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INTRODUCTION

Polypropylene (PP) is a versatile material whose use has

significantly penetrated numerous sectors of the manu-

facturing, medical, and packaging industries. Polymer

clay nanocomposites are multiphase organic/inorganic

hybrid materials pioneered by researchers at Toyota,[1–3]

which may exhibit significantly improved mechanical,

flammability, and permeability properties relative to the

base polymer matrix at very low clay loading. Although

first demonstrated for nylon, polymer clay nanocompo-

sites have since been prepared for a range of thermoplastic

and thermoset polymers. However, the development of

PP clay nanocomposites poses special challenges because

of polypropylene’s hydrophobicity. Nevertheless, possible

commercial applications have motivated substantial re-

search into strategies for the dispersion of clays in this

technologically important polymer. This article reviews

recent progress in the synthesis, preparation, and charac-

terization of polypropylene nanocomposites. The resulting

clay intercalation structure receives particular attention

because most polypropylene nanocomposites prepared to

date have yielded significant structures of this kind. After

reviewing the state-of-the-art in polypropylene nanocom-

posite synthesis, characterization of clay and polymer

morphology, and measurement of rheological and me-

chanical properties, we identify future research challenges

that should be addressed to continue improving the possi-

bility for commercial applications of these materials.

OVERVIEW

Mixtures of clay platelets and polymer chains compose a

colloidal system. Thus in the melt state, the propensity for

the clay to be stably dispersed at the level of individual

disks (an exfoliated clay dispersion) is dictated by clay,

polymer, stabilizer, and compatibilizer potential interac-

tions and the entropic effects of orientational disorder and

confinement. Anisometric dimensions of clay platelets also

have implications for stability because liquid crystalline

phases may form. In addition, the very high melt viscosity

of polypropylene and the colloidal size of clay imply slow

particulate dynamics, thus equilibrium structures may be

attained only very gradually. Agglomerated and networked

clay structures may also lead to nonequilibrium behavior

such as trapped states, aging, and glassy dynamics.

Clay structure in polymer nanocomposites can be

characterized as a combination of exfoliated platelets and

intercalated tactoids. Clays themselves are layered silicate

minerals with charged surfaces neutralized by interlayer

counterions. Unless a liquid crystalline order disorder

transition occurs, the exfoliated structure is spatially and

orientationally disordered and the clay is dispersed at the

level of individual disks. Intercalated clay retains inter-

layer ordering, at least within a particular tactoid; how-

ever, intergallery spacing is increased relative to natural

clay because stabilizing surfactants, compatibilizers, and/

or matrix polymers are infiltrated within the clay galleries.

In the extreme case of clay/polymer matrix immiscibility,

intercalation spacing not much greater than the clay and

its counterion indicates negligible penetration of poly-

meric or compatibilizing species between clay layers. Clay

platelets or tactoids themselves comprise the mesoscale

structure of nanocomposites. Possible structures include

that of a dispersed suspension, a percolated network, or a

liquid crystal with orientational order. The hierarchy of

possible states is depicted in Fig. 1.

The reinforcement of polypropylene and other thermo-

plastics with inorganic particles such as talc and glass

is a common method of material property enhancement.

Polymer clay nanocomposites extend this strategy to the

nanoscale. The anisometric shape and approximately 1 nm

width of the clay platelets dramatically increase the

amount of interfacial contact between the clay and the

polymer matrix. Thus the clay surface can mediate

changes in matrix polymer conformation, crystal structure,

and crystal morphology through interfacial mechanisms

that are absent in classical polymer composite materials.

For these reasons, it is believed that nanocomposite

materials with the clay platelets dispersed as isolated,

exfoliated platelets are optimal for end-use properties. For

example, the high aspect ratio of the exfoliated disk and

their nanoscale width provide the greatest potential for

solid-state mechanical property enhancement. Further-

more, the probability of defects and inclusions that can

compromise the impact strength of composite materials

is reduced by homogeneous dispersion at the nanoscale.

Dekker Encyclopedia of Nanoscience and Nanotechnology 1483

DOI: 10.1081/E-ENN 120014163

Copyright D 2004 by Marcel Dekker, Inc. All rights reserved.

I



ORDER                        REPRINTS

However, even intercalated clay nanocomposites yield

valuable mechanical property enhancement and other

useful end-use properties.

This review focuses on polypropylene–clay hybrid

materials. Recent general reviews of polymer clay

nanocomposites and their properties are available else-

where.[4–6]

SYNTHESIS AND PREPARATION

Organophilic smectite clays can be introduced into a

polymer matrix by methods involving in situ polymeriza-

tion or melt mixing. Commonly used layered silicates of

this kind include montmorillonite or synthetic sodium

fluoromica. These clays typically have submicron disk

radii and a width of about 1 nm. Before introducing them

into the polymer host, the clays are rendered organo-

philic by the exchange of natural counterions for more

hydrophobic species such as amine surfactants. The ion

exchange treatment increases clay intergallery spacing

because of the increased excluded volume of the hydro-

phobic surfactant. Amines with alkyl chain length in the

range C12–C18 are most effective in increasing the inter-

calation spacing of a fluoromica clay.[7] However, for

polypropylene, these steps alone are insufficient to gen-

erate significant polypropylene intercalation or clay ex-

foliation.[8] The additional step of introducing a com-

patibilizer consisting of short-chain polypropylene with

grafted maleic anhydride (PP-MA) functionality leads to

enhanced intercalation and some exfoliation.[8–12] The

blending has been accomplished by using a molecular

diluent, such as toluene or trichlorobenzene, but this

requires an additional step to remove the solvent.[13–15]

Direct melt preparation by twin-screw extrusion or Brae-

bender mixing is more consistent with potential com-

mercial applications. Although the detailed mechanism

of intercalation has yet to be elucidated, a qualitative

explanation is that the polarity of the maleic anhydride

yields more favorable interactions with organophilic clay.

These interactions offset the entropic penalty for confine-

ment of intercalated chains. There also exists the pos-

sibility of acid–base equilibrium reactions of the amine

surfactant and maleic anhydride.

In efforts to manipulate the degree of dispersion and

mechanical properties of polypropylene nanocomposites,

researchers have varied clay surface treatment, compati-

bilizer molar mass, and compatibilizer acid content. The

miscibility of the compatibilizer with neat polypropylene

at melt temperatures,[10] higher compatibilizer acid con-

tent,[11] and larger compatibilizer loading[16] have been

reported to be conducive to improved intercalation

spacing and dispersion. However, the molar ratio of MA

to PP-MA has also been proposed as an indicator of

intercalation capability.[17] Kim et al.[18] found that maleic

anhydride content above about 1.0% is undesirable

because it leads to the reordering of clay layers. Other

Fig. 1 Schematic of the hierarchy of clay structures in polypropylene nanocomposites of mixed morphology. Clay tactoids and

exfoliated platelets comprise the mesoscale morphology. The internal intercalation structure of clay tactoids is determined by the

compatibilizer and compounding conditions. (View this art in color at www.dekker.com.)
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intercalation and compatibilization agents, such as diethyl

maleate graft polypropylene, semifluorinated alkyltri-

chlorosilane, and epoxypropyl methacrylate, have also

been used to prepare polypropylene nanocompo-

sites.[15,19,20] Recently, novel methods to promote disper-

sion by supercritical processing have been disclosed.[21]

The effect of melt compounding fluid dynamics on

dispersion and end-use properties has, to date, received

limited attention for the specific case of polypropylene

nanocomposites. Lack of control of these parameters is

likely a significant source of the substantial variation

among literature reports of intercalation spacing and

materials property characterization. A possible mecha-

nism for the interaction of flow and clay dispersion has

been provided by Fornes et al.[22] Their schematic,

reproduced in Fig. 2, shows that when clay is dispersed

by nonequilibrium mechanisms such as melt compound-

ing, applied flow fields can act to rupture initially large

clay aggregates, to refine tactoid dimensions, and to

promote exfoliation by contacting the compatibilizer,

clay, and matrix polymer.

Although melt compounding is currently the principal

method of polypropylene nanocomposite preparation,

metallocene catalysis yields nanocomposites with high

polymer isotacticity by in situ polymerization.[23] In situ

polymerization to prepare polypropylene nanocomposites

is potentially attractive because of the reduced need for

compatibilizer treatments that are required in melt

compounding. Although exfoliation and mechanical prop-

erty enhancement are achieved by in situ polymerization,

current reports indicate that the dispersion is not entirely

homogeneous because micrometer-size, clay-rich parti-

cles persist after polymerization.[23]

CHARACTERIZATION OF
CLAY INTERCALATION AND
EXFOLIATION STRUCTURE

X-ray diffraction (XRD) and transmission electron mi-

croscopy (TEM) are principal methods for the interroga-

tion of the intercalation structure of polymer clay nano-

composites. The ordered clay layers yield peaks in XRD

intensity at scattering angles specified by the Bragg

condition. For example, the spacing for naturally occurring

Na-montmorillonite is about 1.1 nm. For one prepa-

ration,[24] when natural counterions were exchanged for

stearylamine, the interlayer spacing increased to 2.1 nm,

and melt compounding in polypropylene with a PP-MA

compatibilizer further increased the intercalation spacing

to 2.9 nm. In comparison, melt compounding of organo-

philic montmorillonite in neat polypropylene yields little

increase in spacing,[10] thereby demonstrating the role of

the PP-MA compatibilizer in promoting intercalation.

A major challenge in polymer nanocomposite charac-

terization is to quantify dispersion in mixed systems

comprised of both intercalated tactoids and exfoliated clay

sheets, such as that depicted in Fig. 1. XRD alone offers

little scope for such quantification;[25] however, quantita-

tive analysis of sufficiently large regions of TEM

micrographs is a promising way forward. Techniques for

the quantification of the degree of exfoliation in polypro-

pylene nanocomposites with mixed clay morphology have

recently been discussed.[15,17] These methods should be

more routinely employed to better permit the assessment

of the relative performance of available synthetic and

compounding strategies.

CRYSTALLIZATION STRUCTURE
AND KINETICS

The mechanical properties of semicrystalline isotactic

polypropylene materials that are formed by injection

Fig. 2 The mechanisms by which the fluid dynamics of

compounding may affect clay dispersion in polymer/clay nano-

composites. (From Ref. [22]. #Elsevier Science Ltd., 2001.)
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molding are inferior to theoretical upper limits based on

the polypropylene unit cell. Processing modifications

designed to enhance the orientation of PP, such as low

injection temperature or dynamic packing operation, can

generate modest improvements in tensile modulus,

even without the addition of conventional or nanoscopic

filler. However, the traditional avenue to manipulate

polypropylene properties is to reinforce the polymer with

anisometric, high-modulus inorganic particles, such as

talc. Another more promising possibility is to tailor

the filler so as to induce morphological changes in the

crystalline structure of polypropylene itself. These mor-

phological changes will in turn have implications for

mechanical properties such as modulus, strength, and

toughness. In this scenario, the nanoscopic scale of the

filler becomes relevant because smaller fillers, with their

larger surface area-to-volume ratio, reside in close

proximity to a greater percentage of the bulk PP than

conventional fillers. There are a number of ways in which

nanoscopic fillers, such as exfoliated or intercalated

layered silicate, may influence the crystalline morphology

of PP.

First, the crystalline unit cell may change. This effect

has been observed in, for example, nylon 6 nanocompo-

sites where addition of clay induces a change from a to g
crystalline form.[26] Three crystalline lattices for isotactic

PP are known and there is evidence for preferential for-

mation of the g-phase in PP nanocomposites.[27,28]

Second, the crystalline morphology may be affected.

For example, a transformation from spherulitic to oriented

structure may occur. When crystallized at high shear rates,

PP forms oriented structures that can hypothetically be

modified by the presence of dispersed clay.[29] Fibrous

crystalline morphology has also been reported in PP nano-

composites.[30]

Third, the degree of crystallization may change. As

quantified by differential scanning calorimetry, it has been

reported that the crystallinity of PP nanocomposites

decreases modestly with increased clay content.[31]

Fourth, the characteristic size of crystalline morphol-

ogy may be affected. Svoboda et al.[31] found that for

nanocomposites with spherulitic structure, the average

crystallite size decreases significantly with increasing clay

content, possibly because of a role of clay in nucleation.

Time-resolved light scattering and optical microscopy at

the early stages of crystallization have also identified

differences in the number of point nuclei in PP and PP

nanocomposites.[32]

Fifth, the kinetics of crystallization may be modified.

Time-resolved light scattering and differential scanning

calorimetry studies have found that added intercalated

clay can either increase or decrease characteristic crystal-

lization times for polypropylene.[30–34] Interactions be-

tween an initially present nucleating agent, a PP-MA

compatibilizer, and the dispersed clay generate complex

crystallization kinetics, even in isothermal crystallization

studies.[32] The data suggest that nanocomposite crystal-

lization is dominated by the presence of a compatibilizer

because nanocomposite data overlay PP/PP-MA blend

measurements and crystallization times are not signifi-

cantly affected by changes in clay loading.[32]

Interestingly, there have been preliminary reports of

segregation of clay particles at the spherulitic boundary of

maleated PP nanocomposites.[34] The possibility of poly-

mer crystallization-induced changes in mesoscale clay

morphology warrants further investigation because of the

implications of such segregation for nanocomposite me-

chanical properties.

RHEOLOGY

The flow properties of polypropylene nanocomposites

are relevant to processing operations such as injection

molding. In addition, the viscoelastic response to linear

and nonlinear deformation is a sensitive indicator of clay

dispersion and interaction. Thus rheology can be used to

evaluate the performance of various strategies for synthe-

sizing and compounding polypropylene nanocomposites.

The compounding of organophilic clay and compati-

bilizer with polypropylene dramatically changes the linear

viscoelastic response to shear deformation as quantified

by the storage modulus G’ and the loss modulus G@. Fig. 3

compares the G’ and G@ of polypropylene and an in-

tercalated nanocomposite with 4.8% inorganic clay. The

Fig. 3 The melt state linear viscoelastic moduli of 4.8 wt.%

intercalated polypropylene nanocomposites. (From Ref. [24].

#American Chemical Society, 2001.)
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curves differ significantly, particularly at low frequencies.

The apparent plateau in the nanocomposite data at low

frequencies is consistent either with the response of a

viscoelastic solid, or a viscoelastic liquid with a long

relaxation time. The abrupt transition from liquidlike to

solidlike linear viscoelasticity as clay loading is increased

is suggestive of the generation of a gel or a network

structure at a critical clay volume fraction. Because it is

thought that such clay clustering is not likely to lead to

optimal end-use properties such as modulus and tough-

ness, measurement of melt state linear viscoelasticity is

a useful tool to indirectly characterize the nanocom-

posite clay structure. Toward this end, qualitative effects

of alkyl amine clay treatment and PP-MA compatibilizer

acid content on clay structure have been assessed by

rheological characterization.[17,24] Intercalation kinetics

has also been estimated.[35] Koo et al.[36] generated

maleated polypropylene nanocomposites with different

intercalated and exfoliated clay morphologies by varying

the matrix polymer molecular weight and found that the

linear viscoelastic modulus G’ was sensitive to morpho-

logical changes.

Nonlinear rheological characterization is predictive of

nanocomposite behavior in typical processing operations

such as injection molding. The presence of intercalated

clay even at a clay loading of less than 5.0 wt.% can

increase the viscosity by many orders of magnitude at low

shear rates; however, at higher shear rates, which are more

characteristic of processing conditions, viscosity enhance-

ment is much more modest. This strong shear thinning

behavior may have two origins: 1) anisometric particles

such as rods and disks display shear thinning even at low

concentrations because flow preferentially orients the

particles in the flow direction; and 2) deformation applied

to a gel cluster network can induce rupture of mechanical

contacts and, consequently, shear thinning.[24]

Furthermore, nonlinear rheological measurements in-

dicate that intercalated polypropylene nanocomposites

possess fragile structures that are easily manipulated by

flow. For example, the onset of strain dependence of the

storage modulus occurs at an applied strain g0�0.3 for

neat polypropylene; however, the transition for a 4.8 wt.%

nanocomposite occurs at g0�0.007.[24] The startup of

steady shear experiments after samples were presheared

and then allowed to rest quiescently demonstrates that

structures deformed during flow reestablish themselves on

time scales longer than hundreds of seconds.[24] Linear

viscoelasticity and XRD of intercalated polypropylene

nanocomposites annealed for various periods provide

additional evidence that structural evolution persists

even longer—at least for many hours.[37,38] This evolu-

tion in linear and nonlinear rheology is likely related

to strong attractive interactions, aging, and glassy dy-

namics in polymer nanocomposites that are not stably

dispersed.[24,39,40]

Although shear rheology has been the focus of most

studies to date, a report on the effect of uniaxial

elongational flow on maleic anhydride-modified polypro-

pylene nanocomposites has recently appeared.[41] Post

facto TEM images indicate that at an elongational rate of

1.0 sec�1 and a Hencky strain of 1.3, clay platelets align

perpendicular to the flow direction. Because flow in

injection molding is comprised of a significant extensional

component, these results point to the possibility of

direction-dependent material properties in components

molded by this method.

MECHANICAL PROPERTIES

Modulus, yield stress, toughness, and heat deflection

temperature (HDT) are measures that characterize the

potential for improved end-use performance of a polymer

nanocomposite relative to the neat polymer or a tradi-

tional composite. Dispersed clay can affect the mechan-

ical properties of a semicrystalline thermoplastic such as

polypropylene in a number of ways. First, the high-

modulus clay inclusions of anisotropic shape can rein-

force the thermoplastic. This mechanism differs little

from the classical picture of composite reinforcement.

Thus in this view, the anisotropic shape of the discotic

clay is important to mechanical property enhancement;

however, the nanoscopic dimension of the clay plays no

direct role. Second, inhomogeneous dispersion that results

when even a small amount of micron-scale clay aggre-

gates is present can seriously compromise the material’s

impact strength. Thus homogeneous dispersion at the

submicron scale is desirable for successful practical

application of polymer nanocomposites. Third, the nano-

scale dimension of the clay filler leads to a large inter-

facial region at the clay surface. Thus even small amounts

of clay can possibly mediate large changes in polymer

matrix conformation, crystal structure, or crystal mor-

phology. There is indirect evidence for a role of each of

these conditions in mediating polypropylene nanocompo-

site mechanical properties.

The first reports of the successful preparation of

polypropylene nanocomposites showed that the materials

demonstrated only modest mechanical property enhance-

ment relative to neat polypropylene or blends of polypro-

pylene and PP-MA. At 7.2 wt.% inorganic clay content,

29% enhancement in tensile modulus was observed for the

highest concentration of PP-MA studied.[12] Later work

has generated improved tensile modulus enhancement. By

varying the amine surfactant treatment and anhydride

Intercalated Polypropylene Nanocomposites 1487
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content of the compatibilizer, Reichert et al.[7] generated

an increase in tensile modulus at 5 wt.% organophilic clay

loading, which was as large as 74%. If nanocomposites are

prepared in a matrix of pure PP-MA, the relative material

property enhancement is slightly greater. For example, at

approximately 5 wt.% inorganic clay content, the tensile

modulus increased by 86% relative to PP-MA; however,

the nanocomposite modulus is still inferior to that typical

of neat polypropylene.[42] Polypropylene nanocomposites

prepared by in situ polymerization using metallocene

catalysis have generated a >100% enhancement in tensile

modulus at 10.5 wt.% clay loading.[23] A similar perfor-

mance has been obtained for in situ polymerized PP

synthesized by the Ziegler–Natta catalysis.[43] These

improvements exceed results for other anisometric

fillers, such as talc, which are not nanoscopic. For ex-

ample, Walter et al.[44] found that more than 30 wt.%

talc was required to yield modulus enhancement compa-

rable to clay nanocomposites with less than 7 wt.% in-

organic content.

Although significant progress in enhancing polypro-

pylene nanocomposite tensile moduli has been achieved,

this improvement is offset by the reduced elongation at

break and impact strength of these materials. Elongation

at break, which is a determinant of toughness, has been

reported to fall by more than an order of magnitude

relative to neat PP on melt mixing with organophilic clays

and compatibilizers.[7,12] The changes have a number

of possible origins: 1) the reduced toughness of PP-MA

relative to PP because of its low molar mass; 2) the

improved adhesion between the polymer matrix and the

intercalated clay induced by the compatibilizer, which

contributes to yielding a more brittle material; and

3) immiscible aggregates of clay acting as defects and

stress concentrators, which contribute to failure even if

they are present only at low concentrations.

A limitation to the penetration of polypropylene into

various component and market categories is its low upper

use temperature. One measure of this property is the HDT.

At 8 wt.% clay, the HDT of polypropylene nanocompo-

sites synthesized by in situ Ziegler–Natta catalysis is 40�C
greater than for pure PP.[43]

CONCLUSION

Recent research has generated advances in polypropylene

nanocomposites that are sufficient to motivate new

technological applications. For example, PP-based nano-

composites have been developed for application as

exterior automotive components.[45] Cone calorimetry

measurements of peak heat release rate from maleated

PP nanocomposites with 4% loading are reduced by 75%

relative to the pure polymer.[46] These improvements are

relevant to applications requiring reduced flammability.

Yet, relative to other thermoplastic nanocomposites,

such as nylon 6, the improvement in end-use properties for

polypropylene nanocomposites has been modest. Thus

research in the areas of synthesis and, especially,

compounding, which are aimed at closing this perfor-

mance gap, is necessary. Alternatively, improved funda-

mental understanding of the detailed interactions and

chemistry between clays, amine surfactants, and maleic

anhydride compatibilizers can help elucidate the complex

thermodynamics of clay dispersion. In addition, noting

that many synthesized PP nanocomposites are likely to

exist as nonequilibrium structures, research into the aging

and rejuvenation of these mesoscale structures is war-

ranted. Furthermore, better methods to characterize the

full distribution and hierarchy of structural states present

in PP nanocomposites are required because, for example,

rare aggregates can seriously compromise nonlinear

mechanical properties such as toughness, yield stress,

and elongation at break. Finally, the interaction between

clay platelets and polymer crystallization requires further

attention because these interactions are likely a signifi-

cant determinant of the end-use properties of polypropyl-

ene nanocomposites.
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