications of polymers in drug delivery systems.
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drug stability, modulate the drug release profile, and enhance the bioavail-
ability of API [15].

The natural or synthetic macromolecular compounds (e.g., Sodium Algi-
nate, Chitosan, Gelatin, Poloxamers, Guar Gum, Carrageenan, Pectin,
Dextran, Starch, Polyethylene glycols, Cellulose derivates, Xanthan gum,
Polyvinyl Alcohol (PVA), Polyethylene Oxide (PEO), and Polycaprolac-
tone) are employed in drug formulations as binders, lubricants, tablet
disintegrant agents, diluents, fillers, viscosity enhancers, gelling agents,
emulsifying agents, and solubilizing agents [15]. The selection of a polymer
as a suitable excipient is influenced by various criteria like drug solubility,
rate of absorption, drug-polymer miscibility and stability.

In the pharmaceutical field, the biopolymers are also involved in the synthe-
sis of “Prodrugs”, conjugates of drugs (hydrophilic or hydrophobic) with
macromolecular compounds developed to (1) improve the water solubility
of drugs, (2) protect and preserve drugs during circulation, (3) optimize phar-
macokinetics profiles and biodistribution (enhance the bioavailability and
prolonged plasma half-life) of APIs by increasing their hydrodynamic
volume, (4) prevent/reduce aggregation and immunogenicity, and (5) induce
a targeted action that favors a selective accumulation/transport to the
targeted organ (solid tumors or tissue) and therefore lower systemic toxicity
is achieved [16e18]. High cellular uptake and the ability to attach and
release multiple therapeutic agents are also other advantages of prodrugs
[19e23].

A prodrug or polymer-drug bioconjugate is a drug precursor that can be acti-
vated by various stimuli (e.g., enzyme action that favors the cleavage of the
polymer-drug conjugate bond) in the targeted site [24].

The polymers also have potential as efficient hosts for encapsulation of
various drugs, hormones, proteins, peptides, antibodies, and nucleic acids
[25e28]. Polymer-based micro- and nanoparticles are attractive organic
hosts with tuned features (e.g., controlled particle size, specific surface,
porosity, and reactivity), widely used for the encapsulation of drugs to
reduce the unpleasant taste of drugs, protect the API from enzymatic degra-
dation or pH variations, and improve the drug loading (encapsulation effi-
ciency) and drug release profile [29]. In addition, this type of organic host
can penetrate microcapillaries and therefore can go through the blood-
brain barrier due to the small size of particles [30e32]. In the case of poly-
meric micro- and nanoparticles, the burst release profile has been highlighted
as a potential disadvantage. The drug release profile of polymeric micro/
nanoparticles can be improved by the incorporation of different nanostruc-
tured agents like MMT or mesoporous silica within the polymer matrix
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[11,33e35]. In the DDS field the following types of polymeric micro- and
nanoparticles were investigated: chitosan hydrogel micro/nanoparticles,
alginate micro/nanoparticles, polyvinyl alcohol hydrogel micro/nanopar-
ticles, polyvinyl pyrolidone micro/nanoparticles, polyethylene oxide and
polyetileneimine micro/nanoparticles, and poly-N-isopropylacrylamide par-
ticles [30,32,36]. The poly(D,L-lactide-co-glycolide) (PLGA) micro/nano-
particles are the most investigated DDS due to the advantageous
properties such as biocompatibility and biodegradability [37].

Stimuli-responsive polymers are another class of suitable organic hosts
widely used to build “smart” targeted delivery systems with a triggered
release of bioactive substances. These special macromolecular compounds
that change their properties to external stimuli (e.g., temperature and pH
variations, light effect (laser triggered drug release)) include thermorespon-
sive polymers, pH-responsive polymers, and photo- and redox responsive
systems [38].

In comparison with classical linear polymers, dendrimers, which are hyper-
branched polymers, exhibit huge potential as versatile multifunctional nano-
carriers due to their properties such as monodispersity, hyperbranched
structure, nanosize, biocompatibility, controlled surface chemistry, high sur-
face group reactivity, and the capacity/ability to encapsulate or to attach
various APIs by covalent/noncovalent bonds (proteins, peptides, imaging
agents, therapeutic genes, siRNA) [39e48].

The toxicity of dendrimers is significantly influenced by the type of end
groups and also the dendrimer’s generation [49].

The polymeric micelles are another example of organic hosts that favor the
preparation of an efficient DDS due to their advantageous features such as:
(1) suitable size (nanometric), (2) high structural stability, (3) amphiphilic
behavior that attaches to hydrophobic and hydrophilic therapeutic agents,
(4) prolonged blood circulation, and (5) versatile synthesis methods [50,51].

Synthesis of polymeric micelles involves using amphiphilic block copoly-
mers that contain a hydrophilic block (e.g., PEG, poly(N-vinyl pyrolidone
(PVP), poly(hydroxypropyl methacrylamide), and a hydrophobic block
(PLA, PGA, PLGA, and PCL) with a self-assembly capacity. Entrapment
of a hydrophobic drug into the micelles occurred due to the hydrophobic
interactions or by covalent attachment to the polymeric block that forms
the hydrophobic domain. The formation of polyion complex between pro-
teins, nucleic acids, or peptides and oppositely charged blocks from the
micelle structure explains the capacity of this type of organic host to entrap
hydrophilic therapeutic agents.
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The advantageous features of polymers, such as high biocompatibility,
environment friendly, bioavailability, high drug encapsulation capacity,
and versatility, make it possible to combine these compounds as matrix
with various nanostructures. The hybrid materials based on polymers and
different inorganic nanostructures like natural or synthetic clay (MMT, hec-
torite, saponite, layered double hydroxide), graphene oxide, carbon nano-
tubes, and magnetic nanoparticles exhibit remarkable properties such as
high drug stability, controlled drug release profile, enhanced drug bioavail-
ability, and pharmacological activity [52e54].

2.2 Clay
The inorganic components involved in the preparation of nanocomposites
based on polymers or clayedrug hybrids include natural clays such as
MMT, halloysite (HNT), saponite, and laponite and synthetic ones like mes-
oporous hectorites, porous clay heterostructures (PCHs), and layered double
hydroxide (LDH). The high surface reactivity, swelling, and intercalation ca-
pacity, good rheological behavior, and enhanced biocompatibility are the
main features of clays that recommend these materials in biomedical appli-
cations [55e60]. These clays are recommended as pharmaceutical excipi-
ents and also as active ingredients (e.g., for skin therapy, treatment of
open wounds, hemorrhoids, stomach ulcers, and intestinal disease) in
many drug formulations due to the advantageous features such as hydrophil-
ic nature, high swelling capacity, high drug adsorption capacity, and reactive
surface that favors a high drug entrapment. For example, the presence of
MMT in drug formulations improves the drug solubility in water and the
pharmacokinetic properties of the drug (e.g., half-life, bioavailability, clear-
ance) and ensures a sustained drug release profile [61e64].

The presence of clay into the polymer matrix induces enhanced mechanical
properties (e.g., tensile strength), changes in rheological properties (that
depend on clay’s concentration), decrease of diffusion rates (due to the tortuous
pathways), and increase of adsorption capacity. In addition, clay improves the
mucoadhesive properties and solubility in the acidic environment due to the in-
teractions that occur between organiceinorganic components [65]. For
example, the biocomposites based on chitosan and MMT showed higher
drug loading than the individual components (chitosan or MMT) and slower
drug release due to the synergic effect of MMT and polysaccharide [56,66].

2.2.1 Halloysite
HNT is a natural layered aluminosilicate characterized by a similar chemical
structure with kaolin and a hollow tubular structure with tube diameter
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between 33 and 80 nm (external diameter), lumen diameter of 15 nm, and a
length of 500e1500 nm. The presence of pores into the HNT structure was
confirmed by Transmission electron microscopy analysis (Fig. 14.3).

Like MMT, HNT is included in the class of cationic clays with a negatively
charged outer surface [67]. HNT clay has been recommended as a promising
nanovehicle for various drugs (e.g., antitumoral drugs (doxorubicin, 5-
Fluorouracil (5-FU), methotrexate), artermisinin, quercetin, taurolidine,
and metronidazole) due to the high biocompatibility, low citotoxicity (up
to concentration of 75 mg/mL), and special morphology that offers a high ef-
ficiency for loading low soluble drugs and a controlled release. The outer
surface of HNT may be functionalized using the layer by layer (LbL) poly-
electrolytes method, inducing a remarkable decrease of HNT toxicity
[68e70]. The inner lumen of HNT was investigated as a host for loading
different drugs, growth, and bioactive factors.

2.2.2 Saponite and Synthetic Hectorites
Saponites and hectorites are other types of layered silicates from the smectite
clay group that have been proposed as hosts for drug encapsulation and
disintegrants (excipients) in drug formulations [71e75]. These clays are
potential drug carriers due to the high adsorption capacity, intercalation
and ion exchange properties, swelling capacity, low toxicity, ability to
modify textural properties, high drug loading, and improved drug release
profile [71,72,76]. In comparison with MMT, saponite exhibits a lower value
of cationic exchange capacity (71 mEq/100 g clay) that affects the drug
loading.

n FIGURE 14.3 Transmission electron microscopy image of halloysite clay.
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The synthetic hectorite exhibits several advantages such as (1) controllable
textural parameters (e.g., pore size distribution), (2) higher purity, (3) tune-
able composition, and (4) excellent reproducibility. The high values of
textural properties of mesoporous synthetic hectorite (MSH) recommend
this type of clay as an efficient drug delivery vehicle. For example, this
type of modified hectorite with enhanced mesoporosity is characterized by
a high adsorption performance in comparison with natural clay (MMT)
(Fig. 14.4) [71,76,77].

2.2.3 Laponite
Laponite is included in the class of synthetic clay with a layered structure
and similar chemical composition with bioactive glasses [78,79]. This
type of clay has been used in the biomedical field due to the high biocom-
patibility and cationic exchange capacity (CEC). Like MMT, laponite
exhibits a negative charge surface and a larger surface area (300 m2/g).
Laponite has been dispersed in natural or synthetic polymeric-based
hydrogels (Polyethylene oxide (PEO), Chitosan and Sodium alginate
(NaAlg), Poly(acrylamide), Gellan gum methacrylate) to improve the
swelling properties, mechanical strength, elasticity, biological activities
(e.g., cell adhesion and proliferation), and drug loading capacity
[80e84].
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n FIGURE 14.4 Drug adsorption capacity of natural and synthetic clays. Plots based on data previously
reported in R.R. Pawar, B.D. Kevadiya, H. Brahmbhatt, H.C. Bajaj, Template free synthesis of mesoporous
hectorites: efficient host for pH responsive drug delivery, Int. J. Pharm. 446 (2013) 145e152.
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2.2.4 Porous Clay Heterostructures
PCHs are new synthetic porous materials with a layered structure that
combine advantageous features of micro- and mesoporous materials such
as tunable porosity, high specific surface area, and excellent adsorption
capacity. The properties of these materials are influenced by the (1) synthe-
sis parameters (e.g., type of surfactant and cosurfactant, starting clay, ratio
between reagents), (2) presence of the heteroatoms (Al, Ti, Zr) in the struc-
tures of PCH precursor, and (3) method used to remove organic fraction
(calcination or solvent extraction) [85]. In comparison with classical clays
(e.g., MMT), PCHs exhibit higher values of textural properties (porosity,
specific surface area) that favor an increase of drug encapsulation efficiency
(Fig. 14.5).

Recently, our research group proposed PCH as a new efficient host for
encapsulation of 5-fluorouracil (5-FU) antitumoral drug [57].

2.2.5 Layered Double Hydroxides
LDHs are synthetic anionic clays, which can be prepared by the coprecipi-
tation method. This type of layered silicates is characterized by a general
formula
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bivalent and trivalent metal ions and An� interlayer anion (Fig. 14.6). The
features of LDH (structural and morphological tunability, good biocompat-
ibility, and high anion exchange capacity) recommend these materials in the
pharmaceutical applications as hosts for various APIs [87].

The intercalation of different drugs (e.g., tetracycline, alendronate, 5-
aminosalicylate, 5-Fluorouracil) into the interlayer space of LDH increases
the control over the release profile of the drug and protects the drug by light
and other external factors [89e92]. Despite these advantageous features of
LDH, the hybrids based on LDH and drugs showed some challenging prob-
lems like burst release of drug and low target action [87]. The presence of
polymer matrix as the third component into the hybrid LDH-drug systems
allows the preparation of performant DDS.

2.3 Active Pharmaceutical Ingredients
The hybrid materials based on polymers and various natural or synthetic
layered silicates (LDH, MMT, kaolin) were tested as hosts for a wide range
of drugs such as antitumoral drugs, antibacterial agents, antiarrhythmic
local anesthetic, antiinflammatory drugs, and nonsteroidal anti-
inflammatory drugs (Fig. 14.7) [93e103].

Higher drug stability (regarding the drug hydrolysis and other types of
chemical degradation) significantly reduced toxicity of a drug, and a
controlled and targeted release of API are the most important advantages
being offered by hybrid hosts over the free drug. The interactions between
the drug and polymereclay, drug loading, and drug distribution in the host
are some examples of parameters that affect the encapsulation efficiency
and initial burst release [104].

n FIGURE 14.6 Structure of layered double hydroxides. Scheme based on data previously reported in H. Hintze-Bruening, F. Leroux, Nanocomposite based
multifunctional coatings, Sci. Technol. Med. (2012) http://dx.doi.org/10.5772/48567.
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2.4 Other Agents
2.4.1 Surfactants or Compatibilizing Agents
The preparation of clayepolymer nanocomposites involves two main steps
that consist in the initial treatment of clay with a compatibilizing agent (e.g.,
surfactant) that allows the uniform dispersion of clay in the polymer matrix
in the second step. In addition, for the thermoset (e.g., methacrylic/acrylic)
compounds, a cross-linking reaction is required. Amphiphilic molecules,
alkylammonium cations, polyetheramines (e.g., Surfonamine B100, Surfon-
amine EDR 148, Surfonamine B507), anionic surfactants (e.g., dodecyl
sulfate, dodecyl benzenesulfonate), and coupling agents with various
functional groups (e.g., epoxy group) were used for the treatment of layered
silicates [105e107].

The interactions between clays and organic compounds (polymer, drug, or
compatibilizing agents) play an important role in the formation of interca-
lated/exfoliated type of structures [108] that affect the performance of nano-
composites used as DDS. Hydrophobic interactions, hydrogen bonding,
cation bridging, protonation, and cationic exchange are the main interactions
that occur between the organiceinorganic components.

2.4.2 Targeting Ligands
Modern chemotherapy involves the development of new smart targeted DDS
that are able to selectively deliver active ingredients to the tumoral tissue,
while healthy organs remain almost unaffected by the presence of drugs.

n FIGURE 14.7 Types of drugs encapsulated in the clayepolymer hybrid hosts.
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The presence of special components named targeting ligands (e.g., sugars,
lectins, vitamins, peptides, antibodies, and aptamers) favors the accumula-
tion of the therapeutic agent in the tumor tissues, and in addition, the side
effects of the drug were decreased [109]. For example, Yilun Wu and
coworkers developed a targeted antitumoral DDS based on laponite (LAP)
functionalized with folic acid (FA) as active ligand for targeting purpose
[110]. The smart targeted DDS has been prepared according to Fig. 14.8.

The modified laponite complexes (LAP-FA) exhibit a high encapsulation
efficiency (92.1%) of Doxorubicine and a controlled drug release triggered
by pH variation.

2.4.3 Magnetic Nanoparticles
Magnetic nanoparticles are another example of components that could be
involved in the preparation of targeted DDS based on polymer and clays.
In this case, the release of the drug to the action site is triggered by an
external magnetic field.

Wang and coworkers prepared hybrid microspheres based on chitosan,
Fe3O4, and HNT by the spray-drying method for the sustained release of
ofloxacin (OFL) in the gastrointestinal tract [111].

The preparation of microparticles involves several steps as follows: in the
first step, chitosan (CHT) is dissolved and then a precise amount of
Fe3O4 nanoparticles were added. In parallel, a solution of the drug (OFL)
is obtained and then alkali-activated HNT is added under continuous stirring

n FIGURE 14.8 Preparation of drug delivery system based on laponite and folic acid targeting ligand. Scheme based on data previously reported in Y. Wu, R.
Guo, S. Wen, M. Shen, M. Zhu, J. Wang, X. Shi, Folic acid-modified laponite nanodisks for targeted anticancer drug delivery, J. Mater. Chem. B 2 (2014)
7410e7418.
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for 12 h. These two suspensions were mixed and the pH value was adjusted
to 5. In the final step the cross-linking agent (glutaraldehyde) was added and
then the final mixture was spray-dried and dried at 80�C.

This type of hybrid microparticle exhibits a superparamagnetic property,
fast magnetic response, variable drug EE, and drug loading that depend
on chitosan concentration, HNT content, and concentration of glutaralde-
hyde (cross-linking agent). The presence of Fe3O4 nanoparticles ensures a
controlled and extended release of the drug (OFL). The morphology of nano-
particles was strongly influenced by the presence of HNT and Fe3O4 content
(Fig. 14.9).

n FIGURE 14.9 (A) SEM image of CTS/Fe3O4/HNTs/OFL microspheres, (B) magnetic curves of the CTS/Fe3O4/HNTs/OFL microspheres and Fe3O4 nanoparticles, and
(C) cumulative release of OFL from the microspheres in pH 1.2 and 7.4 solutions. The microspheres were prepared using 10% Fe3O4, 10% HNTs, and 0.25%
glutaraldehyde [111].
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3. METHODS FOR PREPARATION OF DRUG
DELIVERY SYSTEMS BASED ON
CLAYePOLYMER NANOCOMPOSITES

Depending on the features of the components (solubility, hydrophilic/hy-
drophobic behavior, amphoteric feature (acidebase properties), particle
size, crystallinity, and porosity) involved in the nanocomposite preparation,
various methods such as nanoprecipitation, in situ free radical polymeriza-
tion, ionic gelation, solvent casting method, double emulsion, and electro-
spinning methods have been developed [87,112e121].

The drug encapsulation into the clayepolymer nanocomposites can be
performed using two methods: (1) during the preparation of nanocompo-
sites (this method involves drug intercalation in the clay host followed by
the dispersion of drugeclay complex in the polymer matrix) and (2) after
nanocomposite preparation by adsorption of the drug in the obtained nano-
composite hydrogels (Fig. 14.10).

The preparation of a drug-clay complex or intercalation of drugs in the
interlayer spaces of clay have been done using ionic exchange reaction,
dual intercalation method, and dry method.

Ionic (cationic/anionic) exchange reaction has been used for drug intercala-
tion in the interlayer space of cationic and anionic clay (e.g., LDH). For
example, cefazolin, fenbufen, chloramphenicol succinate sodium salt, amox-
icillin, naproxen, flurbiprofen, ketoprofen, diclofenac, and acetylsalicylic
acid are several drugs that were successfully intercalated in the clay by ionic
exchange reaction [114e122]. The protocol of the ionic exchange-based

n FIGURE 14.10 Possible routes for drug entrapment in the nanocomposites.
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method involves the swelling of clay in deionized water (in the case of hy-
drophilic drugs) and then the dissolved drug (e.g., nortriptyline hydrochlo-
ride) was added dropwise into the prepared suspension of MMT. The
obtained suspension was magnetically stirred for 24 h and washed several
times with water to remove the nonintercalated drug. The drug-clay complex
is dried at a precise temperature and then is ground to obtain a fine powder
[122,123].

Dual intercalation method [124] is another efficient method proposed for
acetamiprid drug intercalation in the modified MMT with cetyl trimethyl
ammonium bromide (CTAB). The presence of modifier agent (CTAB) pro-
moted an increase of drug loading (DL) and encapsulation efficiency (EE) of
the clay. In addition, the presence of CTAB in the MMT allows the forma-
tion of an exfoliated structure that favors strong interactions between clay
and drug. The intercalation of the drug within the clay interlayer spaces
was performed by dispersing modified clay (MMT-CTAB) in an aqueous so-
lution of acetamiprid followed by a freeze-dried step for more than 24 h. The
obtained clay-drug complex has been further used to obtain a hybrid bead
based on alginate and chitosan using the ionic gelation method.

The preparation of clay-drug complexes using a dry method is a suitable
technique for poorly soluble drugs, consisting in grinding the clay together
with the drug or in the melt state of the drug [125].

3.1 Antisolvent Nanoprecipitation in a Microfluidic
Coflow Capillary Device

The newly developed APIs are characterized by low water solubility, and
therefore a poor bioavailability is achieved. The use of cosolvents, surfac-
tant, or complexing agents are some examples of strategies to increase
drug water solubility (or dissolution rate). The goal of these methods is
to form particles characterized by high surface areas.

Nanoprecipitation is included in the class of low energy process dedicated
for nanoparticles (NPs) preparation. The resulted NPs exhibit smaller diam-
eters (sizes) than those obtained using emulsion-solvent evaporation, and in
addition, the solvents involved in this preparation method are less toxic.

The method based on nanoprecipitation induced by microfluidic micromix-
ing was used for the preparation of novel hybrid material-based poly(D,L-lac-
tide) (PDLLA) and organically modified MMT (Cloisite 30 B) designed for
paracetamol encapsulation. The role of MMT in the composition of hybrid
host was justified by the increase of mechanical and barrier properties of
PDLLA. In addition, the presence of an inorganic component induces an
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increase of drug EE, drug loading, bioavailability, and extended the drug
release into simulated intestinal fluid.

The NPs have been prepared using a capillary device that includes a round
capillary with a tapered tip inserted into a square capillary (Fig. 14.11)
[112]. The organic and aqueous phases were injected cocurrently through
the inner and outer square capillary, respectively. The PDLLA polymer
has been precipitated in the square capillary when the fluids were brought
into contact [112].

3.2 In Situ Free Radical Polymerization
Hydrogels based on poly(2-hydroxyethyl methacrylate) and MMT were
prepared by in situ free radical polymerization. Different amounts of
MMT were dispersed in deionized water and stirred for 2 h followed by son-
ication (1 h). In the second step, the monomer was intercalated in the clay
interlayer spaces and then the polymerization process was promoted. The
obtained hybrid hydrogel may be included in the class of exfoliated nano-
composites that could be recommended as a potential candidate as a host
for drug (paracetamol) loading with excellent properties such as low burst
effect (phenomenon associated to the early release of drug), high drug encap-
sulation efficiency, and a modulated release profile of the drug [113].

3.3 Microbeads Method or Ionic Gelation Technique
Hydrogel beads based on various natural polymers such as sodium algi-
nate, chitosan, collagen, gelatin, and dextran have been prepared by

n FIGURE 14.11 Synthesis of nanoparticles in a coflow glass capillary device [112].
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ionotropic gelation [126,127]. According to this method, the hybrid beads
are prepared in three steps that involved the (1) preparation of polymer
(e.g., alginate)eMMT aqueous dispersion followed by (2) adding the
drug and (3) dropping the resulting suspension, using a syringe into a pre-
cise volume of CaCl2 solution dropwise with constant stirring (Fig. 14.12).
This type of host exhibits remarkable reduction in burst release and a modi-
fied slow release of the drug.

3.4 Solvent Evaporation/Casting Method
Recently, Babul Reddy and coworkers have developed a new modified
solvent casting method for the preparation of nanocomposite-based on
CHT-polyvinyl alcohol (PVA) and NaþMMT. The protocol of this method
involves several steps as follows [128]: in the first step the CHT solution (1%
wt/v in acetic acid) and PVA solution (1% wt/v in water) (1:1) were mixed
and followed by the dispersion of MMT (1e5 wt%) by stirring 6 h at room
temperature. Before casting, a precise amount of cross-linking agent (2%
glutaraldehyde solution) was added and then was transferred into petri dishes
and dried at room temperature. In the final step the hybrid films were washed
with distilled water for neutralization and dried at room temperature. The
entrapment of the drug (5-FU) in the nanocomposite films has been per-
formed by the swelling method that consists in the swelling of the films in
the presence of the drug for 24 h. The drug encapsulation efficiency of
hybrid films has been influenced by the clay content and the antibacterial

n FIGURE 14.12 Preparation of hybrid beads by ionic gelation technique.
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activity against Gram-positive (Staphylococcus aureus) and Gram-negative
(Salmonella) bacteria was detected.

3.5 Water-Oil-Water (W/O/W) Double Emulsion
The double emulsion process is a method recommended for encapsulation
of water-soluble drugs [129,130].

A modified W/O/W double emulsion method has been used to prepare
PLGA-MMT nanocomposites, a new host designed for oral controlled
drug delivery formulation of propranolol hydrochloride (PPN). The hybrid
organic-inorganic materials were prepared using a PLGA biodegradable
polymer and a nonionic Pluronic F 68 emulsifier agent.

This method consists in two main steps: in the first step the primary emul-
sion was prepared by mixing a water solution of the drug (PPN) with a so-
lution of PLGA in methylene chloride. The w-o-w emulsion was prepared
by emulsification of the primary emulsion in an aqueous phase of Pluronic F
68 (0.2% w/v) in the presence of MMT. In the final step, after the solvent
evaporation, PLGA-MMT-PPN nanocomposites were centrifuged and
washed with double distilled water. The isolated nanoparticles were
freeze-dried.

The exfoliated and intercalated nanocomposites exhibit a high EE (77%)
of PPN hydrophilic drug and enhanced drug release profile in compari-
son with pure PLGA nanoparticles. The dispersion of MMT layers in the
PLGA imparts porosity and different barrier properties that affect
the drug release profile and induce a controlled release of drug
molecules.

3.6 Electrospinning Method
An innovative implant hybrid membrane based on polycaprolactone-gelatin
polymers doped with drug (metronidazole)-loaded HNT clay has been
developed by the electrospinning method. The metronidazole-loaded
HNT (20 wt%) was dispersed in the polymer solution based on polycapro-
lactone and gelatin and then the electrospinning process was conducted.

This hybrid membrane exhibits no negative effect on cell viability and
proliferation (good biocompatibility), smaller initial burst drug release,
extended release of the drugs over 20 days, and antibacterial activity
[131].
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4. PROPERTIES OF DRUG DELIVERY SYSTEMS
BASED ON CLAYePOLYMER
NANOCOMPOSITES

4.1 Drug Encapsulation Efficiency and Drug Release
Profile of ClayePolymer Nanocomposites

The drug encapsulation efficiency of clayepolymer nanocomposites is
influenced by the clay features (e.g., CEC value, textural properties (pores
volume, pore size diameters, specific surface area), swelling capacity, and
morphology), presence of a modifier agent intercalated in the clay gallery,
properties of polymer matrix (e.g., molecular weight, polymer concentra-
tion, hydrophilicity), drug features (e.g., water solubility, photostability),
and interactions that occur between polymereclay and the drug. The pH
value of the soaking medium has a strong influence on the drug encapsula-
tion efficiency of the organic-inorganic hybrid hosts. The encapsulation of 5-
FU drug within HNT clay has been influenced by the HNT surface activation
and drug solubility. A basic medium increases the 5-FU solubility and the
HNT surface can be considered positive (Fig. 14.13A).

A similar behavior of drug EE was recorded for synthetic PCHs used as
inorganic hosts for 5-FU [57]. The results suggested that the synergistic ef-
fect of drug ionization and activation of the PCH surface has been influenced
by pH value of incubation solution. For example, the drug EE of PCH
achieved a maximum value (EE ¼ 44%) at a pH of 11 (Fig. 14.13B).

The drug EE of clays can also be influenced by the presence of polymer
matrix due to the interactions that can occur between organiceinorganic
components. For example, in the case of hybrid materials based on a third
generation poly(amidoamine) dendrimer and HNT clay, the pH value influ-
ences the polymereclay interactions by charging the dendrimers and HNT
surfaces. A low pH value favors positive-charged amino terminated den-
drimers and a negative HNT surface and therefore the surface of clay
was covered by the dendritic structure. In this case the drug (5-
Fluorouracil (5-FU)) was mainly encapsulated in the dendrimers (organic
host) because the inorganic host (HNT) lost its host role due to the hindered
access. The highest value of drug EE (EE ¼ 49%) was achieved at higher
pH value (pH ¼ 11), and this behavior can be explained by the decrease
of polymer-HNT electrostatic interactions [107].
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n FIGURE 14.13 Drug encapsulation efficiency of halloysite (A) and porous clay heterostructures
(B) against pH value of incubation solution. Plots based on data previously reported in S.A. Ga

̯
rea, A.I.

Mihai, A. Ghebaur, C. Nistor, A. Sa
̯
rbu, Porous clay heterostructures: a new inorganic host for 5-

fluorouracil encapsulation, Int. J. Pharm. 491 (2015) 299e309; S.A. Ga
̯
rea, H. Iovu, Drug delivery

systems: polymer and layered silicate-based, in: Encyclopedia of Biomedical Polymers and Polymeric
Biomaterials, Taylor & Francis, 2015, pp. 2914e2925.
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The polymereclay interactions could also be influenced by the presence of
modifier agents (e.g., EDR-148) within the clay layers (Fig. 14.14).

For example, the intercalation of MMT layers with a polyetheramine (EDR-
148) modifier agents, via a cationic exchange reaction, also influences the
drug encapsulation efficiency and drug release profile [132]. The UV-VIS
analysis confirmed that the hybrid materials based on Poly(vinyl alcohol)
(PVA) matrix and modified MMT (MMT-148) exhibit a different drug (5-
FU) release curve profile than PVA-based hybrids that include unmodified
MMT (MMT-Na) or neat PVA film (Fig. 14.15).

The introduction of the modifier agent has been responsible for new addi-
tional clayepolymer drug interactions that strongly affect the structure
and properties (e.g., swelling property) of hydrogel.

4.2 Swelling Behavior
The swelling behavior of hydrogels based on polymers and clays that are
designed for DDS applications depends on the clay type, concentration of
inorganic agents, and dispersion of clay in the polymer matrix. For example,
in the case of hybrid hydrogel based on poly(2-hydroxyethyl methacrylate)
HEMA, the introduction of the MMT clay has affected the swelling rate of
hydrogel even at lower clay concentration (2 wt%) (Fig. 14.16) [113]. The
presence of clay has induced a significant decrease of the water absorbency,
and this behavior is attributed to the fact that the clay has acted as an
additional cross-linking agent and therefore the hybrid network was charac-
terized by a lower molecular flexibility.

Swelling properties are also influenced by the pH medium that is responsive
for the drug release [133].

n FIGURE 14.14 The intercalation of a polyetheramine (EDR 148) in the MMT interlayers via cationic exchange reaction. Scheme based on data previously
published in S.A. G a

̯
rea, A. Ghebaur, E. Vasile, Drug delivery systems based on poly(vinyl alcohol)-layered silicates hybrid films, Mater. Plast. 51 (2014) 124e129.
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4.3 Morphology
The morphology of the polymer nanocomposites plays a significant role on
the drug EE and drug release profile. For example, Datta and coworkers
suggested that the exfoliation of MMT layers in the PLGA matrix has

n FIGURE 14.16 Swelling behavior of hydrogels based on HEMA and different clay contents: pH 1.2
[113].
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̯
rea, A. Ghebaur, E.

Vasile, Drug delivery systems based on poly(vinyl alcohol)-layered silicates hybrid films, Mater. Plast. 51
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favored an increase of EE of propranolol hydrochloride [129]. In addition,
this type of DDS shows higher release of propranolol hydrochloride in a
controlled manner due to the hindrance in the path determined by the pres-
ence of MMT layers uniformly dispersed in the polymer matrix (Fig. 14.17).

Considering these aspects, it can be concluded that the structure type of
polymereclay nanocomposites plays an important role on the barrier prop-
erties that affect the drug release rate and mechanism.

4.4 Mucoadhesive Properties
Like swelling property, the mucoadhesive property is an important feature
that affects the efficiency and mechanism of drug release from designed
pharmaceutical formulations [64,135e137].

From a DDS point of view, the term bioadhesion implies a phenomenon in
which a drug carrier system is attached to a specified biological location.
Mucoadhesion has been defined as a complex multiple-step phenomenon
in which a natural or synthetic polymer (e.g., carbopol, poly(HEMA), cellu-
lose derivates (sodium carboxymethyl cellulose, hydroxypropyl cellulose,
hydroxypropyl methyl cellulose), polyacrylic acid, guar gum, and polysac-
charides (starch, sodium alginate, chitosan)) interact with a mucosal surface.
The mucoadhesion involves two main events: (1) the pharmaceutical formu-
lation is swelled in the mucus, and then (2) some chemical interactions (e.g.,
covalent bonds) or electrostatic interactions, ionic bonds, or hydrogen bonds
between the two substates occurred [63,134,135]. The polymeremucus
interactions are significantly influenced by the (1) features of polymers (bio-
adhesives) such as molecular weight, chain flexibility, swelling degree, poly-
mer concentration and hydrogen bonding capacity, mucoadhesion, (2)
environmental factor features (tissue surface roughness, pH value, ionic

n FIGURE 14.17 Schematic representation of the drug path from A-intercalated and B-exfoliated nanocomposites [129].
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strength, initial contact time, and mucins), and (3) physiological variables
(e.g., disease states).

In the case of polymereclay nanocomposites (e.g., nanocomposites based
on MMT-starch-graft-poly(methacrylic acid)), the dispersion of a high
amount of MMT can enhance mucoadhesion features of hydrogel due to
the interaction capacity of clay with mucus structure and the cocross-
linking effect that favors the formation of additionally physical/covalent
interactions [136].

4.5 Toxicity/Biocompatibility
Nanocomposite materials based on polymer and clay show good biocom-
patibility and mucoadhesive properties. For example, the nanocomposite
materials (e.g., polyurethane-bentonite, chitosan-MMT [2,137]) are biocom-
patible and nontoxic materials.

The toxicity assessment of different unmodified/modified clays and
clayepolymer-based nanocomposites made using various cell lines (e.g.,
Caco-2, HepG2, lymphoblast cells, neuronal cell lines) suggests that the
modifier agents (compatibilizing agent), concentration of clay, and the na-
ture of clay are the most important parameters that affect biocompatibility
[138]. For example, the sodium MMT exhibits a higher biocompatibility
than commercial organophilic MMT (Cloisite 30 B). In addition, the
morphology of clay can be considered another key factor that influences
the toxicity. The nanocomposites based on Chitosan and halloysite (a natural
clay with a tubular morphology) showed a positive response in NIH3T3 cells
even at higher clay concentrations (10%) [138].

Nanocomposite hydrogel based on poly(ethylene glycol) diacrylate
(PEGDA) and clay (laponite) was recommended as a potential scaffold
for tissue engineering. This type of nanostructured hydrogel exhibits
enhanced mechanical properties (compressive and tensile properties) and
the ability to support two-dimensional (2-D) and three-dimensional (3-
D) cell cultures. The presence of laponite clay within PEGDA has
improved the cell adhesion compared to pure hydrogel, and additionally,
the clay did not affect the viability of encapsulated stem cells [139]. The
viability of bovine chondrocytes cells encapsulated in PEGDA hydrogel,
which includes various clay concentrations (2.5%, 5%), was studied by
live/dead assay after 0 and 7 days of culture. The live/dead assay results
suggested that the cell viability for chondrocytes was not affected by the
presence of clay within hydrogel. The DNA assay confirmed that the
DNA content from the pure hydrogel and hybrid hydrogel was similar
[140].
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Fukushima and coworkers highlighted that the cytotoxicity tests for
polymereclay nanocomposites should be performed for long periods of
incubation time to find the real cytotoxic effect of these materials [141].
For example, the test that involved 3 days of incubation did not show a sig-
nificant cytotoxicity effect of the clay, while an important inhibition level
of fibroblast cell growth was observed after 5 days of incubation.

The biological assays demonstrate that nanocomposite materials based on
polymer and clay have many potential applications in the pharmaceutical
field, and they can be used as drug delivery systems.

5. CONCLUSIONS
Clayepolymer nanocomposites can be considered interesting and complex
nanocarriers with tunable properties that are designed to enhance the phar-
macological activity of various drugs by increasing drug solubility and
stability, bioavailability, drug release rate, and selective action to specific
tissue or cells.

The successful preparation of an efficient DDS based on clayepolymer
nanocomposites depends on various factors such as features of the
nanocomposite components (polymer, clay, and drug), the content of clay,
properties of the intercalating agents, and the type of interactions that occur
between polymer, clay, and drug molecule.

Nanoprecipitation, in situ free radical polymerization, ionic gelation, sol-
vent casting, double emulsion, and electrospinning are suitable methods
for the preparation of clayepolymer nanocomposites with biomedical
applications.

The morphology and textural properties of clays, type of intercalation agent
involved into the clay gallery, properties of polymer matrix (e.g., molecular
weight, type of functional groups), interactions between the polymereclay-
drug complex, and drug features (e.g., water solubility, photostability) are
the main factors that play a significant role on the drug encapsulation
efficiency.

The presence of fine dispersed clay within the polymer matrix ensures
improved mucoadhesive property, tunable swelling property, and enhanced
drug delivery profile.

The biocompatibility of polymereclay nanocomposites is significantly
influenced by the nature and concentration of the clay and furthermore by
the modification of the clay surface.
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oxidative chemical polymerization,

215e217
oxidative electropolymerization,

214e215
Clayepolyaniline nanocomposite, 18
Clayepolymer coupling, 191te192t
Clayepolymer interface, NMR

spectroscopy, 309e317
clay dispersion, 310e313
clayepolymer interactions, 313e317

Clayepolymer nanocomposites, 18
morphologies, 23f

Clay/polypyrrole (PPy) nanocomposites,
201e210

electropolymerization, 201e203
oxidative polymerization, 203e208
photopolymerization, 208e210
preparation of, 203f
prepolymerization system in inverted

emulsion, 206f
synthesis conditions and figures of

merit, 210, 212te213t
synthesis in inverted emulsion,

205e206
Clay/polythiophene nanocomposites,

223
electropolymerization, 228
oxidative polymerization, 225e228,

225f
self-assembly, 229e230
sonochemical polymerization, 228e229
synthesis conditions and properties of,

230, 231te233t
Clay/polyurethane nanocomposites,

177e178
Clay/PT nanocomposites

synthesis by sonochemical
polymerization, 228e229

Clays
applications, 1
classification of, 1e8, 444f
defined, 1
dispersion, 310e313
drug delivery system, 481e485

halloysite, 481e482
laponite, 483

layered double hydroxides, 484e485
porous clay heterostructures, 484
saponite and synthetic hectorites,

482e483
intercalation strategies, milestones of, 23f
materials classification, 35e36, 36f
overview on, 1e10
research field of, 1
types of, 2e4

Clayethermoset/thermoplastic
composites, dynamic mechanical
analysis, 426e429

Clay/TiO2/dendrimer hybrid material,
22f

Click chemistry, 189e190
with living/controlled polymerization

methods, 171
methods, 154e160

Click coupling chemistry, 149e150
Clickable montmorillonite, 151e152
Cloisite, 38e39

types of, 39f
Cloisite 30B, 170f, 431
Cloisite Na+, 431
CoeAl LDH, 63, 64f
Coarse-grained (CG) model, of

thermoplastic polyurethane
chain, 96f

CoatseRedfern method, 67e68
ColeeCole plots, 419
Collagen

bionanocomposites based on, 250e251
denaturalization of, 252

Comb copolymers, 23f
Compatibilizing agents, drug delivery

system, 486
Compensating cation, 12e15
Complex fluids containing clay

particles, 352e356
Complex modulus, 417e418
Computer molecular modeling, 85
Conductive, exfoliated clay/polyaniline

nanocomposite filler, 220e221
Cone calorimeter tests, 449e450,

461e462
of ethylene vinyl acetate (EVA), 462t,

463f
and PCFC, 466e467

Confined polymers, scattering, 349e351
Contact angles, 403

information and advantages, 405t
shortcomings, 405t
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Contrast variation, 351e352
Controlled radical polymerization

(CRP), 149e150
Copper-catalyzed azideealkyne

thioleepoxidedipolar
cycloaddition (CuAAC)
reaction, 154e155,
191te192t

Creep phenomenon, 421
Cross-polarization (CP), 308
Cross-polarization/magic-angle spinning

(CP/MAS) spectra, 318e320
Crystal structures of clay minerals,

1e8, 4f
CueAl LDH, 63, 64f
CuBr, 163e164
CueCr LDH, 63, 64f
CueFe LDH, 63, 64f
Curing behavior of thermosets, dynamic

mechanical analysis, 422

D
Damping capacity, 413e414
Damping factor, 417e418
Debye function, 346
(Decyloxymethyl)dodecyldimethylam-

monium chloride, 13t
Degradation temperatures under air

atmosphere of imidazoliumions,
446t

Degree of entanglement, 419
Denaturalization of collagen, 252
Dendrimers, 480
Dendrimer/TiO2 nanoparticle mixtures,

23f
4,4-Diaminodiphenyl sulfone,

181e182
Diazonium 4-diphenylaminediazonium

salt, 11t
Diazonium salts, 11, 23f,

151e152
intercalation and grafting of, 18, 19f

Diclofenac, 489e490
Didodecyl-dimethylammonium, 205
Dielectric elastomer materials,

169
DielseAlder (DA) click reactions, 174,

174f
4-(N,N-Diethyldithiocarbamylmethyl)

benzyltrimethylammoniumbro-
mide, 184

Differential scanning calorimetry, 154

Diffuse reflectance infrared Fourier
transform (DRIFT)
spectroscopy, 363, 378e379

2,2-Dimethoxy-2-phenylacetophenone,
181e182

Dimethyl dioctadecyl ammonium
chloride (DDAC), and bentonite
clay modification, 53e54

N, N0-Dimethylaminobenzenediazonium
tetrafluoroborate (DMA), 18

N,N-Dimethylaminopropyltrimethoxysi-
lane, 181e182

Dimethyldioctadecylammonium cation
(DMDOA+), 285e286, 285f

Dimethyldioctadecylammonium
(DODA)eclayeNi8 multilayer
preparation, 295f

Dimethyl-hexadecyl-imidazolium,
42e43

4-Diphenylamine-diazonium (PDA), 18
4-Diphenylamino-diazonium (PDA),

428e429
4-Diphenylamino-diazonium-exchanged

clay-modified bentonite
(B-PDA), 428e429

1,1-Diphenylethylene, 188
Dipolar couplings, 315e317, 321e322

homo- and heteronuclear dipolar
couplings, 315e317

Dissipative particle dynamics (DPD), 87
intra- and intermolecular interactions

capturing, 98
time evolution of, 94e96

Distearyldimethyl-ammoniumchloride,
205

Dithiocarbarmate photoiniferter, 184
Dodecyl benzyl dimethyl ammonium

bromide (DBMAB) and the
DBMAB-modified rectorite,
58

Dodecyl dimethyl(dodecyloxymethyl)
ammonium chloride, 13t

Dodecyl dimethyl(hexyloxymethyl)
ammonium chloride, 13t

Dodecyl dimethyl(octyloxymethyl)
ammonium chloride, 13t

Dodecylbenzenesulfonic acid (DBSA),
204

Dodecyl-modified montmorillonite
(DMMT), 435e436

Dodecylpyridinium chloride,
15t

S-1-Dodecyl-S-(methylbenzyltriethylam-
moniumbromide) trithiocarbon-
ate, 187

Dodecyltrimethylammonium bromide,
164e165

Dorris and Gray method, 384e385
Drop casting

organoclay hybrid film, 281e282
and spin coating, 281e282

Drug adsorption capacity of clays, 483f
Drug delivery system (DDS), 476e477,

500
components of nanocomposites used

in, 477e488
active pharmaceutical ingredients, 485
clay, 481e485
halloysite, 481e482
laponite, 483
layered double hydroxides, 484e485
magnetic nanoparticles, 487e488
polymers, 477e481
porous clay heterostructures, 484
saponite and synthetic hectorites,

482e483
surfactants or compatibilizing agents,

486
targeting ligands, 486e487

due to advantageous properties, 477
electrospinning method, 493
methods for preparation of,

489e493
antisolvent nanoprecipitation in

microfluidic coflow capillary
device, 490e491

microbeads method or ionic gelation
technique, 491e492

in situ free radical polymerization, 491
solvent evaporation/casting method,

492e493
preparation, based on laponite and folic

acid targeting ligand, 487f
properties of, 494e500

drug encapsulation efficiency and
drug release profile,
494e496

morphology, 497e498
mucoadhesive properties,

498e499
swelling behavior, 496
toxicity/biocompatibility, 499e500

water-oil-water (W/O/W) double
emulsion, 493
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Drug encapsulation
into clayepolymer nanocomposites, 489
efficiency, 494e496, 495f

Drug release profile, 494e496
Drugs, 23f
Dual intercalation method, 490
Dyeeclay hybrid LbL films, 279e281
Dynamic density functional theory, 87
Dynamic mechanical analysis, 154,

413e423
applications, 421e423

curing behavior of thermosets,
prediction of, 422

interaction between filler and matrix,
421e422

material selection for particular
application, 422

molecular weight distribution in
polymers, 423

run time minimizagion using
timeetemperaturee
superpositioning, 423

tensile measurements of thin films
and fibers, 423

basic dynamic properties and their
significance, 416e418

consequential features derived from
basic properties, 419

effect of clay on dynamic response of
polymer-based nanocomposites,
423e435

clayeelastomer composites,
430e435

clayethermoset/thermoplastic
composites, 426e429

dispersion and intercalation analysis
of clay in polymers, 425

effect of various parameters on
dynamic properties, 420e421

creep phenomenon, 421
effect of frequency and amplitude,

420e421
effect of humidity, 421

overview, 413e416
recent trends, 435e436

Dynamic mechanical thermal analysis
(DMTA), 430e431, 436e437

Dynamic properties
of BPDA/PDAeclay nanocomposites,

428e429, 430f
of viscoelastic materials, 420

Dynamic storage modulus, 417e418

E
Elastic background, 354e355
Elastic polymers, 430e431
Elastomeric hybrid composites,

434e435
Elastomers, 430e431
Electropolymerization

of anilinium-MMT dispersions
bypotentiostatic electrolysis,
214e215

clay/polyaniline nanocomposites,
214e215

clay/polythiophene nanocomposites,
228

clay/PPy nanocomposites, 201e203
Electrospinning, 493

bionanocomposites preparation, 241
bionanomaterials, 242f
of HAp/gelatin solutions, 252
of HAp/natural polymerhybrids,

252
Electrospraying, of HAp nanoparticles,

254
Emulsion polymerization, 184e188,

191te192t
Energy transfer in hybrid LB films, 289
Enzymes, 23f
Epoxy/amino silane-modified MMT

claynanocomposites, 43
Epoxy/diphenylamine diazonium

bentonite/polyaniline nanocom-
posites, 54e55

Epoxy/MMT nanocomposites, 43
Equilibrated mesoscopic model,

obtained from DPD simulations,
100f

Ethyl a-bromoisobutyrate,
164e165

Ethylene vinyl acetate (EVA),
451, 452t, 461, 463f

expanded residue of, 461f
2-Ethylhexylacrylate (EHA)

polymerization, 173
Ethyltriphenylphosphonium bromide,

15t
Exfoliated polymereclay

nanocomposite structure, 35
Exfoliation

of clay layers, 151e152
of montmorillonite, 158

Extruders, 116e117

F
Fabricated hybrid LB films, 293e294
Fabrication

of hybrid materials, 291
of low light-scattering clayeorganic

compound hybrid film, 283f
of SHG active J-aggregate species of

cyanine dye, 294
synthesis of PMMA/ONieAleLDH

nanocomposites, 69f
FE calculation, TPU/MMT and TPU/

SEP, 104f
Fe3+ ions, 217
FEM TPUNC models, 103e104

characteristics of, 103t
Fenbufen, 489e490
Fibers, tensile measurements of, 423
Fibrous clays, 5, 7
Fillerematrix interaction, 421e422

dynamic mechanical analysis, 421e422
Finite element modeling (FEM) tools,

87e88
Finite element simulations, 100e104

of thermoplastic polyurethane-based
nanocomposites, 100e104

Fire behavior, experimental assessment
of, 463e469

Fire reaction data, for polyvinyl ether
(PVE) with oMMT and RDP,
459t

for epoxy resin, poly(diethylene glycol
ethyl ether acrylate) (P-DGEBA),
460t

Fixed-grid simulations, 100e101,
103e104

Flame retardancy, 443e444
fire behavior, experimental assessment

of, 463e469
interest in clayepolymer

nanocomposites in, 444e450
layered silicates

combined with metallic hydroxides,
461e463

combined with other phosphorous
and nitrogen fire retardants,
458e461

in intumescent systems, 455e458
mechanisms of, 450e454
of newly synthesized phosphorus-

containing reactive amine, 459
systems, 469e470
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Flame retardancy (Continued )
use in multicomponent flame-retardant

systems, 454e463
FloryeHuggins model, 147
Fluorescence resonance energy transfer

(FRET) process, 287f
-based hard water sensing system,

288e289, 289f
in organoclay hybrid film,

287e289
Flurbiprofen, 489e490
Flycidyl-propyl-triethoxysylane (GPTS),

17e18, 17f
Form amplitude, 333
Fourier transform infrared spectroscopy

(FTIR), 377, 378f
and PCFC, 467

Free induction decay (FID),
321e322

Free radical photopolymerization,
173

Free radical polymerization, 184,
191te192t

of methylmethacrylate (MMA),
176e177

Frequency, effect of, 420e421
Frequency sweep oscillatory test results,

432f
Functionalization of clay surfaces,

189e190
Furfuryl methacrylate (FMA), 174

G
g-aminopropyltriethoxysilane, 16
g-gauche effect, 318e320
Gaussian distribution for nextneighbor-

correlations, 343
Gelatin, 251e252
Gelatin/montmorillonite-chitosan

nanocomposite, 251
Glycidylmethacrylate (GMA), 164,

181e182
GoldmaneShen experiments, 313,

320e321
Graft copolymerization of TP onto

polystyrene (PSt),
226e228

Grafting, of organosilanes, 16e18, 16f
Guinier expression, 336
Guinier scattering, 346e347
Gunier range, 333e334, 333f
Gutmann’s scale, 386

H
1H T1 curves, 310e313, 311f
1He1H, 315e317
1He1H correlation, 315e317
1He1H dipolar couplings, 321e322
1He13C, 315e317
1He13C dipolar couplings, 321e323

of nylon-6 carbons, 323f
1He13C HETCOR, 316f
1He27Al HETCOR, 316f
1He29Si HETCOR, 315e317
1He29Si HETeronuclear CORrelation

(HETCOR) spectrum, 316f
1He29Si WISE, 321e322
Hairy bentonite fillers, 54e55
Halloysite (HNT), 448, 476, 481e482

drug delivery system, 481e482
Hard spheres

Perkus-Yevick structure factor for, 358
pure hard sphere interaction, 358

Hard water sensing system,
FRET-based, 288e289, 289f

HARDSHIP technique, 313
Heat Release Rate (HRR) curves of

poly(methylmethacrylate)
(PMMA), 457t

Heat release rate curves of
polypropylene, 447f

Hectorite
-reinforced polymer nanocomposites,

48e51
structure of, 50f

Heterocyclic ethers/lactones, 191te192t
Heteronuclear dipolar couplings, 313
Hexadecylamine, 13t
Hexadecyltrimethylammonium

(HDTMA), 385
-intercalated MMT, 374f

Hexadecyltrimethylammonium bromide
(HDTMAB), 13t, 205

Hexadecyltrimethylammonium bromide
(HDTMAB)/bentonite
organoclays, 380

1,1,4,7,10,10-Hexamethyltriethylenetetr-
amine, 163e164

High-power decoupling (HPD), 308
High-resolution SSNMR, 307e308
Hoffmann degradation, alkylammonium

ions, 445e446, 446f
Homo- and heteronuclear dipolar

couplings, 315e317
Homopolymer blends, 349

Hooks’ law, 416
Horizontal deposition method, 278
Hosting structure, 12e15
Huggett principle, 449
Humidity, effect of, 421
1HeX dipolar couplings, 315e320
Hybrid beads, preparation by ionic

gelation technique, 491e492,
492f

Hydrogel beads, 491e492
Hydrogels, 241e243, 491

swelling behavior of, 497f
Hydrogenated nitrile butadiene rubber

(HNBR)/sepiolite
nanocomposites, 47e48

Hydromagnesite (HM), 462e463
Hydroxy-2-methyl-1-phenylpropane-

1-one, 177e179
Hydroxyapatite (HAp) nanoparticles, 252f

applications, 253e255
bionanocomposites based on, 251e255

Hydroxyl groups, 448
Hydroxylated clay particles, reacted

with silane derivatives, 183
Hydroxylation, 10

I
Illite, 391te395t

cation exchange capacity (CEC), 9t
specific surface area, 8t

Imidazolium ions, general structure of,
446f

Imidazoliumions, degradation
temperatures, 446t

In situ free radical polymerization, 491
Infrared spectral bands, 380t
Infrared spectroscopy techniques,

377e382
applications of ATR-DRIFT

techniques, 379e382
basic principles, 377e379
data collection of main bands, 379

Inherently conductive polymers (ICPs),
199

In situ polymerization, 33f, 191te192t
for preparation of polymereclay, 34

In situ polymerization method, 34
In situ ring-opening polymerization, 189
In situ-generated carbon nanotubes, 23f
Intercalated MMT with platinum, 214
Intercalated polymereclay

nanocomposite structure, 34e35
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Intercalation
of aryldiazonium, 371
of clay with diazonium salts, 371
of polyetheramine (EDR 148) in the

MMT interlayers via cationic
exchange reaction, 496f

Interfacial interactions in polymer-based
nanocomposite systems, 103

Interlayered clays, 5, 8
Interparticle spacing (IPS), 311f
Inverse gas chromatography (IGC), 363,

382e396
information and advantages, 405t
Lewis acidebase interactions

determination, 386e388
London dispersive interactions

determination, 383e386
and molecular interactions study,

382e383
shortcomings, 405t
surface roughness assessment using

branched alkanes, 388e390
surface thermodynamic data collection,

390e396
Iodonium, 11
Ionedipole interactions between

palygorskite and aspirin, 21f
Ionic exchange reaction, 489e490, 496f
Ionic gelation technique, 491e492
Iridium complexes, 289
Irregular interlayered clay, 8
(3-Isocyanatopropyl)triethoxysilane, 177
Isomorphous substitution, 150e151
Isoprene, 188

J
J-aggregation, 297e298

K
Kaolinite clay, 391te395t

cation exchange capacity (CEC), 9t
-reinforced polymernanocomposites,

58e59
specific surface area, 8t
structure of, 58f

Kaolinitic material, 391te395t
Kaolin/silica coreeshell nanoparticles,

59
Ketoprofen, 489e490
Kohlrausch-William-Watts theory,

354e355

L
Lamellar smectite particles, 297
Langmuir adsorption theory, 285e286
Langmuir films, 275e277
LangmuireBlodgett (LB films), 224f,

274, 276f
organoclay hybrid film, 275e278

LangmuireSchaefer (LS) method,
294e295

Laponite (LAP), 37e38, 91, 93t,
105e106, 264, 481

drug delivery system, 483
Laponite-RDS, 187
Laponite-reinforced polymer

nanocomposites, 46
Latex blending, SBR/bentoniteeclay

nanocomposites preparation, 431
Lattice Boltzmann, 87
Layer-by-layer self-assembly, 274

advantages, 297
bionanomaterials, 242f
organoclay hybrid film, 279e281

Layered clay, key features of, 150e152
Layered double hydroxide (LDH), 247,

481
drug delivery system, 484e485
-reinforced polymer nanocomposites,

59e70
structure of, 59f, 485f

Layered silicates
combined with metallic hydroxides,

461e463
combined with other phosphorous and

nitrogen fire retardants, 458e461
in intumescent systems, 455e458

Lennard-Jones forces, 94e96
Lewis acidebase interactions

determination, 386e388
Lignin, 259e260
Liquid crystalline polymers, 147
Liquideliquid process,

organophilization, 12
Liquidesolid process, organophilization,

12
Lithium salt (LiPF6), 435e436
Living anionic surface-initiated

polymerization, 188, 189f
Living radical polymerization,

191te192t
Localization length, 354e355
London dispersive interactions

determination, 383e386

Lorentzian curve, 354e355
Loss modulus, 417e418
Low density polyethylene (LDPE), 461
Luminescent oxygen gas sensors,

294e295

M
Macromolecular architectures,

146e147, 146f
Macroscopic properties, of TPUNC

pure components, 102t
Macroscopiccross section, 332
Maghnite-H, 225e226, 226f
Maghnite-H-poly(3,4-ethylenedioxythio-

phene) (PEDOT), 226f
Magicangle spinning (MAS), 308,

314e315
Magnesium hydroxide (MH), 458,

461e463
Magnesium hydroxide (MH)/oMMT

blend, 462
Magnetic nanoparticles, drug delivery

system, 487e488
Magnetization recovery curves,

310e313
MA-g-PE/MgeAleLDH

nanocomposites, 62e63
Mass loss rate, 464
Material selection, using dynamic

mechanical analysis, 422
Mechanical properties of TPUs,

106e107
Melt blending, 33f

for preparation of polymereclay
nanoparticles, 33e34

Melt mixing, 115e121
(3-Mercaptopropyl)-trimethoxysilane,

54e55
3-Mercaptopropyl)trimethoxysilane

(MPTMS), 435e436
Mesoporous hectorites, 481
Mesoporous silica, 476
Mesoscale simulation of TPUNCs, 96
Mesoscopic simulations, 94e100

of thermoplastic polyurethane-based
nanocomposites, 94e100

Metallic hydroxides and oMMT, 462
Methacrylic-modified clay, 183
Methyl methacrylate (MMA), 187
Methylbis(2-hydroxyethyl) (tallow

alkyl)ammonium, 181e182
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4,40 Methylene diphenyl diisocyanate
(4,40MDI), 90e91, 92t,
104e107

Methyltriphenylphosphonium bromide,
15t

MgeAleLDH, 60e63, 64f
Microbeads method, 491e492
Microbialcellulose, 255
Microcomposites, 432e433
Microemulsions, 355e356
Micronic aggregates in the aerosol, 469f
Microparticles, preparation of, 487e488
Microscale combustioncalorimeter

(MCC), 450
Microwave-assisted ring-opening

polymerization, 189
Miniemulsion, 184e188, 187f,

191te192t
Mixing, 113e115, 141e142

continuous mixing, 116e117
equipment, 115e117
melt mixing, 117e121
morphology of clayepolymer

nanocomposites, 126e141
in rubber matrix, 126e132
in thermoplastic matrix, 132e136
in thermoset matrix, 136e141

polymer mixing, 116
solideliquid mixing, 114e115
solidesolid mixing, 114e115
solution mixing, 121e126

Molecular TPA cross-sections, 291e293
Molecular weight distribution in

polymers, DMA, 423
Mono- and dicationic free radical

initiators, organization within
the clay interlayer space, 163f

Monomeremonomer interactions,
347e348

Monte Carlo (MC) simulations, 87
Montmorillonite (MMT), 11e13,

37e38, 93t, 105e106,
151e152, 376, 391te395t,
403e404, 476, 481

-based TPUNCs, 106e107
dispersed in water, WAXS experiment

on, 332f
modified with ODTMA, 391te395t
-reinforced polymer nanocomposites,

38e43
silanization with N-(3-trimethoxysily-

propyl)pyrrole, 209

Montmorillonite (MMT)-Ca/CMS, 403
Montmorillonite (MMT)/Fe

nanocomposite, 375e376
Montmorillonite (MMT)/PANI

nanocomposite, 214e215
Montmorillonite (MMT)/poly (2,2,2-

trifluoroethyl methacrylate), 20
Montmorillonite (MMT)/poly(3-hexyl

thiophene), 228e229
Montmorillonite (MMT)/PPy nanocom-

posites, 20, 205, 206f, 375, 396
Montmorillonite (MMT)/PPyAg ternary

nanocomposite, 210f
Montmorillonite (Cloisite 30B) with azide

interlamellar functionality, 155
Montmorillonite-FDX, 391te395t
Montmorillonite-FDX-ODTMA,

391te395t
Morphology, 497e498

of clayepolymer nanocomposites,
126e141

in rubber matrix, 126e132
in thermoplastic matrix, 132e136
in thermoset matrix, 136e141

Mucoadhesive properties, 498e499
Multicomponent flame-retardant

systems, 454e463
Multiscale molecular modeling, 83e84

advantages of, 84
atomistic scale, 86
goal of, 87e88
hierarchical and hybrid approaches,

85e86, 86f
macroscopic scale, 87
mesoscopic scale, 87
for montmorillonite-based polymer

nanocomposites, 90f
overview, 84e90
quantum scale, 86
scale integration, 89
sequential multiscalemodel,

requirement for, 88e89
sequential steps, 89e90
thermoplastic polyurethane-based

nanocomposites, 90e104
atomistic simulations, 90e94
finite element simulations,

100e104
mesoscopic simulations, 94e100
results, 104e107

Multiwalled carbon nanotubes
(MWCNTs), 248

N
Nacre-mimetic films, self-assembly of,

230f
Nanoclay, influence on bulk

polymerization of MMA, 170
Nano-HAp/PVA hydrogel, 254
Nanomorphological index,

389e390
Nanoparticles

preparation, 490e491
synthesis in coflow glass capillary

device, 491f
and viscosity with fire performance,

452e453
Nanoprecipitation, 490e491
Nanoscale aggregates, 297
Naproxen, 489e490
National Institute of Standards and

Technology XPS database,
364

Natural bentonite, 391te395t
Natural clays, 35, 150e151, 481

Drug adsorption capacity of, 483f
Natural macromolecular compounds,

479
Natural polymers, 146e147
Natural rubber (NR)/Cloisite 15A

nanocomposites,
40e41

Natural rubber (NR)/rectorite
nanocomposites, 55

Neutron scaterring. See Scattering
Neutronspin echo (NSE) spectroscopy,

352e353, 354f
NieAleLDH, 61e63, 64f
4-Nitroaniline (p-NA), 291,

292f
Nitrogen adsorption

information and advantages, 405t
isotherms, 397, 398f
shortcomings, 405t

Nitrogen adsorptionedesorption
isotherms, 484f

Nitrogen physisorption,
396e402

application of, 400e402
overview, 396
principles, 396e400

Nitroxide-mediated living free radical,
191te192t

Nitroxide-mediated radical
polymerization, 149f
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NMR spectroscopy, 307e309
clayepolymer interface, 309e317

clay dispersion, 310e313
clayepolymer interactions, 313e317

polymer domains properties, 317e324
dynamic properties, 321e324
phase and conformational properties,

318e321
Nonionic surfactants, 15, 15t
Nonlinear optical activity, of organoclay

hybrid film, 290e294
Nonsteroidal antiinflammatory drugs,

485
Nuclear magnetic resonance, 154
Nylon 6emodified MMT

nanocomposites, 376e377
Nylon-6, 318e320
Nylon-6/montmorillonite

nanocomposites, 310e313, 311f

O
OCoeAleLDH, 65e67
Octadecyl amine, 40e41
Octadecyl ammonium bromide, 13t
Octadecyl triphenylphosphonium salt,

11t
Octadecyl-2-acryloyloxy(ethyl)dimethy-

lammonium bromide, 180e181
1-Octadecylamine

cetyltrimethylammonium
bromide, 13t

N-Octadecyl-N0-octadecylimidazolium
salt, 11t

Octadecyl-phenyl-dimethylammonium,
205

Octadecyltriethylammonium bromide,
13t

1:1 (TO) clay, 2, 4f
ONieAleLDH, 69e70
Organic dyeeclay systems, 288e289
Organic dyes in hybrid LB film,

277e278
Organically modified clay materials, 36
Organically modified LDHs (OLDH)

influence on thermal properties of PS,
63

Organiceinorganic (clay) minerals,
273e274

Organoclay hybrid films, 273e274
applications, 294e298, 298te300t
bulk-sized clayedye hybrid self-

standing film, 283e284

drop casting and spin coating,
281e282

fluorescence resonance energy transfer
in, 287e289

LangmuireBlodgett technique,
275e278

layer-by-layer self-assembled tech-
nique, 279e281

moleculeemolecule interaction,
284e285

moleculeesurface interaction, 284e285
nonlinear optical activity of, 290e294
preparation techniques, 274
reaction kinetics and organization of
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