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POLYMER NANOCOMPOSITES

Octavio Manero and Antonio Sanchez-Solis

31.1 INTRODUCTION

Polymeric nanocomposites are a class of relatively new
materials with ample potential applications. Products with
commercial applications appeared during the last decade
[1], and much industrial and academic interest has been
created. Reports on the manufacture of nanocomposites
include those made with polyamides [2–5], polyolefins
[6–9], polystyrene (PS) and PS copolymers [10, 11], ethy-
lene vinyl alcohol [12–15], acrylics [16–18], polyesters
[19, 20], polycarbonate [21, 22], liquid crystalline poly-
mers [8, 23–25], fluoropolymers [26–28], thermoset resins
[29–31], polyurethanes [32–37], ethylene–propylene ox-
ide [38], vinyl carbazole [39, 40], polydiacethylene [41],
and polyimides (PIs) [42], among others.

Generally, polymer nanocomposites can be obtained
through two routes: the first one is the polymerization of
monomers in contact with the exfoliated clay and the second
one uses existing transformation processes to produce
nanocomposites, for example, by a reactive extrusion. There
are, however, problems present due to the lack of affinity
of the clay–polymer system because of the hydrophilic
character of the particles. It is then necessary to treat the
clay chemically to increase its affinity with the polymer
matrix. This constitutes another whole area of research in
the nanocomposites production.

The mixing of the nanoparticle with the polymer requires
an intercalation process of the macromolecule into the clay
galleries gap. This is a diffusion-controlled process that
requires long contact times between the polymer and the
clay under the pressure produced inside the extruder. The
intercalation process leads to the exfoliation of the clay.
However, low screw speeds and long residence times in
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the extruder may cause polymer degradation. To avoid
such problem that would enable complete clay exfoliation,
it would be necessary to change the screw configuration
or to consider the chemical modification of the clay.
Moreover, clay exfoliation is not a sufficient condition
to obtain optimum system performance. The problem of
compatibility of the clay–polymer matrix is an outstanding
one, and the thermodynamic processes involved in the
synthesis of these materials [43, 44] constitute areas that
are currently under investigation.

The macroscopic effects of the integration of nanopar-
ticles into the polymer matrix are quite remarkable. For
example, the barrier properties of the new systems are
enhanced since the diffusion of gas molecules through the
material is largely retarded. A lower permeability of O2
is obtained without substantially modifying the production
method of films, containers, bottles, etc. Oxygen permeabil-
ity decreases drastically with nanoparticle concentration.

This chapter covers fundamental and applied re-
search on polyester/clay nanocomposites (Section 31.2),
which includes polyethylene terephthalate (PET), blends
of PET and poly(ethylene 2,6-naphthalene dicarboxy-
late) (PEN), and unsaturated polyester resins. Section
31.3 deals with polyethylene (PE) and polypropylene
(PP)–montmorillonite (MMT) nanocomposites, includ-
ing blends of low density polyethylene (LDPE), linear
low density polyethylene (LLDPE), and high density
polyethylene (HDPE). Section 31.4 analyzes the fire-
retardant properties of nanocomposites made of high im-
pact polystyrene (HIPS), layered clays, and nonhalogenated
additives. Section 31.5 discusses the conductive proper-
ties of blends of PET/PMMA (poly (methyl methacrylate))
and PET/HDPE combined with several types of carbon
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black (CB). The synthesis and potential applications of
barium sulfate particles with various morphologies (fibers,
spherical) are discussed in Section 31.6, and finally, in
Section 31.7 the new nanocomposites of graphene are
briefly exposed.

31.2 POLYESTER/CLAY NANOCOMPOSITES

31.2.1 PET–Clay Nanocomposites

The processing of polymeric nanocomposites based on PET
and a clay, MMT, was analyzed elsewhere [45]. The clay
was chemically modified with a quaternary ammonium
salt, and this was subsequently incorporated into the
polymer using maleic anhydride (MAH) and pentaerythritol
(PENTA) as compatibilizing agents.

An interesting observation is the reported decrease in
melt viscosity of organo-clay composites, with respect
to the matrix viscosity [46, 47]. Results reveal that PET
nanocomposites behave quite differently in shear as
opposed to elongation.

Nanocomposites of MMT polymer can be obtained by
direct polymer melt intercalation where the polymer chains
diffuse into the space between the clay galleries. This
process can be carried out through a conventional melt-
compounding process [6, 4].

Exfoliated and homogeneous dispersions of the silicate
layers can be obtained in a straightforward manner when
the polymer contains functional groups, for example, amide
or imide groups [48, 49]. This is due to the fact that the
silicate layers of the clay have polar hydroxyl groups, which
are compatible with polymers containing polar functional
groups [50]. Compatibilizers are usually small molecules
(such as oligomers) containing polar groups that facilitate
the intercalation of polymers between the silicate layers.
As intercalation proceeds, the interlayer spacing of the
clay increases, and the interaction of layers weakens.
The intercalated clays containing the oligomers contact the
polymer under a strong shear field. If the miscibility of the
oligomer with the polymer is good enough to disperse at
the molecular level, the exfoliation of the intercalated clay
should occur. If miscibility is not good, phase separation
occurs with no exfoliation.

Rheological studies of PET nanocomposites are not
ample, but show very interesting features. In the low
frequency range, the nanocomposites display a more
elastic behavior than that of PET. It appears that there
are some physical network structures formed due to
filler interactions, collapsed by shear force, and after all
the interactions have collapsed, the melt state becomes
isotropic and homogeneous. Linear viscoelastic properties
of polycaprolactone and Nylon-6 [51] with MMT display
a pseudo-solidlike behavior in the low frequency range of

the spectrum, consisting of power-law dependence of the
moduli with frequency. If shear flow is applied before, the
magnitude of the moduli decreases in the aligned sample,
implying that the weak interactions are destroyed by the
flow. Nonterminal low frequency rheological behavior has
also been observed in ordered block copolymers and
smectic liquid crystalline small molecules [52, 53].

In highly interactive polymer–particle systems, solidlike
yield behavior can be observed even at temperatures
above the glass transition temperature of the polymer
[54]. Polymer molecules can adopt stretched configurations
that allow them to adsorb to the surfaces of many
particles. Relative motion between polymer chains is
retarded by immobilization due to polymer confinement
between nanoparticle surfaces. The equilibrium thickness
of the immobilized polymer layer is of the order of the
radius of gyration of the molecule. Filler particles can be
regarded as hard cores surrounded by immobilized polymer
shells of comparable size.

According to small-angle neutron scattering (SANS)
and birefringence experiments by Schmidt et al. [55–57],
the influence of shear on viscoelastic-polymer–clay
solutions gives rise to an alignment of the platelets along
the flow direction and with increasing shear the polymer
chains start to stretch. Polymer chains are in dynamic
adsorption–desorption equilibrium with the clay particles
to form a network. This network is highly elastic, since
cessation of shear flow leads to fast recovery.

Another example of network formation is found in
PEO (poly(ethylene oxide))–silica systems [58, 59]. At rel-
atively small-particle concentrations, the elastic modulus
increases at low frequencies, suggesting that stress relax-
ation of these hybrids is effectively arrested by the presence
of silica nanoparticles. This is indicative of a transition from
liquidlike to solidlike behavior. At high frequencies, the ef-
fect of particles is weak, indicating that the influence of
particles on stress relaxation dynamics is much stronger
than their influence on the plateau modulus.

A noteworthy finding has been that all the materials
show two distinct relaxation dynamics, a fast and a slow
relaxation [60]. The fast mode corresponds to relaxation of
bulky polymer molecules, while the slow mode is related
to relaxation of the filler structure with much longer time
scales. As silica particles are physically connected with
adsorbed polymer molecules, the formed polymer–particle
network is a temporary physical network. On a long time
scale, relaxation of this network occurs when immobilized
polymer molecules connecting silica particles become free,
via dissociation from silica particles or disentanglement
from other immobilized polymer molecules.

Another interesting observation [61] is that remarkable
increases in the elastic modulus at low frequency with
low values of the molecular weight reflect the fact that an
elastic network is formed due to the presence of the clays.
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Figure 31.1 The processing of PET leads to loss of viscosity,
while the addition of clays increases the viscosity at low contents.
Extrusion screw speed is 50 rpm. Mold injection temperature is
7 ◦C. The tests were made in a rheometer with parallel plates
of 25 mm diameter. Source: Reproduced with permission from
Sánchez-Solı́s A, Romero I, Estrada MR, Calderas F, Manero O.
Polym Eng Sci 2004;44:1094 [61]. Copyright 2004 John Wiley
and Sons, Inc.

On the other hand, another remarkable result is that the
largest increases in the mechanical properties are observed
in samples where the viscoelastic properties are of small
magnitudes and have some of the lowest molecular weights.
It seems that nanocomposites behave drastically different
under tension as opposed to shear. This is advantageous
with regard to molding operations, where the viscosity is
low and the mold fills conveniently (Figs 31.1 and 31.2).

For example, the observed decrease in the shear viscosity
with the addition of MAH and PENTA leads to lower
pressure in the filling of the mold in the mold-injection
operation. In fact, the injection pressure diminishes from
40,680 kPa for PET to 24,822 kPa in the system
PET–clay–MAH (1 wt%) and to 13,790 kPa in the system
PET–clay–PENTA under the same processing conditions.
This corresponds to a threefold decrease in the viscosity.
However, it is necessary to point out that the viscosity
curves reported are built from simple shear rheometric
flows. In the actual process operation, the fluid that fills
the mold is subjected to a nonhomogeneous stress field,
which is likely to develop slip at the walls and another
complicated flow behavior [62]. In these circumstances, the
in situ viscosity is probably lower than that measured in
the rotational rheometer. Measurements of pressure drop
versus flow rate made on the fluid that enters the mold
would surely provide a more reliable value of the “process
viscosity,” and hence a better evaluation of the effect of the
nanoparticles on the flow behavior of PET.

31.2.2 PET–PEN/Clay Nanocomposites

PET and PEN form immiscible mixtures. Improved misci-
bility can be obtained by performing a transesterification
reaction between both ingredients to produce copolyesters,
which act as compatibilizers in the interface of the blend.
This reaction, when carried out in a melt extruder, depends
strongly on temperature and residence time, in particular,
within 50–80 wt% PEN content [63]. Physical and mechan-
ical properties of the resulting blend depend on the degree
of transesterification and also on the resulting copolymer
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Figure 31.2 Mechanical properties of two modified clays, Clay-MAH and Clay-PENTA, in a
3–1 proportion are shown. Tension strength, Young’s modulus, and strain at brake of PET matrix
were improved by 18%, 30%, and 140% with 1% clay content, respectively. Source: Reproduced
with permission from Sánchez-Solı́s A, Romero I, Estrada MR, Calderas F, Manero O. Polym Eng
Sci 2004;44:1094 [61]. Copyright 2004 John Wiley and Sons, Inc.



588 POLYMER NANOCOMPOSITES

microstructure, that is, whether it contains block or random
substructures.

A great deal of attention on PET/PEN blends has
been paid to elucidate the type of kinetics of the
transesterification reaction, and, in particular, reversible
second-order kinetics has been found in solution [64]. On
the other hand, the reaction kinetics is strongly affected
by terminal hydroxyl groups when the reaction is carried
out in a mixing chamber [65]. In the same device, studies
on the thermal, rheological, and mechanical properties for
blends with 25, 50, and 75 wt% of PEN content have also
been reported [66]. By using a twin-screw extruder, a block
copolymer may be obtained via melt extrusion when the
PEN content is 20 wt% [67].

From the industrial point of view, PET–PEN blends
are attractive in the production of bottles for carbonated
liquids filled at high temperatures. PEN imparts the blend
a higher resistance to gas diffusion, better mechanical
properties, and increased glass transition temperature (Tg).
However, these benefits are partly offset by the cost of
PEN, and for this reason, PEN contents in the blend
higher than 20 wt% are not suitable. Besides, there are
some problems in the production of this blend, since
transesterification is promoted in systems with similar
viscosity [68], but this requirement is difficult to meet since
melt viscosity of the ingredients can be widely different.
Another problem is that agents that promote miscibility
can only be processed at small concentrations, of the order
of 2 wt%; otherwise, mechanical properties are negatively
affected [69]. Furthermore, for certain concentrations of the
ingredients in the blend and the preparation method of the
sample, for instance, film under pressure and quenching,
some properties increase (such as tensile strength), but
others decrease (such as Young’s modulus) [70]. On the
other hand, when the sample film is bioriented, both tensile
strength and modulus improve [71]. It seems that the
full relationship between transesterification and mechanical
properties is not well understood yet because of the
numerous factors and variables that affect this relationship.

Finally, shear viscosity is strongly affected by the clay in
the blends, especially at high PEN contents. A lubricating
effect rather than a filler effect reveals the possibility that
the clay is not well dispersed in the polymer blend, and
migration of particles in the flow to the wall region can
explain the observed reduction in shear viscosity. When
MMT clay is mixed with crystallizable polymers such as
polyesters, some processing problems arise because the
crystallization process is modified by nucleation effects
induced by the nanoparticles. Moreover, these particles
also influence the kinetics of transesterification between
PET and PEN, besides other factors such as the reaction
time and extruder processing temperature. In Reference 72,
a quaternary alkyl ammonium compound (C18) and MAH
were used to modify the surface properties of the clay

particles. Thereafter, the particles were mixed with PET
and PEN to produce blends whose properties were exam-
ined. The PET–PEN/clay–C18 blend possesses a higher
proportion of amorphous phase, because of the restriction
to the normal crystallization process due to the particles,
as evidenced in the low value of the crystallization
enthalpy.

In the transesterification reaction, clay–C18 induces
the largest proportion of NET (naphthalate-ethylene-
terephthalate) groups as opposed to clay–Na+, which pro-
duces 22 times less NET groups. In spite of the fact that
clay–Na+ is hydrophilic, the surfaces of all samples possess
a hydrophobic character. This clay is highly incorporated
into the polymer and presumably has a low concentration
at the surface, as evidenced in the receding contact angle
results that show a predominantly hydrophobic character of
the surface. This blend also presents a solidlike behavior, as
disclosed by the values of the storage modulus in the low
frequency range of the spectrum, which provides evidence
for the presence of a high entanglement density and large
polymer–particle interactions (Fig. 31.3).

The rheological behavior of these materials is still far
from being fully understood but relationships between their
rheology and the degree of exfoliation of the nanoparticles
have been reported [73]. An increase in the steady shear
flow viscosity with the clay content has been reported
for most systems [62, 74], while in some cases, viscosity
decreases with low clay loading [46, 75]. Another important
characteristic of exfoliated nanocomposites is the loss of the
complex viscosity Newtonian plateau in oscillatory shear
flow [76–80]. Transient experiments have also been used to
study the rheological response of polymer nanocomposites.
The degree of exfoliation is associated with the amplitude
of stress overshoots in start-up experiment [81]. Two main
modes of relaxation have been observed in the stress
relaxation (step shear) test, namely, a fast mode associated
with the polymer matrix and a slow mode associated
with the polymer–clay network [60]. The presence of
a clay–polymer network has also been evidenced by
Cole–Cole plots [82].

The nanocomposite PET–PEN/MMT clay was stud-
ied under steady shear, instantaneous stress relaxation,
and relaxation after cessation of steady flow [83]. Re-
laxation times of the slow mode in instantaneous stress
relaxation were longer for the systems that have pre-
sumably permanent crosslinking networks (PET–PEN) or
dynamic networks (PET–PEN–MMT). These results are
consistent with those found in relaxation after cessation
of flow (Fig. 31.4). Nanoclay addition somehow restricts
the slow relaxation (due to polymer–particle interactions).
The nanocomposite exhibits lower steady-state viscosity as
compared to the polymer–matrix system. This is thought
to be caused by polymer–polymer slipping, as revealed by
the SEM observations (Fig. 31.5a and b).
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31.2.3 Polyester Resin/Clay Nanocomposites

Unsaturated polyester resins are produced by a crosslinking
reaction in solution of a prepolymer dissolved in styrene
initiated with peroxides. This curing reaction renders
an insoluble and infusible crosslinked matrix with high
rigidity, but fragile. This matrix is usually reinforced
with glass fibers or fillers of micrometric size. Since the
mechanical properties of such materials depend strongly on

the interaction among phases, attention has been given to
the analysis of matrix–filler interactions.

The effect of high shear mechanical mixing and soni-
cation methods on the physical properties of the nanocom-
posites has been analyzed [84] using modified clays with
a quaternary ammonium salt and calcium carbonate [85]
and silane-treated clays [31]. Although the nanoclay is
usually chemically modified to make it organophilic and
compatible with the polymer matrix, untreated MMT was



590 POLYMER NANOCOMPOSITES

Fracture transverse surface

Internal slip surface

Flexible peel

pet45204 Mag = 5.00 K X

Fractured transverse surface

Mag = 10.00 K X

Filament wall

(a)

(b)

Figure 31.5 SEM micrograph of the edge region of a capillary
filament: (a) blend with clay and (b) blend without clay. Source:
Reproduced with permission from Calderas F, Sánchez-Solı́s
A, Maciel A, Manero O. Macromol Symp 2009;283:354 [83].
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.

also used, taking advantage of its high swelling capacity
in polar liquids such as water or alcohol, allowing the
expansion of the interlaminar spacing and the subsequent
intercalation or exfoliation of the clay after polymerization.

Exfoliation of MMT in the polymer matrix has been
shown to occur through a process called slurry compound-
ing , in which the MMT swells in water and then is mixed
with Nylon-6 under extrusion [86]. Other techniques in-
clude the addition of MMT to water and the subsequent
replacement of water by alcohol or acetone with further
addition of a silane agent to modify the clay and make it
compatible with the polymer matrix [87–89]. Intercalated
nanocomposites were also obtained by slurry compound-
ing introducing an epoxy monomer in the hydrated MMT
galleries [90].

Preparation of nanocomposites using the slurry com-
pounding process has been carried out with Nylon and
epoxy resins. In Reference 91, this method is implemented

to obtain polyester resin–clay nanocomposites. The in-
fluence of MMT slurry on the crosslinking reaction with
the unsaturated polyester resin, and the effect of the clay
hydration on the thermal and mechanical properties of the
resulting nanocomposites have been analyzed. In addition,
changes with respect to the pristine polyester resin on the
gelation temperature and morphology of the nanocompos-
ites prepared with this novel method were also analyzed in
detail.

The procedure to obtain nanocomposites based on
unsaturated polyester resins leads to improvements in the
order of 120% in the flexural modulus, 14% in flexural
strength and 57% increase in tensile modulus with 4.7%
of clay slurry content. Thermal stability augments and the
gelation temperature increases to 45 ◦C, as compared to that
of the resin (Fig. 31.6). It seems that adding water to the
MMT allows better intercalation of polymer chains into the
interlamellar space. Because clay is first suspended in water,
this improves dispersion and distribution of the particles
in the resin matrix. Longer gelation times lead to more
uniform and mechanically stronger structures and to yield
stresses (Fig. 31.7). Enhanced polymer–clay interactions
are revealed by XPS in this case (Fig. 31.8).

31.3 POLYOLEFIN/CLAY NANOCOMPOSITES

31.3.1 Polyethylene/Clay Nanocomposites

As pointed out before, the polymer may be functionalized
with polar groups to enhance compatibility with the
modified clay. Bellucci et al. [92] have reported that
the formation of polymer–clay nanocomposites depends
mostly on the polymer properties, clay characteristics, and
type of organic modifier.

In the case of LDPE–clay nanocomposites, the me-
chanical behavior does not depend only on the degree of
exfoliation or the clay content but also on the presence of
substantial amounts of compatibilizer [93, 94]. Besides the
chemical modification of the clay, it is then necessary to
turn the polymer matrix more polar with the grafting of po-
lar groups. Traditionally, MAH has been used as the polar
group to induce compatibility due to the high reactivity of
the anhydride group.

The use of organically modified clays and PE grafted
with MAH allows for the production of polymer nanocom-
posites with improved mechanical properties [95, 96].
Liang et al. [97] reported improvements in the mechanical
properties when the HDPE concentration is larger than 6
wt%. Wang et al. [98] reported that the most important
factors for improved PE–clay nanocomposites are the
chain length of the intercalant (chains with more than
16 carbon atoms) and low amount of grafting (0.1 wt%).
Chrissopoulos et al. [99] observed that exfoliated structures
are obtained when the proportion of MAH-g-PE/clay is
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larger than 4.5/1. Arrunvisut et al. [100] further agreed in
that hydrogen bridging between the MAH-grafted groups
and hydroxyl groups from the clay edges favor phase
compatibility.

Nanocomposites exhibiting improved mechanical prop-
erties reveal strong polymer–clay interfacial adhesion, in-
creasing with the exfoliation degree of the clay [96, 101].

However, in addition to this, there is evidence of improve-
ments found with partial exfoliation [102, 103] of tactoids
formed by 10–20 lamellas, due to required flexibility of the
dispersed particles. Interfacial interactions are of fundamen-
tal importance in the structure and properties of nanocom-
posites. Lee et al. [104] proposed that the interactions of the
polar maleic groups grafted to PP with hydroxyl groups of
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the clay are of the van der Waals type and no chemical re-
actions are likely. Xie et al. [105] suggested, alternatively,
a possible formation of links between the maleic groups
of PP and the ammonium groups in the clay galleries. In
addition, Walter et al. [106] mentioned the possibility of a
reaction between the MAH and octadecyl amine, used to
modify the clay.

The ternary blends mentioned, nonetheless, are used in
stretch and thermoshrinkable films in the packing industry
and in the agricultural uses to protect crops. In this
regard, an improved understanding of the particle–polymer
interactions may motivate the formulation of new materials
with specific properties.

In Reference 107, the effect of grafting of a polar group
(MAH) onto LDPE chains and the chemical modification
of clay particles with 2,6-diaminocaproic acid (l-lysine
monohydrochloride) to produce nanocomposites with a
matrix composed of a ternary blend of PEs (LDPE, LLDPE,
and HDPE) was studied in detail. X-ray diffraction was
used to determine the exfoliation degree of the clay.
Morphological features were revealed by scanning electron
microscopy and thermal analysis disclosed the thermal
stability of the samples. Comparative analyses of the
mechanical (under tension) and rheological properties of
the nanocomposites were carried out as well.

It was shown that the PE ternary blend composed
of 25%, 42%, and 33% HDPE, LLDPE, and LDPE,
respectively, possessed the required mechanical properties
to resist tear forces in films for packing and agricultural
uses. MAH grafting on LDPE (0.36%) in addition to l-
lysine-modified clay induced a large clay-grafted polymer

interaction. With respect to the reference ternary blend,
the resulting system presented increases of 13% in tensile
strength, 140% strain at break, 111% strength at break,
and 11% tear strength with no substantial changes in
the modulus. Rheological data revealed a shear-thinning
behavior in viscosity consistent with high orientation at
high shear rates, assisted by the clay particles. The decrease
in the slope of the storage modulus in the low frequency
range under oscillatory shear manifested high clay particle-
grafted LDPE interaction. The entanglement density and the
relaxation time were strongly affected by the presence of
the modified clay particles if no MAH-grafted chains were
present to promote polymer–clay-enhanced interactions.

The improvement in the mechanical properties of the
nanocomposite LDPE-g-MAH/bentonite -l-lysine as com-
pared to those of the blend HDPE–LLDPE–LDPE were
explained in terms of a good exfoliation degree and uni-
form dispersion of the platelets in the polymer matrix. To
prove this relationship, diffraction X-ray spectra, TEM, and
rheological tests revealed changes in the morphology and
linear viscoelastic properties identified with the compatibi-
lizer action through the polar groups. The nanocomposite
synthesis was possible even at very low grafting (0.45
wt%) and with small amounts of organo-clay (0.49%).

31.3.2 Polypropylene/Clay Nanocomposites

PP is a commodity polymer used in mostly automobile
applications (bumpers and interiors) and in packaging and
food containers. Mica and talc are used as fillers (from 20%
to 40%) to improve dimensional stability and mechanical



POLYSTYRENE/CLAY NANOCOMPOSITES 593

properties. Clays of several kinds can enhance stiffness and
resistance at much lower loadings. They can also yield
improved barrier resistance and flame retardance. In the
case of PP, from 5 to 10 wt% clay content, improvements
in the polymer properties are found. Melt compounding
has been used by Okada et al. [6, 7, 108] for PP -layered
silicate nanocomposites.

The interactions between the oxygen atoms of the
clay surface and the polymeric compatibilizer must be
stronger than the interactions between the clay surface
and the surfactant to obtain delamination of the silicates
[109]. The length of the surfactant chain is an important
variable that influences the level of exfoliation. In the case
of alkyl amides, the chain must contain more than eight
carbon atoms for the clay to be exfoliated in PP. Some
authors [110] have found that with 1 wt% MA content in
PP-g-MAH, a 2 : 1 ratio is adequate to obtain exfoliation
of the clay. A major limitation to the grafting reaction is
polymer degradation. As the grafting content increases,
the molecular weight of PP is reduced and, hence, the
mechanical properties.

Procedures for melt compounding usually mix the clay
with the functionalized grafted polymer (PP-g-MAH) in
a 1 : 3 proportion and this concentrate may be thereafter
mixed with PP to get a final 80/15/5 PP/PP-g-MAH/clay
proportion. Other procedures suggest first mixing the
grafted polymer with the clay for exfoliation and thereafter
these ingredients are mixed with PP with peroxides. A
third method suggests the incorporation of clay to a
mixture of PP, PP-g-MAH, and surfactant using a ratio
of 6 : 1 of PP-g-MAH to clay [111]. An example of the
improved adhesion of fibers to the PP matrix due to the
compatibilization action by the polar groups is shown in
Figures 31.9 and 31.10.

The rheological properties of the nanocomposites show
an increase of the elastic modulus with MAH content of
the grafted polymer and also an increase of the modulus
with clay content. Under small amplitude oscillatory flow,
plots of the dynamic viscosity with complex modulus show
that in composites, the dynamic viscosity increases sharply
with decreasing stress, in fact revealing the presence of a
yield stress in clay systems as compared to silicate-free
melts [112]. Under extensional flow, the nanocomposites
display strain hardening, which is absent in the PP matrix
or in the grafted PP. Orientation of the platelets normal
to the flow in uniaxial extension contrasts to that under
biaxial extension, where the platelets are now positioned
along the flow direction [113]. When the nanocomposites
were extruded through a converging die section, with strong
uniaxial extensional flow, the platelets are in this case
oriented along the flow direction. Research on mechanical
properties and fire-retardant properties may be found
elsewhere [114, 115].

31.4 POLYSTYRENE/CLAY NANOCOMPOSITES

31.4.1 HIPS/Clay Nanocomposites

Improvements in the reduction of flammability of polymers
with low clay contents and better processability have been
reported, in addition to reductions in the concentration of
toxic vapors produced in the combustion stage [116–120].
In connection to their flame-retardant properties, exfoliated
nanocomposites based on PP [121, 122, 115, 123], PS
[115, 123, 124], poly(ethylene–vinyl acetate) [125, 126],
styrene–butadiene rubber [127], PMMA [128], polyesters
[129], acrylonitrile butadiene styrene [130], and polymeric
foams [131] have been the subject of increasing attention.

The flame-retardant mechanism involves the formation
of a carbonaceous char layer on the surface of the burning
material due to the presence of clay particles that act as
an insulating barrier. The extent of this layer depends,
among various factors, on the concentration, distribution,
dispersion, and compatibility of the particles with the
polymer. Phosphorous compounds are among the most
popular nonhalogenated flame-retardant agents used with
thermoplastic polymers, thermosets, textiles, and coatings.
In these systems, the mechanism of flame-retarding depends
mainly on the type of phosphorous compound and on the
polymer microstructure [132].

In some cases, such as in the PET system, it is possible
to exfoliate the clay by extrusion without previous clay
treatment [61]. In Reference 133, a comparative study is
carried out on the use of pristine-layered MMT-Na+ and
MMT-Na+ intercalated with triphenyl phosphate (TPP),
as flame-retardant agents when mixed with HIPS. Results
of the burning rate, mechanical, impact, and rheological
properties of the HIPS nanocomposite were presented. The
HIPS-MMT clay (MMT-Na+) blends present increasing
burning rate with clay content as compared to that of HIPS
alone, even at high clay concentrations. TPP acts as a
flame-retardant agent when it is intercalated in the clay
galleries. These results have been explained on the basis of
the combined effect of decreasing viscosity of the flowing
blend and temperature.

In the blends with TPP (4.7%), the mechanical properties
of HIPS are retained. For TPP concentrations larger than
5.6%, the material self-extinguishes as dripping of the
burning material occurs. In the MMT-i -TPP blends, the
degradation temperature of the nanocomposite compared
with that of HIPS is not affected. MMT-i -TPP blends work
as a fire-retardant agent, although in the extrusion process
the clay with TPP is not exfoliated.

31.4.2 HIPS-PET/Clay Nanocomposites

HIPS is widely used in the audio, video, automotive,
aircraft industries, and in electric appliances, among others.
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Mag = 2.50 K X 10 μm Detector = SE1
EHT = 20.00 kV

Figure 31.9 Mix of PP-PP-g-MAH with glass fibers. Adhesion between the fibers and matrix
is poor.

Mag = 5.00 K X

EHT = 20.00 kV

2 μm Detector = SE1

Figure 31.10 Mix of PP/PP-g-MAH/clay-l-lysine. Adhesion of the fibers to the matrix is
apparent, brought about by the change in surface tension with the modified clay.

Small rubber particles embedded in the PS matrix provide
high impact resistance [134, 135]. However, this polymer
is highly flammable as it is exposed to fire, due to
its chemical structure, where aliphatic groups bound to
aromatic moieties provide hydrogen to the combustion
reaction without forming any char layer that may prevent
fire propagation [132, 136].

To improve flame retardation in HIPS, agents formu-
lated from halogenated compounds have been tradition-
ally used [137, 138]. These compounds form, nevertheless,
highly toxic vapors during the combustion process. Re-
cently, alternative flame-retardant compounds have been
developed, ensuring that no toxic vapors are expelled,
presenting an augmented thermal stability. Furthermore,
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reports have highlighted that a carbonaceous layer is eas-
ily formed during combustion, acting as a barrier to energy
transfer and mass loss [118–120]. Attention in the recent
literature has been given to the flame retardation properties
of polymer nanocomposites [139–141].

In Reference 142, PET was used in blends with HIPS
and modified MMT clay. The use of PET was justified
since this polymer self-extinguishes under fire. In addition
to study the flame-retardant properties of the HIPS–clay
and HIPS–PET–clay systems, mechanical and rheological
properties were measured to provide explanations on the

mechanism by which the polymer nanocomposites inhibit
flame propagation. The mechanism proposed considered
that clay particles stay at the interface between both
polymers, since the interfacial tension of the particles with
HIPS is larger than that with PET. The clay particles in
the PET microspheres then promote the formation of the
carbonaceous layer that leads to diminishing burning rate
(Figs 31.11 and 31.12).

In Reference 143, the analysis of the processes aimed
at reducing the flammability properties of HIPS with
the use of clays and a nonhalogenated flame-retardant
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content. Source: Reproduced with permission from Rivera-Gonzaga JA, Sanchez-Solis A, Manero
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additive, maintaining the original mechanical properties
of HIPS, mainly the impact resistance, was carried out.
The use of different extrusion processes was intended to
improve clay and flame-retardant agent dispersion to reduce
HIPS flammability. The extrusion processes considered
include intermeshing counter-rotating twin-screw, single-
screw with a static-mixing die, and the latter with sonication
transducers placed on the die itself (Fig. 31.13).

This study demonstrated that the HIPS–TPP/clay blend
properties (flammability, combustion, thermal, rheological,
and mechanical) depend on the dispersion and distribution
of the particles into the polymer matrix. Three extrusion
processes were considered to produce different degrees of
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Figure 31.14 Heat release rate plotted with time for HIPS and
blends with clay and TPP. Source: Reproduced with permission
from Sanchez-Olivares G, Sanchez-Solis A, Camino G, Manero O.
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particle dispersion. When this was good (single-screw with
the static mixing die process), the peak in the heat release
rate diminished in cone-calorimetric tests. The contrary
occurred (twin-screw process) when particle dispersion was
not uniform (Figs 31.13 and 31.14).

31.5 POLYMER/CARBON BLACK
NANOCOMPOSITES

31.5.1 PET– PMMA/Carbon Black Nanocomposites

The electrical properties of insulating polymers may be
modified when they are mixed with conductive particles
such as metal powder, CB, graphite, or an intrinsically
conducting polymer. Among the available fillers, the most
popular is carbon CB. The selective localization of CB
particles in multiphase polymeric materials is a favorable
condition for obtaining heterogeneous microdispersion of
CB [144–152]. It was found that CB distributes unevenly
in each component of the immiscible polymer blend.
Two types of distribution were observed: in the first, CB
was distributed predominantly in one phase of the blend
homogeneously. In the second, the conductive particles
concentrated at the interface of the two phases. The
conductivity of these composites was determined by two
factors: the preferential concentration of CB in one phase
and the structural continuity of this phase. This double
percolation, that is, percolation of the polymer phases
and percolation of the CB particles, or cocontinuous
phase morphology, depicts especially low resistivity values.
Interfacial free energies, mixing kinetics and viscosities,
and polymer polarity and crystallinity are important factors
governing the selective localization of CB. The production
of low conductive materials with permanent antistatic
properties using polymeric alloys has been given attention
by Lee [153].

In Reference 154, PMMA was selected as it is immis-
cible with PET. The description of the electroconductive
properties of this immiscible polymer blend filled with
CB was carried out. To properly analyze the results ob-
tained, models that predicted the selective location of CB
in the blend were considered. The presence of CB exten-
sively modified the rheological and conductive properties of
the blend. Resistivity decreased similarly in both PET and
PMMA with CB concentration. However, the immiscible
polymer blend extensively modified this behavior because
resistivity became a function of morphology and location of
CB in the polymers. Viscosity was observed to be a strong
function of PET content at high CB concentrations. Indeed,
resistivity decreases continuously (a drop of seven decades)
for 20% CB (PET basis) from 0% to 60% PET content.
The same behavior (similar slope) was observed for 5%
CB, but the conductivity curve was shifted to higher PET
contents. It was shown that the preferential CB location in
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the PET phase is explained on the basis of surface tension
values. The polar groups of PET interacted more strongly
with the conductive CB particles, resulting in a relatively
higher concentration of CB in PET.

31.5.2 PET–HDPE/Carbon Black Nanocomposites

In these systems, it is possible to obtain low percolation
thresholds if a double percolation is present, that is,
particle and phase percolation. This effect may be observed
when the conductive particles, localized preferentially in
one polymer phase, have a concentration equal or larger
than the electric percolation threshold, and when the
host polymer phase is the matrix or continuous phase
of the polymer blend [155]. There are several models
that describe the electroconductivity of these systems: the
effective medium theory, the onset for percolation theory,
and thermodynamic models. Sumita’s model considers the
formation of chainlike conductive structures [151, 156].

The study of electroconductive polymer systems, based
on conductive particles and polymer blends, has been
quite intensive during the recent past. Gubbels et al.
[149] studied the selective localization of CB particles in
multiphase polymeric materials (PS and PE). According to
these results, the percolation threshold may be reduced by
the selective localization of CB. The minimum resistivity
was obtained when double percolation (phase and particle
percolation) exists in the PS–PE blend. In addition, it was
found that the percolation threshold may be obtained at very
low particle concentrations, provided that CB is selectively
localized at the interface of the blend components. Soares
et al. [150] found that the type of CB (i.e., different surface
areas) does not affect the conductivity of the blend with
45/55 PS/PIP (polyisoprene) composition.

Blends of PET/HDPE have been treated previously in the
literature [157, 158]. These are immiscible, but the addition
of compatibilizers improves the mechanical properties
of the blend, such as styrene-ethylene/butylene-styrene
(SEBS) and ethylene propylene diene monomer (EPDM)
[157], MAH [158], Poly(ethylene-stat-glycidyl metha-
crylate)-graft-poly(acrilonitrile-stat-styrene) (EGMA), poly
(ethylene acrylic acid), and maleated copolymers of SEBS,
HDPE, ethylene-propylene copolymer (EP). The addition
of compatibilizers modifies the rheological properties of
blends of PET with HDPE, in such a way that increases
in viscosity are observed as the component interactions
augment. Changes in crystallization of PET were evaluated
in blends with Polyphenylene sulfide (PPS), PMMA,
HDPE aromatic polyamides, and copolyesters [159].

CB easily mixes with elastomers and thermoplastics. It
is made of colloidal-size particles that provide a good dis-
persion in the matrix and also good mechanical properties
[160, 161]. The manufacturing process of CB involves the
thermal decomposition of petroleum or natural gas [162].

The product leaves the oven at high temperature in the form
of particle agglomerates with high surface area and with a
quasigraphite conformation. The most important properties
of CB are structure and surface area. The structure of CB is
characterized by the arrangement, distribution and ordering
of the particles, which is itself a function of the surface area,
and number of particles in each aggregate. The structure is
characterized by the value of the absorption of dibutylph-
thalate (DBP) or by the Brunauer–Emmet–Teller method.
In Reference 163, attention was given to the rheological and
electroconductive properties of PET/HDPE blends filled
with CB. Particular emphasis was given to the effect of
different types of CB, comprising different surface areas,
structure, and porosity, upon the resulting rheological and
electroconductive properties of the blend.

The rheological properties of the blends affect the
structural arrangement of particles in the matrix formed by
the blend of two immiscible polymers. Particle structure,
chemical properties of the surface, morphology of the
surface, size, content, and orientation are important factors,
besides the properties of the matrix, to obtain conducting
blends. Higher viscosities are recorded in the systems with
more structured CB samples. CB is preferentially located in
the more viscous phase (HDPE) due to the lower interfacial
tension between CB and HDPE. In more structured CBs,
the percolation threshold is observed to occur at low
concentrations of CB particles, in the region of high HDPE
content. The system exhibits high conductivity when HDPE
is the dispersed phase. In this case it is likely that CB forms
conductive pathways either in the dispersed HDPE phase
or at the interface between the two polymers.

31.6 NANOPARTICLES OF BARIUM SULFATE

Barium sulfate (BaSO4) has an industrial relevance due
to its whiteness, inertness, high specific gravity, and
optical properties, such as opacity to UV rays and X-
rays [164–167]. It is mainly used as a radio-contrast
agent, filler in plastics, extender in paints, coatings and
additive in pharmaceutical products, and in printing ink.
Nowadays, interest on this material has been renewed with
the development of methods to produce nanosized particles,
supraparticles of a well-controlled number of nanoparticles
and mesocrystals that mimic biomineralization processes.

Among the methods for nanoparticle synthesis, con-
trolled precipitation has the advantage of good reproducibil-
ity, low cost, and the use of mild reaction conditions within
a relatively simple process. This method can improve the
quality of the product in terms of controlling the particle
size and the particle size distribution. Concentration, pH,
temperature, reaction media, and the introduction of stabi-
lizing agents (chelating agents, polymeric inhibitors, surfac-
tants, and other organic additives) are the most important
parameters to promote nucleation and controlled growth.
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The control of shapes of BaSO4 has been the object of
numerous studies. Li et al. prepared ellipsoidal nanocrystals
by using ethylene diamine tetraacetic acid (EDTA) [168],
while Yu et al. obtained fibers in presence of sodium poly-
acrylate [169]. Likewise, using the same agent, Wang et al.
have reported a well-established method to obtain cones,
fiber bundles as well as elucidating their crystallization and
its associated kinetic mechanisms [170, 171]. The kinetics
of the crystallization process involves the nucleation and
growth rates of the crystal, which are directly dependent on
the saturation ratio. This ratio is the driving force for nucle-
ation and growth and determines the induction period along
which a stationary cluster distribution is reached and critical
nuclei are formed [172]. Judat and Kind proposed a mech-
anism for BaSO4 formation that involves molecular and
aggregative growth [173]. Qi et al. synthesized a variety of
well-defined morphologies using double-hydrophilic block
copolymers as crystal growth modifiers to direct the con-
trolled precipitation as a function of pH [174, 175]. A possi-
ble mechanism for the development of (defect-free growth)
bundles of BaSO4 nanofilaments from the amorphous pre-
cursor particles by attractive van der Waals forces and crys-
tal multipole forces was proposed (vectorially directing).

In Reference 176, the morphology of BaSO4 nanostruc-
tures, synthesized by controlled precipitation, was studied
in detail. The influence of the capping agent, pH, reaction
media, and aging, on the agglomerate shape, primary, and
secondary particle size, was further analyzed. The synthe-
sis of nanometric BaSO4 in dimethyl sulfoxide (DMSO)
allows the production of long fibers (Fig. 31.15). HRTEM
observations allowed a direct assessment of self-assembled
primary barium sulfate nanoparticles, which suggest a
brick-by-brick assembling mechanism via hierarchical
organization during aging processes. Direct observation of
self-assembled primary particles by HRTEM revels that
fibers are formed via hierarchical organization of barium
sulfate nanoparticles during aging processes (Fig. 31.16).

Figure 31.16 Schematic representation of the BaSO4 fiber
formation mechanism by electrostatic multipolar interactions.
Source: Reproduced with permission from Romero-Ibarra IC,
Rodriguez Gattorno G, Garcia Sanchez MF, Sánchez Solı́s
A, Manero O. Langmuir 2010;26:6954 [176]. Copyright 2010
American Chemical Society.

31.7 POLYMER/GRAPHENE NANOCOMPOSITES

Graphene–polymer nanocomposites share with other
nanocomposites the characteristic of remarkable improve-
ments in properties and percolation thresholds at very
low filler contents. Although the majority of research has
focused on polymer nanocomposites based on layered
materials of natural origin, such as an MMT type of
layered silicate compounds or synthetic clay (layered
double hydroxide), the electrical and thermal conductivity
of clay minerals are quite poor [177]. To overcome these
shortcomings, carbon-based nanofillers, such as CB, car-
bon nanotubes, carbon nanofibers, and graphite have been
introduced to the preparation of polymer nanocomposites.
Among these, carbon nanotubes have proven to be very
effective as conductive fillers. An important drawback of
them as nanofillers is their high production costs, which

(a) (b)
H

200 nm*

1 μm

Figure 31.15 BaSO4 aggregates at room temperature: (a) after the reaction and (b) past eight
days of aging. Source: Reproduced with permission from Romero-Ibarra IC, Rodriguez Gattorno G,
Garcia Sanchez MF, Sánchez Solı́s A, Manero O. Langmuir 2010;26: 6954 [176]. Copyright 2010
American Chemical Society.
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impede their mass production of composite materials. In
this regard, graphene can provide new means in the field
of nancomposite production.

Graphene is considered bidimensional carbon nanofiller
with a one-atom-thick planar sheet of sp2-bonded carbon
atoms that are densely packed in a honeycomb crystal
lattice. It is regarded as one of the thinnest materials
with tremendous application potential. Graphene and poly-
mer/graphene nanocomposites have remarkable properties,
among these:

1. Mechanical Properties . The tensile strength of
graphene is similar or slightly higher than car-
bon nanotubes, but much higher than steel, Kevlar,
HDPE, and natural rubber [178]. Graphene-based
polymer nanocomposites exhibit superior mechanical
properties compared to the neat polymer or conven-
tional graphite based composites. This is attributed to
the very high aspect ratio of the graphene filler.

2. Thermal Stability and Conductivity . Thermal de-
gradation temperature of PMMA, PS, and PVA
(poly(vinyl alcohol)) nanocomposites shifts up by
10–100 ◦C. During combustion [179], nanoparticles
form a network of char layers that retards the
transport of decomposition products. The thermal
conductivity of epoxy composites is four times higher
than that of the neat epoxy resin with 5 wt% loads.

3. Dimensional Stability . Since graphite has a negative
thermal expansion coefficient [180], graphene can

prevent dimensional changes in polymers when
incorporated and oriented appropriately.

4. Gas Permeation. Nanocomposites with homoge-
neously dispersed graphene in the polymer matrix
also exhibited good barrier properties [181]. N2 and
He permeation rates were suppressed several-fold by
the addition of functionalized graphene.

5. Electrical Conductivity . Graphene-based polymer
nanocomposites exhibit a several-fold increase in
electrical conductivity [182]. These improvements are
due to the formation of a conducting network by
graphene sheets in the polymer matrix. The maximum
or very high electrical conductivity was obtained us-
ing a very low graphene loading in different polymer
matrices compared to other carbon fillers. Conduct-
ing polymer/graphene composites can also be used
as electrode materials in a range of electrochromic
devices. The polymer/graphene flexible electrode has
some commercial applications in LEDs, transparent
conducting coatings for solar cells and displays.

31.7.1 Synthesis and Structural Features of Graphene

Graphene can be prepared using four different methods [183].
The first is chemical vapor deposition (CVD) and epitaxial
growth, such as the decomposition of ethylene on nickel
surfaces. The second is the micromechanical exfoliation of
graphite. The third method is epitaxial growth on electrically
insulating surfaces, such as SiC, and the fourth is the solution-
based reduction of graphene oxide (Fig. 31.17).

X 50,000 5.0 kV SEI SEM WD 5.6 mm
JEOL100 nm

11:37:37
6/16/2011

Figure 31.17 HRSEM micrograph of graphene laminates obtained from graphite oxide through
the Hummers and Offeman procedure [184].
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Figure 31.18 (a) HRSEM micrographs of graphene laminates
modified with urea and (b) with l-lysine amino acid.

31.7.2 Surface Modification of Graphene

Pristine graphene materials are unsuitable for intercala-
tion by large species, such as polymer chains, because
graphene as a bulk material has a pronounced tendency
to agglomerate in a polymer matrix [185]. Considerable
work has been carried out on the amination, esterification,
isocyanate modification, and polymer wrapping as routes
for the functionalization of graphene (Fig. 31.18a and b).
The electrochemical modification of graphene using ionic
liquids has also been reported.

31.7.3 Polymer/Graphene Nanocomposites

The most important aspect of these nanocomposites is
that all these improvements are obtained at very low
filler loadings in the polymer matrix. Different types of

nanographite forms, such as expanded graphite and exfoli-
ated graphite, have also been used to produce conducting
nanocomposites with improved physicochemical properties.
Polymer–graphene nanocomposites include those of epoxy
[186], PS [187], polyaniline [188], PVA [189], Polyurethane
(PU) [190], Polyvinilidene fluoride (PVDF) [191], PET
[192], and PC [193] nanocomposites.

31.7.4 Preparation Methods of Polymer/Graphene
Nanocomposites

31.7.4.1 In Situ Intercalative Polymerization A variety
of polymer nanocomposites have been prepared using this
method, that is, PS/graphene, PMMA/expanded graphite,
poly(styrene sulfonate) (PSS)/layered double hydroxyl
(LDH), PI/LDH, and PET/LDH.

31.7.4.2 Solution Intercalation Graphene or modified
graphene can be dispersed easily in a suitable solvent,
such as water, acetone, chloroform, tetrahydrofuran (THF),
dimethyl formamide (DMF), or toluene, owing to the weak
forces that stack the layers together. Polymer nanocom-
posites based on PE-g-MAH/graphite, epoxy/LDH, PS,
PP, PVA/graphene, poly(vinyl chloride) (PVC)/carbon nan-
otubes, ethylene vinyl acetate (EVA)/LDH have been pre-
pared using this method.

31.7.4.3 Melt Intercalation A thermoplastic polymer is
mixed mechanically with graphite or graphene or modified
graphene at elevated temperatures using conventional
methods, such as extrusion and injection molding. A
wide range of polymer nanocomposites, such as expanded
graphite with HDPE, PPS, and PA6, have been prepared
using this method.

31.7.4.4 Dispersion of Graphene into Polymers The
improvement in the physicochemical properties of the
nanocomposites depends on the distribution of graphene
layers in the polymer matrix as well as interfacial bonding
between the graphene layers and polymer matrix. Interfacial
bonding between graphene and the host polymer dictates
the final properties of the graphene-reinforced polymer
nanocomposite.

TEM can provide direct images of dispersion and
has been widely used to visualize layered silicates in
polymers. In addition, rheology can be an effective tool
for quantifying nanocomposite dispersion. It averages over
many particles and is also useful in its own right for
predicting processability. The onset of network formation
can be inferred from small strain oscillatory shear versus
frequency plots of the storage modulus for a series of
concentrations of graphene. The storage modulus becomes
independent of frequency at low frequency, a signature
of solidlike network formation. The modulus data may
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indicate that polymer chains can bridge between particles
causing network percolation at a lower concentrations than
conductivity percolation.

31.8 CONCLUSIONS

In this chapter, we have reviewed important issues regard-
ing the fundamental and applied research on polymer/clay
nanocomposites, including the contributions of our group to
the understanding of the properties and behavior of these
complex materials. It was not the intention to cover most
of the polymer nanocomposite field, rather to expose some
of the most important issues and challenges in this area.
The last section of this chapter (polymer/graphene systems)
shows that this field is fast developing, ensuring a wide re-
search activity and the production of new materials for the
future.
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