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Abstract 

ABSTRACT 

Polymer-clay nanocomposites are attracting global interest principally because 

property enhancements are obtained at low clay particle loadings (1-5 wt%). 
However there is lack of fundamental understanding of such composites. The aim 
of this work is to provide an insight into the interaction between polymer and clay. 
This includes the driving force for intercalation, the reinforcement mechanisms and 
property-volume fraction relationships. 

Functionalised poly(ethylene glycol)-clay, poly(c-caprolactone)-clay and 
thermoplastic starch-clay nanocomposites with a range of polymer molecular 
weights, clay volume fractions and with different clays were prepared using 
solution methods, melt-processing methods, and in situ polymerisation. A reliable 
X-ray diffraction technique for low angle basal plane spacing of clay, the essential 
parameter for structure determination, was established obtaining ±0.005 Mn 
between three diffractometers. The basal plane spacing was found to be unaffected 
by polymer molecular weight and preparation method but was affected by the 
nature of the polymer and clay. Increasing clay loading could lead to a lower 
spacing. As a cautionary observation, poly(ethylene glycol) with high molecular 
weight (2: 10,000) was found to undergo degradation readily during preparation of 
nanocomposites with and without clay. 

Competitive sorption experiments for molecular weight showed that high 

molecular weight fractions of polymer intercalate preferentially into clay during 

solution preparation. Thermodynamic studies on the intercalation process found 
that significant enthalpic change occurred during intercalation, which is coincident 
with the observation that heat-treated clays without interlayer water can intercalate 

polymer. The calculation of true volume fraction against nominal volume fraction 

provided reasonable explanation of property enhancement and helps understand the 

relation between nanocomposites and conventional composites. At a given clay 
loading, nanocomposites with better dispersion gave more property enhancement 
than those with lower dispersion or conventional composites. The crystallinity of 
semicrystalline polymer was also affected by varying extents of dispersion of clay. 
The use of X-ray diffraction with an internal standard was explored for quantitative 

analysis of intercalation and exfoliation. 
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Nomenclature 

NOMENCLATURE 

a: empirical Hashin-Shtrikman coefficient for bulk modulus 

ah: area fraction of high molecular weight. Prime means after uptake 

AIBN: azobis(isobutyronitrile) 

ATRP: atom transfer radical polymerisation 

A,,: cross-sectional area of the adsorbate 

Aool: peak area for the 001 peak of clay in X-ray diffraction 

Allis': peak area for the 111 peak of silicon in X-ray diffraction 

b: empirical Hashin-Shtrikman coefficient for shear modulus 
B: the width of the intensity peaks in X-ray diffraction traces 

BPO: benzoyl peroxide 
C: constant for B. E. T. equation 

CP-MAS: cross-polarity/magic-angle spinning 

CsMMT: caesium-treated montmorillonite 

Cl: transmission velocity under longitudinal sonic wave 

Ct: transmission velocity under transverse sonic wave 

d: d-spacing 

door: the basal plane spacing 

D: polyoxypropylene diamine 

DBSA: dodecylbenzenesulfonic acid 

DSC: differential scanning calorimetry 

E: Young's modulous. Subscripts 1,2,11 and 22 refer to reinforcement, matrix, 
longitudinal and transverse Young's modulus respectively 

f: ratio of the interfacial area for a given sample to the reference value 

F12: dodecylammonium-exchanged fluorohectorite 

FT IR: Fourier transform infrared spectroscopy 
G: Shear modulus. Subscripts 1,2,12 and 23 refer to reinforcement, matrix, 

in-plane and out-plane shear modulus respectively 
GPC: gel permeation chromatography 
GL: lower limit of shear modulus 
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Nomenclature 

G,,: upper limit of shear modulus 

G+: shear modulus determined using Hashin-Shtrikman bounds 

HDT: heat distortion temperature 

H-S: Hashin-Shtrikman 

I: peak intensity of recovered magnetization or X-ray 

IR: infared 

k: coefficient 

K: bulk modulus. Subscripts 1 and 2 refer to reinforcement and matrix respectively 

KBr: potassium bromide 

KMMT: potassium-treated montmorillonite 

KPS: potassium persulphate 

K,,: upper limit of bulk modulus 

KL: lower limit of bulk modulus 

K*: bulk modulus determined using Hashin-Shtrikman bounds 

1: illuminated length or camera length of diffraction 

L: longitudinal modulus. Subscripts I and 2 refer to reinforcement 

and matrix respectively 

m;: mass of intercalated polymer 

M: molecular weight used in equations and figures 

MMT: montmorillonite 

MMTX: montmorillonite heat-treated at 100X °C 

MWt: molecular weight 

M�: number average molecular weight 

M,, : weight average molecular weight 

NaMMT: sodium-treated montmorillonite 

NCC: nylon 6-clay conventional composite 

NCH: nylon 6-clay nanocomposite 

NH4MMT: ammonium-treated montmorillonite 

NH4MMTI: montmorillonite modified with 2 methyl, 
2 hydrogenated tallow quaternary ammonium chloride 

NH4MMT2: montmorillonite modified with a benzyl, 2 methyl, 
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Nomenclature 

hydrogenated tallow quaternary ammonium chloride 

NMR: nuclear magnetic resonance 

N: Avogadro's constant 

OEG: oligo(ethylene glycol) 

OEGDA: oligo(ethylene glycol) diacrylate 

OEGMEMA: oligo(ethylene glycol) methyl ether methacrylate 

p: pressure. Subscript 0 refers to saturation vapour pressure 

PANI: polyaniline 

PCL: poly(E-capralactone) 

PCLXA: poly(E-capralactone)-montmorillonite composite 

PCLXB: poly(E-capralactone)-montmorillonite treated with 2 methyl, 
2 hydrogenated tallow quaternary ammonium chloride composite 

PCLXC: poly(c-capralactone)-montmorillonite treated with a benzyl, 2 methyl, 

hydrogenated tallow quaternary ammonium chloride composite 

PE: polyethylene 

PEG: poly(ethylene glycol) 

PEO: polyethylene oxide) 

PLA: poly(lactide) 

PMMA: poly(methyl methacrylate) 

POEGDA: poly[oligo(ethylene glycol) diacrylate] 

POEGMEMA: poly[oligo(ethylene glycol) methyl ether methacrylate] 

PP: polypropylene 

PS: polystyrene 

PS3Br: poly(3-bromostyrene) 

r: distance from the diffraction spot to the center 

R: radius of goniometer of X-ray diffractometer 

S: the initial slope of the recovered magnetization versus t1n curve after correction 

for a given sample. Superscript e refers to a fully exfoliated sample 

SANS: small-angle neutron scattering 

SAXS: small-angle X-ray scattering 

SEM: scanning electron microscopy 
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Nomenclature 

SSA: specific surface area 

SSAa: Specific outer surface area of as-received clay 

SSAh: Specific outer surface area of clay heated at 800 °C 

SSA;: specific area of the internal surface of clay 

t: measurement time 

TEM: transmission electron microscopy 

TGA: thermal gravimetric analysis 

TPS: thermoplastic starch 

TPSXA: thermoplastic starch-montmorillonite composite 

TPSXD: thermoplastic starch-kaolinite composite 

TPSXH: thermoplastic starch-hectorite composite 

TPSXTH: thermoplastic starch-treated hectorite composite 

Tg: glass transition temperature 

T1: longitudinal relaxation time 

Tm: melting point 

Tonset: onset temperature during intercalation or melting 

Tpeak: peak temperature during intercalation or melting 

U: uptake. Subscripts h and 1 mean high and low molecular weight. t means total 

uptake. 

v: the total volume of gas adsorbed. Subscript in means the entire adsorbent surface 

is covered with a complete monolayer 

vol. %: volume fraction 

wt. %: weight percent 

XRD: X-ray diffraction 

I': specific adsorption. Subscripts a and h refer to as-received clay and heat-treated 

clay. 

iG: free energy change during a reaction 

AH: enthalpy change during a reaction 

OHac: enthalpy change during adsorption (based on the mass of clay) 

OH;: enthalpy change during intercalation (based on the mass of the intercalated 

polymer) 

OHm: enthalpy change during melting (based on the mass of polymer). Superscript 
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Nomenclature 

100 % refers to the enthalpy change for the polymer with 100 % crystallinity 

OHS,,: heat of wetting (based on the specific surface area of clay) 

EHwIC: enthalpy change during water loss from clay (based on the mass of clay) 

LQ: heat adsorbed during a reaction. Subscripts wl, m, a and i refer to water loss, 

melting, adsorption and intercalation. Superscript PEG means unmixed PEG 

OS: entropy change during a reaction 

cc index in adsorption-molecular weight equation. 0<a<0.3 

6: divergence angle of X-ray diffraction 

0: incident angle of X-ray diffraction 

01: fraction of sites occupied during Langmuir's adsorption 

K: constant 

A: Lame's modulus. Subscripts 1 and 2 refer to reinforcement and matrix 

respectively 
Nd: wavelength of X-ray or electron beam 

µ: mass fraction. Subscripts a and (3 refers to a and ß phases respectively 

µcp: mass fraction of clay platelets in a given sample. Superscript e refers to 

exfoliated example 

p: density of the test specimen 

v: Poisson's ratio. Subscripts 1 and 2 refer to reinforcement and matrix respectively 

X. crystallinity of semi-crystalline polymer 

0: number of chain scissions per molecule 

Acronyms used for calculations of true volume fractions 

A specific gallery area 

Ap specific surface area of clay (outer surface) 
AT specific surface are of clay (total surface) 

Cl volume fraction of reinforcement 

C2 volume fraction of matrix 

d1 basal plane spacing of clay 

dl' basal plane spacing of organoclay 

mi kg t 

m2 kg"' 

m2 kg' 

0<ci<1 

0<c2<1 

m 

m 
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Nomenclature 

d2 basal spacing of clay intercalated with polymer m 

f; degree of intercalation 0<f; <1 

h thickness of single clay platelet m 

hi thickness of reinforcement m 

h2 thickness of matrix M. 

k fraction of adsorbed layer 0<k<1 

w length of clay platelet M. 

me mass of clay kg 

mc' mass of organoclay kg 

MP mass of polymer kg 

N number of platelets per clay stack N>1 

s saturated intercalation fraction of polymer s>O 

V volume of composite m3 

VC volume of clay m3 
W volume of idealised intercalated nanocomposite m3 

VC volume of exfoliated nanocomposite 

in an intercalated-exfoliated nanocomposite m3 

VCC volume of exfoliated clay platelets 

in an intercalated-exfoliated nanocomposite m3 

V; volume of intercalated nanocomposite 
in an intercalated-exfoliated nanocomposite m3 

VP volume of polymer m3 

Vp' volume of interstitial polymer m3 
Rg radius of gyration M. 

ýC volume fraction of clay 0<ýc<l 

ýC true volume fraction of clay 0<4c'<1 

ýCi volume fraction of idealized 

intercalated nanocomposite 0<4C<1 

25 



Nomenclature 

volume fraction of NH4MMT1 in the idealized 

intercalated nanocomposite 0<4Ct<l 

4c2a volume fraction of NH4MMT2 in the idealized 

intercalated nanocomposite at low clay loadings 0<4c2a<l 

ýc2b volume fraction of NH4MMT2 in the idealized 

intercalated nanocomposite at high clay loadings 0<4c2b<1 

ýp volume fraction of polymer 0<4p<1 

µC mass fraction of clay O<p <1 

µC 0 mass fraction of clay platelets in organoclay 0<p °<1 

PC theoretical density of clay kg m"3 

pC' theoretical density of organoclay kg in 3 

PCP theoretical density of clay platelets kg m3 

PP theoretical density of polymer kg M-3 

pp° effective density of intercalated polymer kg n f3 
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Introduction 

1. INTRODUCTION 

It is sometimes wrongly assumed that clay is neither a high performance material 

nor worthy of the attention of researchers. Yet there has been extensive interest in 

polymer-clay nanocomposites over the past decade. Polymer molecules can enter 

into the galleries in layered silicates, pushing the layers apart and creating a 

nanocomposite in which the aspect ratio of silicate reinforcement is 200 or so, and 

can be up to 20,000 [Pinnavaia and Beall 2000; Schmidt et al. 2002]. Such 

nanocomposites exhibit physical and chemical properties that are dramatically 

different from, and often superior to, their bulk counterparts [Vaia et al. 1993; 

Okada and Usuki 1995; Piannavaia and Beall 2000]. The applications of these new 

materials range from automotive components to food packaging to tissue 

engineering [Okada and Usuki 1995; Lagaly 1999; LeBaron et al. 1999; Alexandre 

and Dubois 2000; Piannavaia and Beall 2000]. Table 1 shows an example of 

property enhancement in nanocomposites, which was presented by the Toyota 

Group on the very first occasion and therefore encouraged numerous scientists to 

investigate these promising materials. 

The term nanocomposite is used because both the organic molecules that make up 

the matrix and the clay platelet reinforcement have dimension of nanometers (5 - 
30 nm and -1 nm respectively). The significance of nanocomposites is the 

observation that considerable property enhancements are achievable at very low 

volume fractions (1 -5 vol. %) of particle filler, whereas much higher volume 
fractions (20 - 40 vol. %) of conventional filler in a composite might be required to 

obtain the same result [Piannavaia and Beall 2000; Tolle and Anderson 2002]. 

Importantly, the low content of particle filler makes nanocomposites accessible to 

the same processing techniques as the polymer matrix, yet reinforcement aspect 

ratio and interfacial area are higher. This not only lowers the cost but also provides 

the potential for the preparation of a wide choice of nanocomposites. Clays form an 

abundant resource and the cost is low compared with other composites such as 

fibre-reinforced composites. Furthermore, clays are largely free of health risk. 
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Introduction 

Significant progress has recently been made in developing polymer-clay 

nanocomposites, however tailoring a specific nanocomposite and its properties is 

not yet possible. There remain many contradictions in the literature. The behaviour 

of the confined polymer is not very clear; the interaction mechanism of polymer 

and clay is not well understood and the reinforcement mechanism of clay in 

polymer remains disputable. 

1.1 Aims and objectives 

This work aims to investigate the parameters that affect the interaction between 

polymer and clay, to study the reinforcement mechanism of clay particles in 

polymers, to explore some novel polymer-clay nanocomposites and to measure 

their mechanical properties. The objectives are set out as follows: 

i) Review the fast-emerging literature in the nanocomposite field; 

ii) Investigate factors affecting intercalation and exfoliation; 

iii) Study the reinforcement mechanism by determining what molecular weight 
fractions of polymer clay prefers to intercalate; 

iv) Examine the thermodynamic driving force for intercalation of polymer into 

smectite clays; 

v) Calculate effective volume fractions of clay reinforcement in 

nanocomposites; 

vi) Find out the property-volume fraction relationships to further study the 

reinforcement mechanism of clay in polymer by testing pristine polymer, 

conventional composites, and nanocomposites; 

vii) Explore novel polymer-clay nanocomposites and measure their mechanical 

properties. 

1.2 Classification of polymer-clay composites 

The definition of a composite material that emerges from Hull's text [1981] is `two 
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Introduction 

or more physically distinct and mechanically separable materials mixed in such a 

way that the dispersion of one material in the other is controlled to achieve 

optimum properties that are superior to the properties of the individual 

components'. Jones [1975] gave a similar definition of composites. 

Polymer-clay composites can be classified into three types depending on the extent 

of separation of the silicate layers. These are conventional composites, intercalated 

nanocomposites and exfoliated nanocomposites, as shown in Figure 1. 

clay Pol 

T 
ýý 

(a) (b) (c) 

Figure 1. Schematic representation of different types of composites (a) 
conventional composite; (b) intercalated nanocomposite; and (c) exfoliated 
nanocomposite. 

The distance between a plane in the unit layer and the corresponding plane in the 

next unit layer is defined as the basal plane spacing, dool. If the polymer does not 

enter the galleries, dool of clay remains the same and the composite is 

`conventional'. If the polymer enters the galleries causing an increase in dool up to 

4 nm, i. e. the detection limit of conventional X-ray difl'ractometers [Tolle and 

Anderson 2002], but the clay layers remain stacked, the composite is `intercalated'. 

The value of doof is a witness to the degree of intercalation. If the clay layers are 

completely pushed apart to create a disordered array or if door is greater than 4 nm, 
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the composite is `exfoliated'. As a result, there are two types of exfoliation; ordered 

and disordered. 

Recently Ray et al. [2003a] distinguished another type of nanocomposite from 

`intercalated nanocomposites', namely intercalated-and- flocculated 

nanocomposites which contain flocculated intercalated silicate layers due to the 

hydroxylated edge-edge interaction of the silicate layers. Figure 2 shows the 

`intercalated-and-flocculated' structure as compared to `intercalated' structure. In 

fact, most intercalated tactoids include both single stacks and several connected 

stacks of clay layers so it does not seem necessary to separate flocculation from 

intercalation. Thus the `real' intercalated nanocomposite should include both 

structures illustrated in Figures 2a and 2b. Moreover, the `flocculation' could be 

LL3 

(b) 

Figure 2. Schematic illustrations of (a) intercalated-and-flocculated structure 
compared to (h) intercalated structure (reproduced from reference [Ray et al. 
2003a]). 
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attributed to the long molecular chains that intercalate into two or more clay 

galleries and play a bridging role [Jeon et al. 1998]. 

Since polymers and clays do not always form nanocomposites, modification of 

either the clay or the polymer is sometimes necessary. This modification can 

change a conventional composite to a nanocomposite or make an intercalated 

nanocomposite exfoliate. For example, the modification of montmorillonite by 

alkylammonium salts changes a conventional composite of poly (c-caprolactone) 

(PCL)-montmorillonite to an intercalated nanocomposite [Lepoittevin et al. 2002; 

Gorrasi et al. 2003]; the treatment of polyethylene (PE) with maleic anhydride 

makes conventional PE-clay composite an exfoliated nanocomposite [Gopakumar 

et al. 2002]. The addition of an organic intermediate, such as dimethyl sulfoxide, 
into kaolinite makes it able to intercalate poly(ethylene oxide) (PEO) [Gardolinski 

et al. 2000]. 

1.3 Classification of clays 

Clay is a natural, fine-grained ceramic material, composed mainly of silica, 

alumina, and water. There are many kinds of clay minerals and they are classified 

as allophane, kaolinite, halloysite, smectite, illite, chlorite, vermiculite, attapulgite- 

palygorskite-sepiolite and mixed layered minerals by structure [Grim 1962,1968]. 

The majority of work on nanocomposites focuses on smectite clays because of their 

swelling properties, high cation exchange capacities, high aspect ratio and large 

surface area [Pinnavaia et al. 1983; Carrado 2000; LeBaron and Pinnavaia 2001; 

Triantafillidis et al. 2002]. The designation `smectite' (from Greek: soap-like) 

originates from the clay morphology, which has a layered structure as do `smectic' 

liquid crystals. The crystal lattice of smectite clays is composed of units made up of 

two silica tetrahedral sheets with a central alumina or magnesia octahedral sheet 

[Grim 1968], and hydrated exchangeable cations occupy the spacing between 

lattices, as shown in Figure 3. Stacking of the layers by weak dipolar or van der 
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Waals forces leads to the intercalation of water or polar organic molecules, causing 

the lattice to expand in the c direction [Grim 1968; Vaia et al. 1993]. 

0Al 
o oil 

00 

I 

-1etr, <hedIaI 

ý Oc t nhcdra 

t--Ictrlwdt, iI 

Figure 3. Structure of 2: 1 smectite clays (d001 refers to basal plane spacing. Adapted 
from reference [Giannelis 1992]). 

Montmorillonite and hectorite are among the most common smectite clay minerals 

and they are members of dioctahedral and trioctahedral groups, with ideal chemical 

formulae of Al2Si4Oio(OH)2. yH2O and Mg3Si4O1o(OH)2. yH2O respectively [Grim, 

1968]. Some A13+ ions in montmorillonite are substituted by Mg2+ ions and 

similarly some Mgz+ ions in hectorite are substituted by Li+ ions. These 

substitutions cause charge deficiency and therefore external cations such as Na+ 

exist to balance the deficiency [Vaia et a]. 1993]. Therefore the chemical formulae 

of Mxin"+"yH2O[Ala. o-XMgx(Sle. o)020 (OH)4] and M /nn+"yH2O[Mg6. o-, Lix(Sls. o)020- 

(OH, F)4] are derived for these two clays [Pinnavaia 1983]. Cation exchange 

capacity of clay is contributed to by the terminated OH- group, which is caused by 

the broken sheet structure [Grim 1968]. This contribution depends on the crystal 

size, pH and type of exchangeable cation [Pinnavaia 1983]. The type of 

exchangeable cation in clays also affects the interaction between organic molecules 

and clay. The surface energy of the clays and thus their interaction with polymer 

matrices can be tuned by judicious alternation of the exchangeable cation [Vaia et 
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Introduction 

al. 1996]. 

Natural montmorillonite is hydrophilic and hence it is not compatible with 

non-polar organic molecules. Its exchangeable cation in the interlayer space of 

montmorillonite can be exchanged with organic cations to obtain organophilic 

montmorillonite [Okada and Usuki 1995; Bergaya and Lagaly 2001]. The modified 

clay is often named an `organoclay'. Traditional modification agents are 

alkylammonium halides (e. g. dioctadecyldimenthyl-ammonium bromide [Vaia et al. 

1993]), mainly following the Toyota research group who used the solution of 

12-aminolauric acid in concentrated hydrochloric acid as the modifier for 

montmorillonite to reinforce nylon 6 [Usuki et al. 1993]. Similarly modification is 

also necessary for hectorite to make it organophilic. In general, the longer the chain 

length of the modifier, and the higher the charge density of the clay, the further 

apart the clay layers are forced [LeBaron et al. 1999]. 

To the author's knowledge, so far there are few nanocomposites that can be 

compared with nylon 6-clay nanocomposite in terms of the property enhancement 
by clay. Okamoto et al. [Maiti and Okamoto 2003; Ray et al. 2003a] pointed out 

that the reason that nylon 6-clay nanocomposites excel over other nanocomposites 
is because there is a very strong interaction between the matrix and silicate layers 

by the formation of strong hydrogen bonds, although the Toyota group claims that 

it is due to formation of an ionic bond between NH2- and clay sheet (for details see 

Section 1.5.3). Another explanation for this may be that the ammonium-treated 

clays are not suitable for polymers other than nylon. Recently Wilkie et al. [Wang 

and Wilkie 2003; Zheng and Wilkie 2003a, 2003b; Su and Wilkie 2004; Su et al. 

2004a, 2004b; Zhang and Wilkie 2004] developed new organoclays that were 

treated with tropylium or triphenylhexadecylstibonium trifluoromethylsulfonate, or 

that contained oligomeric styrene, methyl methacrylate or poly(e-caprolactone) for 

reinforcing polystyrene (PS), PE, polypropylene (PP), polymethyl methacryalte 

(PMMA) and acrylonitrile-butadiene-styrene. They found that these novel 

organoclays are more stable than the traditional ammonium treated clays during 

melt-blending with polymers and are more compatible with the polymers studied 
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and hence better clay dispersion was achieved. Shin et al. [2003] also introduced 

bifunctional organic modifiers, alkylaluminium vinyl alcohol to treat clay and 

found that in situ polymerisation of polyethylene with such organoclay led to 

effective exfoliation of clay platelets and chemical bonding of polyethylene chains 

to silicate surfaces. A wise choice of modifier for clay may be imperative if one 

wants to develop polymer-clay nanocomposites with high performance. 

As described previously, cations are presented in clay galleries to balance charge 

deficiency arising from cation substitution at octahedral sheets and therefore, in 

some studies the interlayer cations are replaced by a single cation to investigate the 

effect of cation on intercalation or exfoliation. Cation-exchanged montmorillonite 

clays have been extensively studied [Stul and Leemput 1981; Weissmahr et al. 

1999; Breen et al. 2000] and it has been found that interaction between polymer 

and clay is strongly influenced by the exchangeable cation [Theng 1979]. However 

the influence depends on the preparation conditions [Grim 1968; Theng 1979]. 

Heat treatment of clay also affects its capability of intercalation. When natural 

montmorillonite is heated (typically z 600 °C), the interlayer water and lattice 

hydroxyls are removed, causing both disruption to the structure and the platelets to 

stack together [Grim 1968]. In this case, only adsorption on the external surface is 

expected to take place even for polar molecules such as poly(ethylene glycol) (PEG) 

and hence the heat-treated montmorillonite provides a control, enabling adsorption 

and absorption to be distinguished. These treatments are used in this work. Such 

damage can be detected by measurement of the basal plane spacing by X-ray 

diffraction (XRD), by B. E. T. analysis for specific surface area (SSA) or by infrared 

spectroscopy (IR) for measurement of the -OH vibrational absorption. Typically, 

interlayer water is first lost from the galleries followed by lattice hydroxyls. These 

stages of decomposition are witnessed by step changes in mass, by two pronounced 

endotherms and could be confirmed by IR and XRD [Grim 1968]. However there 

is a third endotherm, the completion of which signifies the onset of crystallographic 

changes in the clay to form spinel, quartz, cristobalite or mullite [Grim 1968]. This 

transformation typically starts at about 1000 °C [Grim 1968]. 
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Different from smectite clays, kaolinite clays, which are also commonly found in 

soils and have been studied extensively [Nevskaia et al. 1996; Benco et al. 2001; 

Stumpf et al. 2001; Mpofu et al. 2003] are generally considered as ̀ non-swelling' 

clays. Kaolinite is a 1: 1 dioctahedral clay mineral with ideal composition of 

A12SiO5(OH)4. yH2O. The lattice structure of kaolinite is composed of a single silica 

tetrahedral sheet joined to a single alumina octahedral sheet with the oxygen planes 

exposed on one side and hydroxyls on the other [Grim 1968; Theng 1979]. Organic 

compounds do not easily intercalate and only those pre-treated with a limited 

number of polar guest species such as dimethylsulphoxide and 

N, N-Dimethylformamide can be intercalated [Theng 1974; Gardolinski et al. 2000]. 

Therefore without such pre-treatment, kaolinite can only adsorb organic molecules 

on its external crystal surfaces, forming conventional composites [Kyu et al. 1996; 

Itagaki et al. 2001] and hence providing a comparison with nanocomposite. 

Kaolinite is used in this work in decomposition studies and the exploration of 

thermoplastic starch-clay composites. 

1.4 Preparation of polymer-clay nanocomposites 

Three principal methods are reported for preparing polymer-clay nanocomposites. 

They are in situ polymerisation [Lan et al. 1996; Ogawa et al. 1996; Chang et al. 

2002], the solution methods [Billingham et al. 1997; Kawasumi et al. 1997; Breen 

et al. 1998], and the melt-processing methods [Sikka et al. 1996; Dennis et al. 2001; 

Lepoittevin et al. 2002]. Thus the polymers that form clay nanocomposites can be 

thermoplastic or thermoset, water soluble or organic solvent soluble. The 

commonly studied polymers are listed in Table 2. 

In situ polymerisation involves directly adding clay to a monomer or monomer 

solution (e. g aqueous ethylene glycol solution), followed by dispersive mixing and 

heating. In this method, clay may act as a catalyst for the polymerisation of the 

monomer besides playing the role of host [Alexandre and Dubois 2000]. Okada and 

Usuki [1995] successfully obtained homogenous molecular composites 
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Table 2. A list of commonly studied polymers for forming clay nanocomposites. 

Polymer Source 

Polyglycol Pariffit and Greenland 1970a, 1970b; Theng 1979; Breen 

et al. 1998 

Polyvinyl pyrrolidone Hild et al. 1997; Carrado and Xu 1999; Sequaris et al. 
1999 

Polyacrylamide Usuki et al. 1993; Chen et al. 1998; Asselman and 
Gamier 2000; Gungor and Karaoglan 2001 

Poly(ethylene oxide) Ogata et al. 1997; Sukpirom et al. 2000; Pang and 
Englezos 2002 

Polyvinyl chloride Wan et al. 2003; Du et al. 2003 

Polyolefin Heinemann et al. 1999; Nam et al. 2001 a; Okamoto et al. 
2001 a, 2001b; Wang et al. 2001 

Polystyrene Ohta and Nakazawa 1995; Zax et al. 2000 

Polyamide Lincoln et al. 2001; Kim et al. 2001; Liu and Wu 2002; 

Ranade et al. 2002 

Polymethyl Okamoto et al. 2000; 2001c; Tabtiang et al. 2000; Choi et 

methacrylate al. 2001; Zeng and Lee 2001; Du et al. 2002 

Poly(a-caprolactone) Gorrasi et al. 2002,2003; Tortora et al. 2002 

Epoxy Chin et al. 2001; Kornmann et al. 2001; Salahuddin et al. 

2002; Kinloch and Taylor 2003 

Polyurethane Wang and Pinnavaia 1998a; Spontak and Patel 2000; 

Decker et al. 2002; Yao et al. 2002 

Polyester Ke et al. 1999; Zhang et al. 2003; Huang et al. 2000; 

Bharadwaj et al. 2002 
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(nanocomposites) of nylon 6 and montomorillonite from the polymerisation of 

c-caprolactam in the interlayer space of montmorillonite and dispersion of clay 

platelets into a nylon 6 matrix. In situ polymerisation makes thermosetting 

polymer-clay nanocomposites possible; e. g. epoxy-organoclay nanocomposites 

were prepared using this method [Chen et al. 2002; Triantafillidis et al. 2002]. In 

most cases [Okada and Usuki 1995; Gorrasi et al. 2002,2003], an initiator or 

curing agent is used to speed up the polymerisation although it was claimed that 

clay can also act as a catalyst. To date, only those monomers, e. g. 

4,4'-diaminodiphenylether and pyromellitic dianhydride for condensation 

polymerisation [Yano et al. 1993] and c-caprolactone for ring-open polymerisation 

[Messersmith and Giannelis 1993], producing a single polymer under most 

circumstance have been reported for using this method to obtain polymer-clay 

nanocomposites successfully. Other monomers can lead to diverse polymers, 

especially cross-linking polymers, due to uncontrollable processing in the presence 

of clay. Therefore attention must be given to the clay composition when using this 

method. 

The solution method involves adding clay to a polymer solution or adding polymer 

to clay suspension, followed by dispersing and heating, if appropriate. This method 

is often used for water-soluble polymers such as PECH polyvinyl alcohol) and 

poly(vinyl pyrrolidone). Besides water, solvents used in this method also include 

toluene [Furuichi et al. 1996], chloroform [Shen et al. 20021, acetonitrile [Aranda 

and Ruiz-Hitzky 1992] and dimethylacetamide [Chang et al. 2001; Hsu and Chang 

2002]. Aranda and Ruiz-Hitzky[1990,1992] intercalated PEO in montmorillonite 

using different polar solvents and showed that the nature of the solvent is crucial in 

facilitating the insertion of organic molecules between the silicate layers, the 

polarity of the medium being a determining factor for intercalation. 

However, since an environmentally benign and easily removed solvent is not 

always available and sometimes small solvent molecules rather than the desired 

macromolecule intercalate into the clay galleries [Kawasumi et al. 1997], Vaia et al. 
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[1993] developed simple and direct melt intercalation by pressing the composite at 

room temperature and annealing at a temperature above T. in an oven. On this 

basis, directly mixing polymer melt with clay to allow the migration of 

macromolecules into clay galleries was also explored [Krawiec et al. 1995]. The 

advantages of these methods are: 1) the absence of a solvent makes melt 

intercalation an environmentally benign method; 2) it leads to new nanocomposites 

which were previously inaccessible [Vaia et al. 1993] such as insoluble but 

meltable polymers; 3) the new intercalated nanocomposites provide ideal systems 

to study polymers in a restricted two-dimensional geometry by conventional 

techniques [Vaia et al. 1993]; and 4) it is a cost-effective method to prepare large 

quantities of samples. With this method, processing equipment for polymers such 

as extruders and injection moulding machines can also be employed for preparing 

the nanocomposites. Zhang et al. [2000] prepared maleic anhydride-modified 

PP-organoclay nanocomposites using a conventional twin-screw extruder. 

Lepoittevin et al. [2002] prepared PCL-organoclay nancomposites using a twin roll 

mill, and Vaia et al. [1996] prepared PS-fluorohectorite nanocomposite using a 

hydraulic press. 

Besides these three methods, a few others such as co-vulcanization [Okada and 

Usuki 1995; Usuki et al. 2002], solid-state intercalation [Gao et al. 2001; 

Khaorapapong et al. 2001] and sol-gel methods [Carrado and Xu 1999; Musto et al. 

2004] are also reported for making polymer-clay nanocomposites. Usuki et al. 

[Okada and Usuki 1995; Usuki et al. 2002] reported that co-vulcanization of nitrile 

rubber gives rubber-clay nanocomposites. They found that the viscosity of the 

liquid rubber-montmorillonite system decreased as the clay mineral content 

increased and was lower than even that of the unfilled system, in sharp contrast to 

carbon black, while the rate of cross-linking reaction was comparable to those 

rubbers filled with carbon black. The type of vulcanization accelerators affected the 

properties of the resulting products [Usuki et al. 2002]. 

Khaorapapong et al. [2001] reported solid-state intercalation of two diimines into 

the interlayer spaces of copper-, nickel- and cobalt-montmorillonites by mixing the 
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diimines and montmorillonites at room temperature. The intercalated molecules of 

the diimines are thought to form (ML2)r, -type coordination polymers in the 

interlayer spacing of the montmorillonite. Gao et al. [2001] found that it is possible 

to expand the interlayer distance of either a hydrophilic layered-silicate or an 

organophilic clay in a polymer (i. e. PEO or PS) simply by blending and 

compressing the solid mixture. However the XRD patterns (the only evidence 

presented) do not seem convincing; PEO on its own also gave a peak at the 

expanded 001 peak 20 = 4.8 °, which is obviously wrong, and the slight shift of the 

001 peak of sodium montmorillonite or ammonium-treated montmorillonite could 

be attributed to sample displacement and instrument misalignment because all the 

peaks shifted by the same 20. Even if the basal plane spacing is indeed increased 

after pressing, these mixtures can still not be called `nanocomposites' according to 

the definition of `composites'. 

1.4.1 Poly(ethylene glycol) and functionalised poly(ethylene glycol) clay 

nanocomposites 

Poly(ethylene glycol) is a non-ionic, polar, water-soluble polymer. It has been 

widely used in many fields such as lubricants, pharmaceuticals, cosmetics, 

surfactants [Mantzavinos et al. 1996a, 1996b; Han et al. 1997], and as a 

biodegradable reagent in metal extraction [Shibukawa et al. 2001]. In polymer-clay 

nanocomposites, there is also active research interest in such polymers (designated 

PEG or PEO [Spitzer et al. 2002a, 2002b]) for the development of water-based 

drilling fluids. These use low molecular weight PEG [Parfitt and Greenland 1970a, 

1970b]. Rechargeable batteries, on the other hand, use high molecular weight PEO 

[Aranda and Ruiz-Hitzky 1992; Wong et al. 1996,1997; Chen et al. 2000; Liao et 

al. 2001]. Because PEG is available in a wide range of molecular weights with 

reasonably symmetrical distributions and there are a range of functionalised 

monomers with PEG as backbone, PEG is often selected for fundamental studies, 

with the aim to understand polymer-clay nanocomposites [e. g. Billingham et al. 

1997; Breen et al. 1998]. PEG-clay nanocomposites are often prepared by either 

solution methods using water or acetonitrile as solvent [Aranda and Ruiz-Hitzky 
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1992,1999; Chang et al. 2001] or melt-processing [Xiao et al. 2000; Kwiatkowski 

et al. 2001]. Of some concern is that the problem of polymer degradation in this 

context has not been reported although ample evidence [Mandorsky 1959; McGary 

1960; Dennis and Rodriguez 1971; Nakano and Minoura 1971; Bigger et al. 1991; 

Glastrug 1996; Han et al. 1996,1997; Crowley et al. 2002] shows that PEG 

undergoes decomposition under some circumstances at very low temperatures. 

Therefore it is also desirable to study the decomposition characteristics of PEGs 

under those processing conditions that are often used in common solution methods 

for preparing polymer-clay nanocomposites [Bilingham et al. 1997; Chang et al. 

2001; Fu and Qutubuddin 2001]. 

While PEG has been widely studied and therefore forms a basis for much of the 

work in this thesis, functional ethylene glycol polymer-clay nanocomposites are 

still novel. Oligo(ethylene glycol) diacrylate (OEGDA) has recently been studied 

mainly in biomedical applications either polymerised on its own [Mellott et al. 

2001] or by synthesis of copolymers [Wu et al. 2003] or grafted polymers [Sun and 

Sun 2003]. Since its end groups, acrylates, are polar, it is anticipated that the 

oligomer might intercalate into natural montmorillonite and therefore make novel 

poly[oligo(ethylene glycol) diacrylate] (POEGDA)-clay nanocomposites. Indeed a 

few polymers containing the acrylate group such as poly(methyl methacrylate) 

have been successfully intercalated into clay galleries [Forte et al. 1998; Okamoto 

et al. 2001c; Salahuddin and Shehata 2001,2002; Zhu et al. 2002]. OEG-acrylates 

are commercially available in several forms; e. g. OEG-diacrylate; OEG- 

monoacrylate; OEG-methacrylate and OEG-methyl ether methacrylate, it was thus 

intended to use OEG-acrylates to obtain novel thermosetting and thermoplastic 

poly(OEG-acrylate) clay nanocomposites and to measure their mechanical 

properties. 
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1.4.2 Poly(s-caprolactone) and thermoplastic starch-clay nanocomposites 

Plastics such as polyethylene have been widely used in packaging technology 

because of their relatively high strength, high elongation, good barrier properties, 

low cost, high energy effectiveness and lightness [Guilbert 1986]. However it has 

become more evident that the ecosystem is considerably damaged as a result of the 

non-biodegradable plastic materials for disposable items [Arvanitoyannis et al. 

1997]. The environmental impact of persistent plastic wastes is of global concern. 

Incineration of the plastic wastes always produces a large amount of carbon 

dioxide warming the globe, and sometimes produces toxic gases polluting the 

environment [Ray et al. 2002a, 2003b]. Moreover, satisfactory landfill sites are 

limited. The rapid growth of municipal waste volume drives efforts toward 

biodegradable polymers that can reduce plastic wastes [Psomiadou et al. 1997; 

Arvanitoyannis et al. 1998] and these deserve also to be explored. 

The biodegradable polymers that have attracted considerable attention in the 

packaging industry are starch [Arvanitoyannis et al. 1997,1998; Psomiadou et al. 

1997], poly(lactide) (PLA) [Ray et al. 2002a, 2002b, 2003a, 2003b; Krikorian and 

Pochan 2003] and PCL [Jimenez et al. 1997; Kubies et al. 2002; Gaudel-Siri et al. 

2003]. Starch is a promising raw material because of its annual availability from 

many plants, its rather excessive production with-regard to current needs and its 

low cost [Smits et al. 1998; Gonera and Comillon 2002]. Also it is known to be 

completely degradable in soil and water and promotes the biodegradability of a 

non-biodegradable plastic. 

PLA is of increasing commercial interest since it is made completely from 

renewable agricultural products and has excellent properties comparable to many 

petroleum-based plastics. Its monomer is obtained from the fermentation of sugar 

feedstocks, corn and so forth. Even when burned, it produces no nitrogen oxide and 

only one-third of the combustible heat generated by polyolefins. It does not damage 

the incinerator and provides significant energy savings [Ray et al. 2003b]. In 
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comparison with PLA, PCL has lower cost because of its simpler synthesis 

processing, better hydrophobicity and better compatibility with other polymers 

[Jimenez et al. 1997; Kubies et al. 2002]. However the applications of these 

polymers are limited because of their deficiencies in mechanical and barrier 

properties to water and gases. Thus they have been blended with synthetic 

polymers to enhance these properties [Psomiadou et al. 1997; Mano et al. 2003]. 

However, new problems arise together with these enhancements. The blends are 

not totally biodegradable or "environmentally friendly"; and the degradation rate 

decreases with increasing amount of synthetic polymer [Psomiadou et al. 1997]. 

Therefore an environmentally friendly filler is called for to improve the properties 

of biodegradable polymers for use as packaging materials. Clay is such a filler; 

itself a naturally abundant mineral that is toxin-free and can be used as one of the 

components for food, medical, cosmetic and healthcare recipients [Jinadasa and 

Dissanayake 1992; Qian et al. 2002; Bakraji and Karajou 2003; Pang et al. 2003]. 

Thermoplastic starch (TPS) [de Carvalho et al. 2001; McGlashan and Halley 2003; 

Park et al. 2003; Wilhelm et al. 2003; ], PLA [Ray et al. 2002a, 2002b, 2003a, 

2003b], PCL [Gorrasi et al. 2002,2003; Tortora et al. 2002] and other 
biodegradable polymers [Lee et al. 2003; Ray et al. 2003c] reinforced by clay have 

recently been investigated. These nanocomposites were prepared by direct 

melt-intercalation, by solvent intercalation, and by in situ polymerisation, of which 

the first is the main method. With regard to starch, it is commonly plasticised by 

glycerol (20 - 40 wt. %) to make it thermoplastic and accept clay particles 

according to the literature [de Carvalho et al. 2001]. Starch is hydrophilic and it 

forms nanocomposites with natural smectite clays [Park et al 2003; Wilhelm et al. 

2003] and conventional composites with kaolinite [de Carvalho et al. 2001]. In 

contrast, PCL is hydrophobic and it only forms conventional composites with 

natural smectite clays but forms nanocomposites with organophilic 

ammonium-treated clays [Gorrasi et al. 2002,2003]. Experiments showed that clay 

increases mechanical strength, modulus, decreases gas and water permeability and 

increases biodegradability (cf. Section 1.6 for details). PCL and TPS-clay 

nanocomposites are studied in this work in order to assess the performance of clay 
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filler in these two biodegradable polymers. 

Starch is composed of a mixture of two polymers, an essentially linear 

polysaccharide, amylose, and a highly branched polysaccharide, amylopectin. The 

repeat unit for both amylose and amylopectin is a-D-glucose as shown below: 

CHZOH 
O 

OH 

OH 
Scheme 1 

Native starch is semi-crystalline and generally exists as granules [Calvert 1997]. 

Because of the strong chain interactions due to hydrogen bonds, the glass transition 

temperature of granular starch is above the decomposition temperature of the starch 

polymer chains. In order to make a thermoplastic starch product that can be 

processed by conventional processing techniques such as extrusion or injection 

moulding, it is necessary to disrupt the granule and melt the partially crystalline 

nature of starch in the granule. Therefore, plasticisers such as water and polyols 

must be added to lower the glass transition (230 - 250 °C) to below the 

decomposition temperature (180 - 190 °C) [Trommsdorff and Tomka 1995; Lourdin 

1997]. These plasticisers form hydrogen bonds with starch, disrupting the- {"wry 

intermolecular and intramolecular hydrogen bonds--of starch and hence the 

crystallinity. 

Besides homopolymer-clay nanocomposites, polymer blend-clay and 

copolymer-clay nanocomposites have become available in this field as well. Xu et 

al. [2003] prepared poly(styrene-co-methylmethacrylate)-clay nanocomposites 

using in situ polymerisation. Liao et al. [2004] prepared poly(styrene-b-butadiene)- 

clay nanocomposites using a solution method. Hou et al. [2003] prepared 

poly(styrene-ethylene oxide)-clay nanocomposites and found that only PEO 
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intercalated into clay. 

In the case of polymer blends, the emerging literature indicates the exciting feature 

that smectite clays can play a role in enhancing the compatibility of polymer blends 

while creating polymer-clay nanocomposites at the same time. This is of great 

interest for the development of new materials, but more importantly has 

implications for waste polymer recycling because most homopolymers are 

immiscible, resulting in separate phases often with poor mechanical properties due 

to low interfacial interactions. 

1.5 Characterisation of polymer-clay nanocomposites 

A wide variety of techniques, such as XRD, Transmission Electron Microscopy 

(TEM), Scanning Electron Microscopy (SEM), Differential Scanning Calorimetry 

(DSC), Thermal Gravimetry Analysis (TGA), Fourier transform infrared 

spectroscopy (FT-IR), atomic force microscopy, small-angle X-ray scattering, 

nuclear magnetic resonance (NMR), dielectric relaxation spectroscopy and inelastic 

neutron scattering, have been employed to characterise polymer-clay 

nanocomposites. It is rather important to recognize the limitations of these 

techniques as applied to nanocomposites. Among these techniques, XRD, TEM and 

SEM are often used to study the morphology of nanocomposites; DSC and TGA 

are usually used to study thermal properties; FT-IR and NMR are often used to 

study the polymerisation and interaction. Atomic force microscopy was used in the 

tapping mode to obtain topological formation of the nanocomposite surface. 

Time-dependent small-angle X-ray scattering was carried out to follow the 

structural development in the intermediate stages of exfoliation [Chin et al. 2001]. 

Dielectric relaxation spectroscopy and inelastic neutron scattering were employed 

to measure the dynamics of the confined polymer [Anastasiadis et al. 2000]. In-situ 

small-angle neutron scattering (SANS) coupled with XRD was conducted to study 

the intercalation kinetics of the confined polymer [Manias et al. 2000]. Some of 

these techniques can encourage over interpretation of results for nanocomposites 
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and the dangers are highlighted in a separate section below. 

1.5.1 Determination of nanocomposite structure and clay dispersion 

As discussed in Section 1.2, polymer and clay form three types of composites. The 

first problem is to determine which type of composite, i. e. morphology, is formed. 

XRD and TEM have been used most frequently to determine the swelling degree of 

clays and monitor the formation and structure of these nanocomposites. The 

increase in door of the clay is usually evidence of successful intercalation by a 

polymer but is silent about the amount intercalated as discussed below. The loss of 

001 peak of the clay may be attributed to the exfoliation of stacked clay layers due 

to the limitation of X-ray diffractometers, but a reduction in 001 peak intensity may 

be due to low volume fraction or orientation effects. In both intercalated and 

exfoliated nanocomposites, clay layers can be clearly seen to split off using TEM. 

TEM is a powerful and direct tool for characterisation but requires skill in sample 

preparation and interpretation and is not inherently quantitative. Figures 4 and 5 are 

shown here to give examples of these two techniques as applied to nanocomposites. 

Figure 4 compares the XRD patterns of polystyrene/dodecylammonium- 

exchanged fluorohectorite (PS/F12), and poly(3-bromostyrene) (PS3Br)/F12 

nanocomposites. The PS/F12 nanocomposite represents an intercalated composite 

and the latter reflects exfoliation. The 001 peaks for PS/F 12 and F12 are located at 

20 = 3.0 ° and 5.5 ° respectively, corresponding to door = 2.9 nm and 1.8 nm. The 

increase in dool indicates an increased gallery height, suggesting the successful 

intercalation of polymer. The width of the peaks, B (measured by the full width at 

half maximum) reflects the coherent order of the clay layers [Vaia et al. 1996]. The 

broader peaks for PS/F12 (BPS/F'2 = 1.2 ° and BF12 = 0.5 °) revealed that the 

coherent order of the intercalated F12 layers was less than that of the original 

unintercalated layers. In contrast to that of PS/F12, the XRD pattern of PS3Br/F12 

was almost featureless, indicating almost full exfoliation has occurred in this 

nanocomposite. 
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Figure 4. XRD patterns of polystyrene/fluorohectorite and poly(3-bromostyrene) 
/fluorohectorite nanocomposites (Reproduced from reference [Vaia et al. 1996]). 

In this context, almost every scientific paper presents XRD results as evidence of 

successful intercalation or exfoliation. However, problems can arise due to the low 

starting measurement angle, which is often set at 2° of 20. The disappearance of 

the 001 peak of clay can easily be caused by the misalignment of sample holders, 

wrong slit setting or orientation, rather than the exfoliation of the clay layers. So 

extreme caution should be taken when interpreting the traces or carrying out the 

measurements. 

TEM is often used as a complementary tool to XRD to help determine the nature of 

nanocomposites. Figure 5 shows typical images of an intercalated and an exfoliated 

nanocomposite. Under TEM, an intercalated nanocomposite has ordered stacks of 
layers, which randomly disperse in the polymer matrix as shown in Figure 5(a). By 

measuring the distance between layers, the gallery height can be estimated. For an 

exfoliated nanocomposite as shown in Figure 5(b), the clay platelets disperse 

homogeneously in the continuous polymer phase. Disordered single layers can be 
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Figure 5. TEM images of (a) intercalated and (b) exfoliated nanocomposites. The 

inset shows a magnified image of exfoliated clay layers. (Reproduced and adapted 

from reference [Morgan and Gilman 2003]). 
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seen from the inset figure with a higher magnification. Full intercalation or full 

exfoliation is not often seen in nanocomposites; most are a mixture of intercalation 

and exfoliation [Morgan and Gilman 2003]. Clearly this means that an XRD trace 

alone cannot characterize the material, which is increasingly recognised by 

investigators [Morgan et al. 2001; Yoonessi et al. 2004]. 

Most `intercalated' polymer-clay nanocomposites contain only a small volume 
fraction of clay filler; they comprise both free bulk polymer and nanocomposite 

reinforcement. It therefore seems important to distinguish them by determining the 

maximum intercalation amount of polymer in clay and the maximum loading of 

clay that polymer can sustain. These problems are addressed in the work that 
follows. 

Since most nanocomposites include both intercalation and exfoliation, to 

distinguish these two is of considerable importance for studies on 

structure-property relationships. XRD, TEM and rheological testing have been 

introduced to quantify the degrees of intercalation and exfoliation however all these 

give only semi-quantification according to the literature [e. g. Kretzschmar and 
Pospiech 2004], i. e. they show which nanocomposite has the greater 
intercalation/exfoliation compared to others. TEM gives a direct image of the 

sample and thus a rough idea of the extent of exfoliation and intercalation can be 

obtained. However, since the majority of TEM images shown in the literature were 

cropped from the original whole image where there is also a sampling error, the 

judgement can be very subjective. Overall, it is difficult to assess the extent of 
intercalation and exfoliation. Since exfoliation does not give a 001 peak, the 

change in the peak area after calibration of montmorillonite concentration and 

sample misalignment should be attributed to exfoliation. Internal standards such as 

silicon or potassium bromide can be used for such calibration but this is not 

reported. Thus this work explores the XRD method with silicon as an internal 

standard. 

Recently Eckel et al. [2004] assessed the use of TEM and XRD (without standards) 

49 



Introduction 

in the quantification of clay dispersion in polymer. They claimed that TEM was 

successful in quantifying the dispersion by carrying out Linear Intercept 

Measurements which involve placing an array of parallel lines over the micrograph 

and then dividing the total length of the lines by the number of times the lines 

intersect the clay. However this method seems tedious and easily includes 

measurement errors when placing the lines. Also the specimens microtomed are 

normally of a thickness of less than 100 nm or 70 nm and they, even at the edge, 

are very likely to contain several overlapped clay `films' that only have one layer of 

clay dispersion. 

± 

(a) (b) (c) 

Figure 6. Schematic representation to show that a TEM specimen thicker than 1 nm 
could lead to incorrect interpretations. 

Figure 6 describes the possibility of this kind of overlapping. Assuming the image 

observed is Figure 6(c) and it contains two `films' of clay dispersion, the real image 

for clay dispersion should be Figure 6 (a) or 6 (b) and hence the dispersion degree 

calculated from Linear Intercept Measurements is widely deviated from the real 

value. Indeed most TEM images presented in the literature tend to provide much 

higher clay volume fractions than the real ones. For example, the specimen for 

Figure 5 (b) only contains 5 wt. % organoclay (approximately 2 vol. % clay platelets) 

but the volume fraction of clay platelets looks much higher than 2 vol. %, 

presumably due to the thick specimen. Thus it is speculated that TEM can only be 

used for qualifying and at most semi-quantifying clay dispersion. The exceptional 
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case is that the specimen is uniformly of about 1 nm thickness. 

VanderHart et al. [2001a, 2001b, 2001c] used solid state NMR to study the quality 

of clay dispersion in nylon 6, but again they only presented semi-quantitative 

results. Based on these studies, VanderHart et al. [Bourbigot et al. 2003] developed 

a method for calculating the degree of dispersion for glassy 

polystyrene-montmorillonite nanocomposites using solid state NMR. The method 

is based on the proton longitudinal relaxation time (Ti) measurement. It uses two 

effects: (1) the paramagnetic character of the montmorillonite in use that directly 

reduces the Ti of nearby protons and (2) spin diffusion, whereby this locally 

enhanced relaxation propagates to more distant protons. Therefore the fraction, f, 

of the actual polymer-clay interfacial area, relative to the maximum possible 

polymer-clay interfacial area can be determined if a fully exfoliated nanocomposite 

is also measured. 

It is known that the A13+ ions in the octahedral sheet of montmorillonite are 

sometimes substituted by Fei+which is strongly paramagnetic. The spin-exchange 

interaction between the unpaired electrons on different Fe atoms produces 

magnetic fluctuations in the vicinity of the proton Larmor frequency for protons 

and T1 within about 1.0 nm of the clay surface is directly shortened. The extent of 

this effect on Tl depends on both the Fe and montmorillonite concentration and 

most importantly on the average distance between nearest polymer-clay interfaces. 

Clay layers having no polymer interfaces, to a good approximation, do not 

influence T1. Thus the better the dispersion of single clay layers, the shorter is the 

average Tl [VanderHart et al. 2001a, 2001b, 2001c]. According to these authors' 

experience, they found that in a plot of recovered magnetization versus the square 

root of time, the initial slope corrected for the contribution from the intrinsic Tl of 

the polymer, is proportional to the total polymer-clay interfacial area. Thus the 

degree of exfoliation can be calculated. However in the literature this method has 

not been replicated. This work assesses the feasibility of this method as discussed 

in Section 3.11. 
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1.5.2 Thermodynamic driving force for intercalation and exfoliation 

Theng [ 1979] demonstrated that positively charged organic species are absorbed by 

an exchange reaction with the exchangeable cation in the galleries and uncharged 

polar organic molecules are absorbed principally by the interaction between the 

functional group and the exchangeable cation. The driving force for polymer 

intercalation in solution is largely dominated by entropy due to the gain in 

translational freedom of many desorbed molecules, i. e. the interlayer water, from 

the clay galleries. 

Ruiz-Hitzky and Aranda [1990,1992,1999] observed that the absorption FT IR 

peaks for OH and HOH in the original clay disappeared on intercalation, indicating 

the loss of these groups and replacement with intercalated PEO. Their TGA 

supported the FT IR result that water was replaced by polymer, because a small 

weight loss (<1 wt. %), assigned to the elimination of the remaining water, was 

detected in the intercalated clay. It is noteworthy that this is much less than the 

value found for the original clay which was about 10 wt. %. The results from 

Bujddk et al. [2000] for TGA and differential thermogravimetry measurements 

coupled with computer simulations support this conclusion. In their simulations, 

the model (cf. Figure 7) used was built in terms of cation exchange capacities and 

the hypothesis of bilayer conformation of PEO and verified using overall surface 

area of the clays. They found that PEO chains replaced weakly absorbed water and 

filled the space between exchangeable cations using either the melt or solution 

method. 

However, for PS-organoclay nanocomposites prepared using the melt-processing 

method, TGA did not show any weight loss from the organoclay at the 

temperatures used, suggesting that no water or other small molecules were released 

from the host gallery [Vaia et al. 1993]. On this basis, Vaia et al. [1993,1997a] 

suggested that the entropic penalty for confinement of the polymer must be 

overcome by other means such as by increasing the interaction energy. The number 
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Figure 7. Schematic showing coordination of Li+ by water molecules (left), the 
length (0.35 nm) of an all-trans PEO monomer (centre), and the width (0.38 nm) of 
an all-trans PEO chain (right) (Reproduced from reference [Bujdäk et al. 2000]). 

of interactions can be increased by increasing the ordering of the host layers and by 

stretching the polymer chains. Whether the entropic change plays the major role in 

driving the intercalation to occur is studied in this work. 

As for the exfoliation, an expansion mechanism has been proposed for exfoliated 

epoxy-organoclay nanocomposites [Chen et a]. 2002]. In the first stage, the 

interlayer expansion induced by intra-gallery polymerisation must overcome any 

polymer chains that bridge the silicate layers. The second stage was characterised 

by a steady and linear increase in interlayer spacing and accounts for the majority 

of the total expansion realised. During this stage, the diffusion of unreacted resin 

between the silicate layers could be monitored by isothermal DSC experiments. In 

the third stage, the interlayer expansion slowed down then stopped, and in some 

cases the spacing decreased slightly. This was ascribed to the evolving modulus of 

the extra-gallery polymer such that the interlayer expansion stopped when the 

modulus of the extra-gallery polymer became equal to or exceeded the modulus of 

the intra-gallery polymer. 
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1.5.3 Interactions between polymer and clay 

The interaction between clay and polymer is affected by many factors, such as the 

nature of the clay, the length and nature of the polymer chain and the nature of the 

solvent [Nevskaia et al. 1996]. For PEO-organoclay nanocomposites, there are 

different accounts of the interaction in the available literature [Aranda and 

Ruiz-Hitzky 1992,1999; Bujdäk et al. 2000]. Some claimed that hydrogen bonding 

interactions between ammonium ions and oxyethylene units were evidenced in IR 

studies, and these hydrogen-bonding interactions were thought to result in 

incomplete replacement of water by the polymer [Aranda and Ruiz-Hitzky 1990, 

1992]. However, Bujdäk et al. [2000] found that no direct bonding between 

exchangeable cations and PEO oxygen atoms took place, but the exchangeable 

cations may play an important role in binding the polymer molecules through the 

involvement of water bridges between themselves and the polymer. These cations 

and their coordination shell water cannot be displaced [Parfitt and Greenland 1970a; 

Burchill et al. 1983; Bujdäk et al. 2000]. The latter explanation is more convincing 

because there are no high-energy attractions between the polymer and the clay 

surface [Parfitt and Greenland 1970a] but the affinity of the polymer for the clay is 

greater than that for water. 

In nylon 6-clay nanocomposites (NCH), a titration study revealed that the 

concentration of -COOH ends was much higher than that of -NH2 ends. The 

decreased -NH2 corresponded to NH3+ in NCH, which indicated that substantial 

number of nylon molecules in NCH were ionic bonded to silicate at the NH3+ end. 

This result was supported by the evaluation of the ionic bond strength measured 

using 15N cross-polarity/magic-angle spinning (CP-MAS) NMR spectroscopy 

[Okada and Usuki 1995]. It should be noted that the interaction between clay and 

polymer may vary with different nanocomposites because it is affected by many 

factors as just discussed. 

Balazs et al. [Pinnavaia and Beall 2000] used two distinct methods of computer 

modelling and their combination to probe the interactions between polymers and 
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silicate sheets. Through the calculations, they could modify the characteristics of 

the surfactants, polymers, and substrate and thus isolate factors that drive the 

polymers to permeate the clay galleries. They predicted that if a polymer had a high 

degree of polymerisation and the Flory-Huggins interaction parameter between 

itself and clay was negative, the nanocomposites would only exhibit an intercalated 

morphology. For easy penetration into the gallery, the polymer must contain a 

segment that is highly attracted to the clay surface. It must also contain a longer 

segment that is not attracted to the clay layers because it is claimed that having a 

long chain anchored to the clay surface promotes the stability of the exfoliated 

morphology [Balazs et al. 1998; Pinnavaia and Beall 2000]. 

1.5.4 Conformations of intercalated polymer 

Conformations of intercalated polymer have been studied both experimentally and 

theoretically. Aranda and Ruiz-Hitzky [1990,1992; Pinnavia and Beall 2000] 

proposed a helical conformation for the confined PEO in clay galleries. This 

proposition was deduced as follows: The increase in gallery height after 
intercalation of PEO was 0.8 nm, which is compatible with two possible polymer 

arrangements in the interlayer region (see Figure 8). 1) a planar zigzag 

conformation of PEO chains [similar to that observed in some Hg salt/PEO 

complexes]; and 2: ) a helical conformation in the interlayer region, with the axis of 

the polymer chain oriented parallel to the silicate layers, i. e., to the (a, b) plane. 
They thought that the latter was more plausible because only one plateau was 

observed in the adsorption isotherms and it could be assigned to the intercalated 

monolayer. Moreover, the proposed structure involving helical conformations was 

compatible with the structural parameters of crystalline [P(EO)�M+]X" complexes 

and was also supported by IR and NMR spectroscopies. The presence of the two 

bands close to 945 and 850 cm 1 assigned to rocking =CH2 modes, observed in 

intercalated PEO and conventional PEO-salt complexes, supported the structural 

model proposed. 
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Figure 8. Schematic representation of PEO intercalation models in smectites: (a) 
double-layer planar zigzag (Reproduced from reference [Aranda and Ruiz-Hitzky 
1992]), and (h) helical conformation of PEO chains (Reproduced from reference 
[Ruiz-I I itzky and Aranda 1990]). 
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However, Shen et al. [2002] disputed this well-formed helical structure. They 

proposed a distorted helical structure in the clay galleries on the basis that the 

=CH2 rocking vibrations for the gauche configuration indicating a helical structure 

either shifted or disappeared. Recent NMR work does not support the hypothesis 

that the oxyethylene units are directly coordinated to the cations [Wong et al. 1996]. 

Also a helical structure would not allow full intercalation of PEO chains with the 

silicate surface [Bujdäk et al. 2000]. Aranda et al. [1999] themselves later claimed 

that PEO adopted a planar zigzag conformation in NH4+-smectite galleries. The 

evidence was that the IR spectra of PEO/NH4+-smectites showed a band near 1330 

cm. ", which is attributed to s (CH2) (co) vibrations of -O-(CH2)2-0- groups in the 

trans conformation and indicates a planar zigzag conformation for PEO. Also the 

cavity size of PEO in the helical structure is too small to allow the ammonium ions 

inside (NH4' ionic radii = 0.136 nm). By molecular dynamics and Monte Carlo 

simulations, Hackett et al. [1998,2000] showed that the intercalated PEO chains in 

PEO-clay nanocomposites were arranged parallel to the crystalline silicate layers in 

the hectorite galleries. This structure agreed well with their recent small-angle 

neutron scattering experiments [Manias et al. 2000]. Boulet and Coveney [2003] 

presented both planar and helical conformations for different functionalised PEOs 

in clay galleries from their modelling work. Therefore it is reasonable to believe 

from the literature that a polymer may adopt different conformations in the 

galleries of different clays and different polymers may adopt different 

conformations in the galleries of the same clay to maximize the interaction energy. 

There is a generally accepted view in the literature for determining the 

conformation of the intercalated polymer based on the increased basal spacing. In 

the case of natural montmorillonite, an expanded dool of -1.4 nm is usually 

assigned to a lateral monolayer and a dool of -1.8 nm is for planar bilayer. For 

example, Billingham et al. [1997] assigned 1.43 mit for a monolayer and -1.8 nm 

for a bilayer adopted by the PEO lying in the clay galleries. In addition to 

monolayer and bilayer, Triantafillidis et al. [2002] assigned 2-2.3 nm for an 

inclined paraffin-like pseudo-trilayer or a liquid-like bilayer structure, and 4.6 nm 
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Figure 9. Schematic representation of the orientations of onium ions intercalated in 
the galleries of a clay (a) lateral monolayer; (b) bilayer to inclined monolayer; and 
(c) folded chain structure (Adapted from reference [Triantafillidis et al. 2002]). 
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for a folded chain structure. These are shown in Figure 9. 

1.5.5 Mobility and crystallinity of intercalated polymers 

A comparison between surface-sensitive cross polarization experiments with 

spin-echo experiments which probe the entire organic layer suggested that PS in the 

centre of the clay layers exhibits a rather unique behaviour. The nanocomposite 

possessed both liquid- and solid-like character at all temperatures, in contrast to the 

bulk polymer that displays solid-like character at T< Tg (glass transition 

temperature) and liquid-like character (off-diagonal signal) at T> Tg. So the 

intercalated polymer chains exhibit liquid-like mobility even at temperatures below 

Tg of the bulk polymer [Zax et al. 2000]. Similar behaviour was observed in a 

poly(methylphenylsiloxane)-clay nanocomposite using dielectric relaxation 

spectroscopy [Anastasiadis et al. 2000]. The intercalating polymer was shown to 

have a much faster a-relaxation than the bulk polymer and exhibited much weaker 

temperature dependence, suggesting that the polymer in the nanocomposite was 

more mobile at all temperatures. This is very different from what might be 

expected because it seems that the confined polymer within a few nanometers in 

the nanocomposite should be less mobile compared to the bulk polymer 

[Anastasiadis et al. 2000]. Hackett et al. [1998,2000] also showed a disordered, 

liquid-like structure for the intercalating polymer from molecular dynamics and 

Monte Carlo simulations. They found that the disordered liquid-like arrangement 

can evolve towards a more ordered arrangement by increasing the chain length 

[Hackett et al. 1998]. 

This theory of residual polymer mobility below the bulk Tg was used to explain the 

disappearance of the bulk Tg for an intercalated polymer within the instrument 

temperature range (from -100 to 150 °C) [Sikka et al. 1996]. But earlier, Vaia et al. 

[1993] interpreted the absence of T. for intercalated PS over the range of 50 - 150 

°C (Tg for bulk polystyrene is 96 °C) as attributed to the molecular confinement of 

the chains within the two-dimensional host galleries. They thought that the 

interactions between polymer chain segments and silicate surface severely impeded 
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the rotational and translational motions of the polymer and thus the glass transition 

might not occur in the same way as in the case for highly cross-linked materials 

[Vaia et al. 1993]. On the contrary, by using solid state NMR, a glass transition was 

found in intercalated PEO [Wong et al. 1996]. There was also an observation of a 

drop in Tg, which was attributed to the formation of an interphase where the 

interphase was hypothesized to be the epoxy plasticised by the surfactant chains 

[Chen et al. 2002]. 

These different observations on Tg might be attributed to five causes. Firstly clay 

interacts with polymers having different polarities in different ways; secondly some 

instruments might not be precise enough to detect a small glass transition; thirdly 

the measurement method affects the result, e. g. a fast scan might not be able to pick 

up a small transition; fourthly different annealing conditions during sample 

preparation may affect the value of Tg; and finally but most likely, the intercalated 

polymer does not appear to have Tg and behaves liquid-like, but free polymer still 

exerts its Tg or a Tg which is slightly affected by the external surface of clay. When 

there is no excess polymer molecule remaining outside clay galleries, Tg cannot be 

detected. On the other hand, if the excess polymer molecules are not removed, the 

observed Tg should be attributed to them. 

According to the literature, the effects of clay platelets on polymer crystallinity 

were also investigated and explained in many different ways. In the case of 

PEO-organoclay nanocomposites [Aranda and Ruiz-Hitzky 1992; Wong et al. 1996; 

Liao et al. 2001], a melting point was not observed, suggesting that the confinement 

of the macromolecules prevents the polymer from crystallising [Alexandre and 

Dubois 2000]. From the DSC traces of PEO-Na+ montmorillonite nanocomposite, 

it was found that as the intercalation reaction progressed, the area and position of 

the endotherm corresponding to melting of crystalline PEO was progressively 

reduced and subsequently vanished, thus implying again that the intercalated PEO 

was amorphous [Krawiec et al. 1995]. In other work, the melting transition of 

PEO-clay nanocomposite was located but the temperature was reduced compared 

with the pristine polymer [Kwiatkowski and Whittaker 2001]. In the case of 
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PCL-clay naocomposites, DSC showed there was no change in Tm. The melting 

enthalpy was reduced by clay addition and the degree of crystallinity was 

accordingly decreased [Lepoittevin et al. 2002]. Kwiatkowski and Whittaker [2001] 

found that the total residual crystallinity of PEO was 9% compared with 70 % for 

the pristine polymer. This decrease in the degree of crystallinity was also found in 

maleated PE-clay nanocomposite [Gopakumar et al. 2002], although the authors 

also found that the dispersed clay layers acted as nucleating agents, resulting in 

enhanced polymer crystallisation rate. Lin et al. [2001] found that the melting 

enthalpy for the determination of crystallinity for the intercalated poly(ethylene 

oxide) diamine was 15 J g'1, which is significantly lower than 105 J g'' for the 

pristine polymer. As a summary of these results, the confined polymer is 

amorphous even for semi-crystalline polymers. Although clay platelets act as a 

nucleating agent, increasing crystallization rate, the crystallinity in terms of the 

original polymer may be decreased due to the intercalation of some polymer 

molecules into clay galleries which become amorphous. 

1.5.6 Factors affecting nanocomposite structure 

In polymer-clay nanocomposites, physical distinction is lost as a result of mixing at 

a molecular level during intercalation, mechanical separation is no longer possible 

and the intercalation process is not directly controllable. It may become partially 

controllable by manipulation of cations, adsorption inter alia of ammonium 

compounds and adjustment of molecular weights, concentrations and processing 

conditions such as times during reaction. 

Polymer molecular weight 

Polymer molecular weight (MWt) has been reported as having different effects on 

door of intercalated clay. Increasing MWt of the polymer led to an increase in doof 

for epoxy, poly(alkylamine), poly(oxyalkylene) diamine and polyester [Ijdo et al. 

1998; Komori et al. 1999; Lin et al. 2001; Triantafillidis et al. 2002]. On the other 

hand, no change in door was observed with PEO for MWt ranging from 600 to 6x 

105 in agreement with the helical or zigzag models proposed [Aranda and 
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Ruiz-Hitzky 1990,1992; Bujdäk et al. 2000]. This was also observed in a 

PS-organoclay nanocomposite [Sikka et al. 1996]. Likewise, Vaia et al. [1997a] 

showed that MWt of the polymer only affected the rate of polymer intercalation but 

not the final layer spacing of the nanocomposite. Also a greater MWt led to a 

smaller average number of layers per stack [Fornes et al. 2001], greater exfoliation 

degree, and greater intercalation amount within a certain MWt range [Theng 1979; 

Aranda and Ruiz-Hitzky 1992]. Although polymer with a greater MWt has higher 

affinity for the clay surface [Parfitt and Greenland 1970a], the diffusion into clay 

gallery is slower [Manias 2000]. Thus it is our intention to study which molecular 

weight fractions of polymer, clay prefers to intercalate in order to determine 

whether there is a high possibility of forming bridging molecules (Section 3.5). 

Concentration of clay in polymer 

Increases in polymer loadings generally result in increased basal spacings until 

exfoliation occurs or the maximum loading that clay can absorb is reached [Okada 

and Usuki 1995; LeBaron et al. 1999; Carrado 2000]. However according to the 

conformations proposed (monolayer, bilayer, folded chain structure and helix) 

shown in Figures 7 and 8, the increase in polymer loading does not always lead to 

an increase in doof because the formation of a structure needs a certain amount of 

polymer, after which the addition of polymer serves to fill the structure rather than 

expand the clay. So the increase in polymer loading may cause a stepwise increase 

in dool as presented in Figure 10, on the basis of the proposed conformations and 

the findings that door is not affected by polymer MWt or the intercalation amount 

within certain range [Aranda and Ruiz-Hitzky 1992; Shen et al. 2002]. This figure 

is supported by Pinnavaia's statement [1983] about the change of doof with the 

intercalation of double layers of water into sodium smectites, and Bowden and 

Whiting's finding [2004] concerning the formation of monolayer, bilayer and 

trilayer with functionalised PEO-clay nanocomposites. 

It is usual in conventional composite studies, to be able to relate the properties 

directly to the volume fraction of reinforcement often through one of many 

semi-empirical equations. In nanocomposites this is not so straightforward. 
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Figure 10. A proposed schematic curve of d001 versus polymer loading according to 
suggested mono-, bi- and tri-layer conformations. 

Increasing the clay loading can favour the formation of an intercalated 

nanocomposite rather than an exfoliated nanocomposite [Ranade et al. 2002], thus 

a proper interpretation needs to take into account of both factors; increasing in 

nominal volume farction and changing from intercalation to exfoliation. In the case 

of in situ polymerisation, MWt of the polymer obtained in the clay galleries 

decreased as the clay loading increased [Fu and Qutubuddin 2001]. Since polymer 

MWt affects the properties, it should also be considered when interpreting results. 

Also with increasing clay loading, the degree of polymer crystallinity could be 

decreased [Krawiec et al. 1995; Anastasiadis et at. 2000; Kwiatkowski and 

Whittaker 2001; Lepoittevin et al. 2002] because the intercalated polymer is 

amorphous as discussed previously. Hence crystallinity should also be considered. 

Thus many simultaneous structural changes may be brought about by changing 

clay volume fraction and a sound understanding of these changes is essential for 
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interpreting the properties of polymer-clay nanocomposites. 

Processing methods and conditions 
Preparation methods and processing conditions could also affect the nanocomposite 

structure. An essentially identical structure in the nanocomposite was found in both 

melt and solution intercalations of PEO into fluorohectorite [Bujdäk et al 2000]. 

However, with melt-processing methods, all PEOs were directly intercalated 

whereas the products from water-mediated intercalation contained a fraction of 

unintercalated PEO chains. The reason is that water is a good solvent for PEO so 

that the polymer-water interactions impeded complete intercalation [Lagaly 1999]. 

Shen et al. [2002] found that dool of solution-intercalated nanocomposites in both 

PEO-clay and PEO-organoclay systems increased with PEO content up to a plateau 

level of 1.79 nm at 15 wt. %, however, the doo, of melt-intercalated PEO-clay and 

PEO-organoclay nanocomposites as measured by XRD remained the same 

regardless of the PEO concentration. IR analysis [Shen et al. 2002] showed no 

difference in the spectra of samples prepared by solution intercalation and melt 

intercalation, supporting the observation [Bujdäk et al. 2000] that the interlayer 

water is replaced by the intercalating PEO in both the methods. 

In the melt-processing method, increasing the processing temperature resulted in 

shorter exfoliation time and a larger degree of exfoliation [Tolle and Anderson 

2002]. Also increasing thermal treatment time increased the intercalation amount 

[Sikka et al. 1996; Chen et al. 1998]. In in situ polymerisation, the choice of curing 

agent and curing conditions controlled the degree of exfoliation of the clay in the 

material and affected the type of the resulting nanocomposites [Kornmann et al. 

2001; Chin et al. 2002]. Dennis et al. [2001] studied in detail how the processing 

conditions such as extruder type, configuration of twin-screw extruder and feed 

rate affected the resulting nylon 6-clay nanocomposites. They found that the best 

dispersion and exfoliation of organoclay was obtained using a counter-rotating, 

non-intermeshing medium shear extruder screw configuration. 
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1.6 Properties of polymer-clay nanocomposites 

In general, the properties of polymers are largely improved after the addition of 

clay. As a result, some nanocomposites have been used as automobile components, 

packing materials, flame retardants, protective films, electrical connectors and 

construction materials [Pinnavaia and Beall 2000]. Applications for 

nanocomposites can be divided into two broad categories relating either to 

engineering or barrier properties. The first application was in the use of a nylon 

6-montmorillonite nanocomposite for timing belt covers on Toyota cars as shown 

in Figure II in late 1980s [Okada and Usuki 1995]. Compared with conventional 

composites, these nanocomposites afford substantial increases in tensile strength, 

tensile modulus and storage modulus, with little or no loss in impact resistance in 

many cases. Also the improvements in barrier properties, such as solvent resistance, 

and flame resistance, are normally gained without loss of optical clarity in the 

composites at levels of clay addition of 1-5 vol. % [Yano et al. 1993; Pinnavaia 

and Beall 2000]. 

Figure 11. The picture of a timing belt cover made of a nylon 6-clay nanocomposite, 
the first application of polymer-clay nanocomposites (Reproduced from reference 
[Okada and Usuki 1995]). 
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1.6.1 Mechanical properties 

Compared to the pristine polymer, a polymer filled with a few wt. % clay provides 

dramatically increased mechanical properties. As shown in Table 1,4.2 wt. % clay 

increased the tensile strength of nylon 6 from 69 MPa to 107 MPa, and in parallel 

the tensile modulus was doubled [Kojima et al. 1993; Okada and Usuki 19951. The 

impact strength of nylon 6-clay nanocomposites was retained and was identical to 

that of nylon 6. This significant improvement in mechanical properties of NCH was 

considered to have its origin in the existence of an exceptionally high interfacial 

surface area and the formation of ionic bonds between the organic polymer and 

inorganic silicate, as discussed previously. A prominent benefit of NCH that was 

also observed was the improvement in heat distortion temperature (HDT). The 

HDT of the NCH was 87 °C higher than that of nylon 6. 

Table 3. Mechanical properties of an epoxy-organomagadiite nanocompositea and 
pristine nolvmer FPinnavaia and Beall 20001. 

Material Tensile Tensile Strain at Yield Compressive Storage 

strength modulus break Strength modulus modulus 
/MPa /MPa /% /MPa /GPa at120°C 

/ MPa 

Polymer 0.5 3.8 23 75.1 1.4 22 

Composite 6.0 16.5 48 87.8 1.8 80 

acontaining 10 wt. % organomagadiite. 

For an exfoliated epoxy-clay nanocomposite, loadings of 5 wt. % clay also resulted 

in remarkable enhancement in mechanical properties. A 25 % increase in storage 

modulus was observed in both glass and rubbery regions [Triantafillidis et al. 2002]. 

Table 3 shows the mechanical properties of an exfoliated epoxy-organomagadiite 

nanocomposite. The tensile strength, tensile modulus, yield strength, compressive 

modulus and storage modulus were significantly increased with the presence of 10 

wt. % organomagadiite, while the strain at break was also increased [Pinnavaia and 

Beall 2000]. These nanocomposites have been studied for applications as adhesives, 
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coatings, electrics, automotive and aircraft components [Chen et al. 2002; Tolle 

and Anderson 2002]. 

Young's modulus of exfoliated organoclay (5 wt. %)/maleated PE nanocomposite 

was increased by 30 % compared to a9% increase for the corresponding 

conventional composite, PE-organoclay [Gopakumar et al. 2002]. Storage modulus 

below the Tg of soft segments in the polyurethane was increased by more than 350 

% for an addition of 21.5 wt. % organoclay [Yao et al. 2002]. In a silicone 

elastomer, both the strain at break in tensile mode and toughness of the pristine 

polymer were increased with clay addition [LeBaron et al. 2001], making clay a 

versatile filler in the polymer industries. 

Likewise, the biodegradable polymers such as PCL, PLA and TPS are also 

substantially reinforced by the presence of clay. Young's modulus of PCL was 

increased from 216 MPa to 390 MPa with 10 wt. % of ammonium-treated 

montmorillonite [Lepoittevin et al. 2002]. Storage modulus of PLA-clay 

nanocomposite containing 7 wt. % ammonium-treated montmorillonite was 

Table 4. Mechanical properties of biodegradable polymer-clay nanocomposites. 
Properties TPS TPS/ PLA PLA/ PCL PCL/ 

NaMMTa fluorinemica NH4MMTa 
(5 wt. %) (4 wt. %) (9 wt. % 

Tensile Strength 2.6 3.3 - - 4.9 7.1 
/ MPa 

Young's modulus - - - - 120 445 
/ MPa 

Elongation at 47 57 1.9 1.5 1054 782 
break /% 
Flexural strength - - 86 94 - - 
/ MPa 

Flexural modulus - - 4.8 6.1 - - 
/ GPa 

References Park et al. 2003 Ray et al. 2003b Gorrasi et al. 2002; 
Tortora et al. 2002; 
Gorrasi et al. 2003 

4MMT=montmorillonite; 
b yield strength. 
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to more than three times that for the unfilled PLA at all temperatures (T < T. and T 

T5) [Ray et al. 2002b]. Table 4 summarizes some mechanical properties of these 

polymer-clay nanocomposites. A small amount of clay substantially improves 

tensile strength, tensile modulus, flexural strength and flexural modulus without 

loss of elongation at break. 

Similarly, studies on polymer blend-clay nanocomposites show that the presence of 

clays has resulted in considerable improvement of the mechanical properties. Wang 

et al. [2003] show that the peel strength of PP/PS was increased from 523 Nm1 to 

1768 Nm1 and the adhesive fracture energy was increased from 1046 Jm2 to 

3536 JmZ with 0.5 wt. % treated clay. Li et al. [2003] added 18 wt. % treated clay to 

syndiotactic PS/nylon 6 blends containing 5 wt. % sulfonated syndiotactic PS as 

compatibilizer and found there were considerable improvements in impact, flexural 

and tensile strengths without loss of elongation at break. 

1.6.2 Barrier properties 

Like mechanical properties, barrier properties of nanocomposites are also 

significantly improved by clay filler. As shown in Table 1, the rate of water 

absorption in NCH was lowered by 40 % compared with nylon 6. Anisotropy of the 

thermal expansion coefficient was also found in NCH, due to the preferred 

orientations of silicate and polymer chains. The enhancement of mechanical and 

barrier properties gives NCH automotive components high rigidity, excellent 

thermal stability and no warpage [Pinnavaia and Beall 2000]. 

Polyimides are used largely for microelectronics because of heat resistance, 

chemical stability and superior electrical properties. The addition of clay with low 

thermal expansion coefficient and high gas barrier properties reduced the 

coefficient of thermal expansion and the amount of moisture absorption thus 

enhancing polyimides for advanced electronics [Yano et al. 1993]. Although the 

nanocomposite included 2 wt. % montmorillonite, it had similar optical clarity to 
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that of the unfilled polymer [Yano et al. 1993; Pinnavaia and Beall 2000]. This is 

because the level of dispersion of montmorillonite of a size (200 nm) is smaller 

than the wavelength of visible light (400 - 700 nm). As the clay content increased, 

the gas permeability coefficient of water vapour, helium or oxygen gas decreased 

remarkably; the addition of 3 wt. % clay decreased the gas permeability coefficients 

of the three gases to 35 %, 26 % and 16 % of original values respectively. The 

authors used the Nielsen model [Nielsen 1967] to explain the improved barrier 

properties as shown in Figure 12. 

This tortuous path for a permeant to traverse the nanocomposite is a traditional 

interpretation for the enhanced barrier properties by clay addition. However, Beall 

[Pinnavaia and Beall 2000] pointed out that the Nielsen model only predicted the 

permeability behaviour of systems at very low loadings of clay (less than 1 wt. %) 

and at higher clay loadings the data deviated substantially from the model. Based 

upon treating the polymer/clay interface as the dominating factor, the author 

developed a conceptual model by incorporating a constrained polymer and surface 

modifier region into the simple tortuous path model [Pinnavaia and Beall 2000]. 

d 

4.......... 

........... 
d1 

ý 

iý . 

Total path of a diffusing gas 

d'=di d"L"Vf/2W 
d: thickness of a film 
!.: length of a clay 
W: width of a clay 
Vf; volume traction of a clay 

Tortuousity factor 

d'/d 
=1 + L-Vf 12W 

Equation for a permeability coefficient 

PC =PP 1x 
Pp 1(1+LVf / 2Y) 

Pp : permeability coefficient of 
a matrix polymer 

Figure 12. A model for the path of a diffusing gas through the polyimide-clay 
nanocomposite (Reproduced from reference [Yano et al. 1997]). 
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Similar to polyimide-clay nanocomposites, the exfoliated epoxy nanocomposites 

also have a comparable optical clarity to that of the pristine epoxy [Pinnavaia and 

Beall 2000], which is shown in Figure 13. Meanwhile, their resistance to chemicals 

is also increased. Table 5 shows that the nanocomposite was much more stable in 

acid, neutral and basic conditions than the pristine polymer. 
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Figure 13. Optical transparency properties of (A) A pristine epoxy polymer; (B) 

epoxy-organokenyaite nanocomposite; (C) epoxy-oganomagadiite nanocomposite; 
and (D) epoxy-organoilerite nanocomposite. Each specimen has a ca. 50 mm 
diameter and 1.6 mm thickness with a silicate loading of 5 wt. % Si02 (Reproduced 
from reference [Pinnavia and Beall 2000]). 

Table 5. Chemical stability and solvent resistance of exfoliated epoxy- 
organonlagadiite nanocornpositesa and pristine polymer as indicated by percent 
nass gain [Pinnavaia and Beall 20001. 

Material 10% Distilled 30 % 5% acetic Methanol` Toluene" 

NaOHb H-, Oh H2SO. 4b acids' 

Polymer 1.6 2.5 16.7 13.4 76.5 189 

Composite 1.5 1.6 7.2 9.6 58.5 136 

"TI'he orgationiagadiitc loading was 9.1 wt. %. 
"Mass gain alter 360 h. 
`Mass gain alter 48 h. 
`Mass gain after 24 h. 
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Among biodegradable polymers, 02 gas permeability coefficient of PLA was 

decreased to 35 % of its original value in the presence of 4 wt. % organically 

modified fluorine mica [Ray et al. 2003b]. Relative water vapour diffusion 

coefficient of TPS was decreased to 65 % and the temperature at which the 

composite lost its 50 % weight was increased from 305 °C to 336 °C after the 

addition of 5 wt. % sodium montmorillonite [Park et al. 2003]. The 

zero-concentration diffusion coefficient of water vapour for PCL was also 

significantly decreased by the presence of montmorillonite [Gorrasi et al. 2002, 

2003; Tortora et al. 2002], for example it was decreased from 2.36 x 104 m2 s'1 to 

1.07 x 104 m2 s'1 by the addition of 9 wt. % organoclay. 

Polymer-clay nanocomposites show excellent potential as ablative materials 

because upon pyrolysis, the organic-inorganic nanostructure reinforcing the 

polymer can be converted into a uniform ceramic char, which leads to significantly 

increased resistance to oxidation and mechanical erosion compared to current 

char-forming carbon-based ablative materials. Nylon with 2 wt. % clay is such a 

nanocomposite [Vaia et al. 1999]. PCL also formed char in the presence of clay 

when they were exposed to a flame, without forming liquid droplets. Charring 

occurred with deposition of solid residue on the surface, which provides PCL 

nanocomposites with fire retardant properties [Lepoittevin et al. 2002]. 

The presence of clay also increases the polymer resistance to other conditions such 

as exposure to light and solvents. The addition of clay to a silicone elastomer 

dramatically reduced the structural damage that normally occurs when the solvent 

is allowed to evaporate from a solvent-saturated elastomer. The avoidance of 

structural damage caused upon exposure to solvents may represent one of the most 

important benefits of clay nanolayer reinforcement in elastomeric polymer 

technology [LeBaron et al. 2001]. The addition of clay to polyp-phenylene 

vinylene) increased the environmental stability against photodegradation under 

ambient air conditions, providing this nanocomposite with uses such as 

light-emitting diodes, photovoltaic and photorefractive devices [Lee et al. 2002]. 
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1.6.3 Electrical conductivity 

Although the silicate sheets can be regarded as insulating materials, the presence of 

hydrated cations in the interlayer space ensures a significant conductivity of the 

electrical signal associated with the ions from the clay interlayer region [Pinnavaia 

and Beall 2000]. The intercalation of PEO in layered silicates opens the way to new 

polyelectrolyte materials using host lattices with electronic conductivity, giving 

solids that exhibit mixed ionic electronic conductivity [Aranda and Ruiz-Hitzky 

1992]. 

Figure 14 shows the temperature-dependence of the conductivity derived from the 

impedance spectra for lithium (Li+)-montmorillonite and Li+-montmorillonite/PEO 

nanocomposites. The passage across the solid was determined in a direction 

perpendicular to the (a, b) plane. Conductivity was only detected in the original 
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Figure 14. Temperature dependence of conductivity (perpendicular) in Li+- 

montmorillonite and Li+-montmorillonite/PEO nanocomposite (Reproduced from 

reference [Ruiz-Hitzky and Aranda 1990]). 
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Li+-montmorillonite at temperatures higher than 350 °C, whereas for the 

Li+-montmorillonite/PEO nanocomposite, significant conductivity can be measured 

above 150 °C. At 302 °C, the measured conductivity was about ten times larger 

than that of the original Li+-montmorillonite. At higher temperatures, these two 

materials had almost the same conductivity due to the decomposition of PEO. The 

intercalated polymer is considered to act as a pillar, being able to facilitate ion 

mobility, thus better conductivity in the (a, b) plane was expected [Ruiz-Hitzky and 

Aranda 1990]. 

The conductivity of the polyaniline-dodecylbenzenesulfonic acid/clay 

nanocomposite was found to be higher than that of the bulk complex when the ratio 

of aniline to clay was 1: 3 and lower when the amount of clay doubled. It was 

suggested that with a higher clay loading, the conductivity of the composites 

decreased due to the disruption of the three dimensional organization of the 

conducting chains by the presence of the insulating layered host and the 

confinement of polymer chains in the interlayer spaces. On the other hand, with a 

low clay loading, the conducting polymer chains in the interlayer space of clay 

were assumed to take a more extended conformation than in the bulk form, thus 

enhancing the conductivity of the composites owing to the free motion of charge 

carriers [Jia et al. 2002]. 

1.6.4 Biodegradability 

Schmidt et al. [2002] recently developed a series of PLA nanocomposites based on 
different clays. They found that the increases in mechanical performance did not 
hinder biodegradation. The rate of biodegradation was enhanced six to ten times in 

the nanocomposites. The increase in the rate of biodegradation and mechanical 

properties was also found by Ray et al [2003a, 2003b, 2003c] in their PLA-clay 

and poly(butylene succinate)-clay nanocomposites. Figure 15 shows the 

time-dependence degree of biodegradation of both PLA and the PLA-clay 

nanocomposite containing 4 wt. % organoclay [Ray et at. 2003b]. The 

biodegradability of PLA was enhanced substantially by the presence of organoclay. 
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Ray et al. [2003a, 2003b, 2003c] also found that the choice of organoclay type and 

loading level affected biodegradation kinetics, suggesting that the biodegradation 

can be fine-tuned. Thus the combination of improved mechanical properties, barrier 

and controlled biodegradability made these materials uniquely attractive for 

biomedical and packaging applications. 
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Figure 15. Degree of biodegradation (i. e. CO2 evolution) of neat PLA and 
PLA-clay nanocomposite containing 4 wt. % organoclay (PLACN4) under compost 
at 58 ±2 °C (Reproduced from reference [Ray et al. 2003b]). 

Besides results from experiments, models for understanding nanocomposites or 

predicting nanocomposite structure and properties are becoming available. Gusev 

[Gusev 2001; Gusev and Slot 2001] developed a finite-element based approach for 

predicting the properties of nanocomposites. With this approach, thermal expansion 

coefficients, elastic moduli, the effects of incomplete exfoliation and imperfect 

alignment on modulus and dielectric constants have been studied [Gusev 2001; 

Gusev and Slot 2001; 
_Grigoras et al. 2002; Brune and Bicerano 2002]. Recently 

Luo and Daniel [2003], Sheng et al. [2004], Wang and Pyrz [2004], Zhu and Narh 
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[2004] simulated elastic modulus-volume fraction relationships of polymer-clay 

nanocomposites using numerical models. 

1.6.5 Reinforcement mechanisms of clay in nanocomposites 

In nanocomposites, the property enhancement by clay is still not fully understood. 

Generally exfoliated nanocomposites are often sought in order to obtain a higher 

aspect ratio so as to achieve better property reinforcement in the bulk polymer. 

However, it has also been pointed out that this higher aspect ratio is sometimes not 

necessary because it could be the edge confinement of macromolecular chains near 

the clay surface that is responsible for the dramatic property enhancements 

[Giannelis 1992]. Feng [2001] however recently claimed that the contribution of 

edge confinement to property enhancement is small because the elastic modulus of 

polymer molecules is much lower than that of silicate platelets. Nevertheless, there 

still lack proper studies on the edge confinement in the literature. 

Attempts to investigate the reinforcement mechanism of clay filler in polymers 

mainly consider the formation of chemical bonds between polymer and clay 

[Pinnavaia and Beall 2000]. Most commercial polymers have wide and sometimes 

multimodal molecular mass distributions. If clay shows preferential intercalation of 

either low or high fractions, technical benefits for the reinforcement mechanism 

may result. If low is preferred, the clay could be used to scavenge the fractions that 

can lead to low strength in semicrystalline polymers whereby syneresis rejects 

smaller molecules to spherulite boundaries. On the other hand, if high fractions are 

preferred, there is more scope for a tie chain network to develop and indeed, 

intercalation followed by subsequent recovery could be used for fractionation. 

These aspects are studied in this work and the results are discussed in Section 3.5. 

In polymer blend-clay nanocomposites, the significant property enhancement is 

usually interpreted as the substantial reduction of the average microdomain size of 

polymer blends. Geifer et al. [2003] show that the average microdomain size of 

PS/PMMA blends was reduced dramatically from 1-1.5 µm to 300 - 500 nm with 
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10 wt. % organoclay. Voulgaris et al. [2002] show that only one Tg was available 

for the PS/poly(ethyl methacrylate) blends with 15 wt. % organoclay and hence at 

this clay content, PS and poly(ethyl methacrylate) are completely compatible. The 

compabilisation can be attributed to the partial molecular chains remaining outside 

the clay galleries in intercalated nanocomposites, as discribed in Figure 16(a). The 

segments remaining outside can be accepted by another stack [Wang et al. 2003] 

acting as a bridging molecule. These are more effective as bridging molecules and 

may serve as compatibilisers rather like the block copolymers added to polymer 

blends. Clay platelets located at the interface are stiffer than the polymers, resulting 

in higher deformation energy of the interfaces [Wang et al. 2003]. This favours the 

formation of small domains and further promotes the compatibilisation process. If 

clay platelets are exfoliated in all the components of a polymer blend, a similar 

mechanism can still occur as shown in Figure 16(b); bridging molecules can 

enhance miscibility. Figure 16(a) is indeed an `intercalated-and-flocculated' 

nanocomposite as defined by Ray et al. [2003a]. 

(a) (b) 

Figure 16. Schemes for (a) intercalated and (b) exfoliated structures showing 
partial intercalation of molecular chains and the formation of tie chains between 
stacks or tactoids. 

Apart from the above discussions, it is also essential to study the property-volume 

fraction relationships in order to achieve a better understanding of reinforcement 

mechanisms in nanocomposites. The properties of binary composites are usually 
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interpreted in terms of the volume fractions of the physically distinct phases. Thus 

a large collection of elastic modulus-volume fraction relationships have been 

devised for particle reinforced conventional composites [e. g. Hill 1965; 

Christensen 1979a; Sendeckyj 1974]. Similarly, thermal properties [Halpin 1984], 

dielectric properties, permeation properties [Nielsen 1967] and other transport 

properties [Shaw and Edirisinghe 1995] are related to volume fraction and to the 

geometry of the dispersed phase. A newer approach to such composites attempts to 

relate properties not just to volume fraction but to contiguity and hence continuous 

volume fraction of the dispersed phase, and this subsumes simple volume fraction 

relationships [Christensen 1982; Fan 1996]. 

The outstanding feature of polymer-clay nanocomposites is the claim that property 

enhancements are obtained at much low particle loadings (1 - 10 wt. %). Does this 

mean that they violate composite theory? Does composite modulus stand above the 

law of mixtures? It is not easy to tell for several reasons. When the clay intercalates, 

it not only expands thus increasing its own volume fraction, but also absorbs 

polymer thus decreasing the volume of dispersed phase. It appears from the 

literature [Shen et al. 2002] that the clay can present the same expanded structure 

as witnessed by increased spacing of the basal 001 plane over a wide range of 

absorption. The effective density of the dispersed phase may thus be reduced not 

just by absorption of polymer with a density typically one third but also because 

the polymer does not exert its bulk density. 

When the clay exfoliates, the volume fraction of clay on its own decreases because 

of the loss of its interspacing. However its contact area with polymer increases 

dramatically to its surface area (-760 m2 g'') and the polymer adsorbed to its 

surface is increased by the same order. Does the large interfacial area play the role 

of improving the property or does the adsorbed polymer effectively increase the 

volume of solid clay? Or both? 

These of course are not the only problems. The polymer in the galleries is strongly 

adsorbed on adjacent plates and likely to exert a different modulus than in the bulk. 
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Similarly the clay platelets, acting as a reinforcing phase in their own right, exert a 

higher modulus than the tactoids because the weak inter-planar bonding is absent. 

The clay tactoids are sufficiently fine to have inter-particle spacings that allow a 

polymer tie chain network to develop providing a kind of physical cross-linking. 

Finally the high adsorption area means that a significant polymer fraction is 

immobilised by adsorption on the outer surface of particles, an effect well known 

in conventional polymer composites employing fine particles [Shang et al. 1995; 

Bleach et al. 2002]. 

In contrast to nanocomposites, conventional composites with the same loading of 

clay have little or no increase in the properties over the pristine polymer mainly 

due to the presence of a small amount of clay. As mentioned above, both the 

volumes of polymer and clay change after nanocomposites are prepared. It is 

essential to calculate true volume fractions of clay reinforcement filler and 

investigate whether nanocomposite properties can be interpreted using existing 

theories for conventional composites. This work is discussed in Section 3.8. 

1.7 Principles of instrumental methods 

1.7.1 X-ray diffraction 

As discussed in Section 1.5, XRD is used routinely to characterise polymer-clay 

nanocomposites because it allows the basal plane spacing of clay to be deduced 

directly. Much reliance is placed on XRD and since intercalated and exfoliated clay 

fractions can co-exist [Morgan and Gilman 2003], it seems important to understand 

the principles of XRD, to establish reliable XRD techniques for low angles and to 

specify the upper detection limit on dgl for a given instrument setting. Common 

X-ray diffractometers are designed for precise measurement of X-ray intensity as a 

function of the angle of deviation of the beam 20 according to Bragg's law, which 

is easily seen from Figure 17. 
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Figure 17. Diffraction of X-rays from the planes in a crystal. 

The degree of phase shift or misalignment is equal to the distance ABC. 

Constructive interference or diffraction occurs when the two waves (and all the 

waves scattering from deeper planes in the crystal) come out in phase. This 

becomes: 

nNd = ABC (1) 

where n is an integer and Nd is wavelength of the incident X-ray beam. Plane 

geometry shows that 2dsinO=ABC. Then the condition for diffraction to occur is 

n)'d = 2dsinO (2) 

where d is the interplanar spacing and 0 is the diffraction angle [Jenkins and Snyder 

1996; Snyder 1999]. As both n and Td are known and 0 is measurable, d can then be 

obtained. In many clay mineral studies however, it is necessary to scan angles of 

deviation from 20 =2° [Brown 1961]. This requires an X-ray diffractometer to 

undertake clay studies with precision in the low angle region. The choices of beam 

wavelength and slits need to be considered. Normally a nickel, cobalt or copper 

beam is used for modem X-ray diffractomers. 
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Slit 

Ufi3 

Figure 18. A sketch of a Siemens D5000 X-ray diffractometer. 

The sketch of a Siemens D5000 is shown in Figure 18. If the detector slit is 

narrower than the beam width, then the peak intensity is lowered. If this slit is too 

wide, then the peak shape deteriorates. Aperture slits include divergence and 

anti-scatter slits, whose effect is also influential in clay mineral analysis. A wider 
divergence slit may lead to the irradiation of the sample support while a narrower 

one limits the irradiation of the sample surface. Equation (3) was developed 

[Jenkins and Snyder 1996] to set suitable divergence slits. 

1= 
2R sin O* tan(8/ 2) 

(3) 
sin 20- cos 2O* tan 2[9(8 /2)] 

where 1 is the illuminated length; 6 is the divergence angle; 0 is the incident angle 

and R is the goniometer radius. When 3 is lower than 4 °, equation (3) reduces to: 

2R tan(S / 2) 

sin 0 
(4) 

N 

Since S is usually lower than 4 °, equation (4) can be directly used to set suitable 

slits. 

Curved position sensitive detectors were developed to accept a wide angular range 
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of detection, which simultaneously collect X-rays spanning 120 ° of 20 and can 

replace proportional and scintillation detectors. The INEL CPS-120 geometry 

differs from the usual Bragg-Brentano geometry for powder diffraction in that with 

the former, change of the diffraction vector with 20 value means the change of 

crystallites, while with the latter, all orders of diffraction come from the same 

crystallites. Therefore, the INEL geometry samples the orientation distribution of 

the powder more effectively [Wilson et al. 1999]. However, diffractometers with 

this type of detector are highly dedicated instruments and need skilful operators 

and regular calibration. They are more expensive to run than traditional systems 
[Fransen 2000]. 

XRD measurements appear in most papers relevant to polymer-clay 

nanocomposites, but few authors describe the experimental method of XRD in 

detail. Standard texts specialising in XRD identification of clay (e. g. [Brown 1961; 

Brindley and Brown 1980]) present some measurements methods, but tend to be 

too general for a non-specialist to decide the measurement protocol. With due 

caution therefore, in the present work the protocol was explored using four 

diffractometers and different instrumental settings. 

1.7.2 Differential scanning calorimetry 

The operating principle of differential scanning calorimetry is power-compensation, 

which measures the difference in power between the sample and the reference 

during a linear heating or cooling temperature range. Figure 19 shows the diagram 

of the power compensation DSC system. The sample and reference holders are 

individually equipped with a resistance sensor, which measures the temperature of 

the base of the holder, and a resistance heater. If a temperature difference is 

detected between the sample and reference, due to a phase change in the sample, 

energy is supplied until the temperature difference is less than a threshold value, 

typically < 0.01 °C [Hatakeyama and Quinn 1999]. 
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Figure 19. Diagram to show a compensation DSC working system (reproduced 
from reference [Hatakeyama and Quinn 1999]). 

Semi-crystalline polymers generally melt over a wide temperature range because of 
imperfections in the crystallites and non-uniformity in their size [Groenewoud 

2001]. The melting point of a polymer is often designated as the peak temperature 

of the melting endotherm. For amorphous polymers, there is no melting transition 

in their DSC traces. 

DSC can also be employed to measure the enthalpy change during chemical 

reactions. For examples, the curing reaction of thermosetting resin systems has 

often been monitored using DSC to measure the enthalpy change OH [Groenewoud 

2001]. Besides determining the melting transition, this work also uses DSC to 

measure the enthalpy change during intercalation of a semi-crystalline polymer into 

clay galleries. 

The enthalpy change of an unfilled polymer during melting is taken as the area of 
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the melting endotherm after subtraction of the baseline divided by the mass of the 

specimen. The enthalpy change of evaporation of water from clay galleries can be 

calculated in the same way by running the clay specimen separately on the DSC. 

Thus the enthalpy change during intercalation and adsorption can be calculated by 

subtracting the two enthalpy changes of the polymer and clay from the total 

enthalpy change during the intercalation region. 

Enthalpy change during melting can also be used to calculate the crystallinity X of 

semi-crystalline polymer which follows: 

X o. 100% 
AH mß 

(5) 

where AH,,, is the enthalpy change and the superscript 100% refers to the same 

polymer but with 100 % crystallinity during melting transition. This work also uses 

this method to determine the effect of clay on the crystallinity of polymers. 

For amorphous polymers or the amorphous region of semi-crystalline polymers, 
DSC can be used to detect their glass transition from glassy state to rubbery liquid. 

The glass transition temperature, Tg is generally taken as the onset temperature of 
the relaxation endotherm [Groenewoud 2001]. The enthalpy change during the 

relaxation can be estimated in the same way as that for the enthalpy change during 

melting. 

1.7.3 B. E. T surface analysis 

Brunauer, Emmett and Teller (B. E. T. ) [1938] presented isotherm equations for 

multimolecular adsorption on the assumption that the same forces that produce 

condensation are also responsible for multimolecular adsorption. The B. E. T. 

method has been widely used ever since for the determination of surface area, 

porosity and particle size. This work uses the method to determine the specific 

surface area of the as-received clays. 
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The B. E. T. method is based on Langmuir's adsorption model for monolayers which 

follows: 

e' _ 
k. p 

1+k. p 
(6) 

where Bl is the fraction of sites occupied, p is the pressure and k depends on the 

number of sites per unit area zm, the frequency of oscillation of the molecule in a 

direction normal to the surface v1, the isosteric heat of adsorption ql and the 

absolute temperature T with a relationship shown as follows: 

k_ a1., c 
eqIRT 

ZmVi 

where K is a constant given by the kinetic theory of gases and al is the condensation 

coefficient, i. e. the fraction of incident molecules which actually condense on a 

surface [Lowell 1979; Gregg and Sing 1982]. 

By assuming that in all layers except the first, the heat of adsorption is equal to the 

molar heat of condensation and that in all layers except the first the 

evaporation-condensation conditions are identical, and that when p= po 

(saturation vapour pressure), the number of layers becomes infinite [Gregg and 

Sing 1982], a simple equation for the purpose of testing is deduced as follows: 

1_1 C-1 (8) 
v(Po / P) -1 vmC vmC Po 

where C is a constant, v is the total volume of gas adsorbed and vm refers to the 

volume of gas adsorbed when the entire adsorbent surface is covered with a 

complete monolayer. 
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By plotting 
1 

against p/po, vn, and C can be determined from the slope 
v(PO/P)-1 

s and intercept i. vr� = 1/ (s+i) and C=s/i + 1. The specific surface area SSA can be 

calculated from the following equation: 

SSA = 
v,,, NA,, 

Mm 
(9) 

where N is Avogadro's constant 6.022 x 1023 mol4. m is the mass of the 

specimen. M is the molecular weight of the adsorbate. A,, is the cross-sectional 

area of the adsorbate and is equal to (V /N)Z". 10" nm2 where V is the liquid 

molar volume [Lowell 1979; van Olphen and Fripiat 1979]. Liquid nitrogen is 

often used as the adsorbate and the value of A for liquid nitrogen at its boiling point 

(-77 K) was determined as 0.162 nm2 [Shaw 1980; Gregg and Sing 1982]. Worthy 

of mention is the condition that the B. E. T. method is only applied to relative 

pressures (p/po) of 0.05 and 0.35 because in this region the plots are closely linear 

[Brunauer, Emmett and Teller 1938]. 

Since the value of SSA is related to the mass of the specimen, it is often necessary 

to dry the specimen before the measurements of surface area. However for smectite 

clays such as montmorillonite and hectorite, they are very sensitive to heat 

conditions which cause them to lose different masses and more importantly their 

structure changes at high temperatures. Thus special caution must be taken when 

drying the clay specimens. 

1.7.4 Ultrasonic pulse-echo testing 

Ultrasonic methods are frequently used to determine mechanical properties of 

solids because they are simple and non-destructive [Arridge 1985]. This work uses 

the pulse-echo method, in which the signal is reflected from the opposite surface of 

a parallel block of the material. Thus for the transit time between transmitting and 
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receiving, the sonic wave travels twice the height of the test specimen. 

Figure 20 shows the basic layout of the ultrasonic equipment which converts the 

incoming signal, amplifies it and then displays it on the screen. Hence the 

ultrasonic equipment for mechanical testing includes an ultrasonic pulser/receiver 

and a real-time oscilloscope. 

control unit -pulse generator - transmitting probe material 

screen f ý- amplifier receiving probe 

Figure 20. Schematic presentation of pulse-echo testing system (reproduced from 
reference [Kraukramer 1998]). 

The transmission velocities under longitudinal and transverse sonic waves (denoted 

as C, and Ct respectively) are equal to the path length (twice the sample height) 

divided by the time between transmission and detection of the pulse. Shear 

modulus C; Longitudinal modulus L, and Poisson's ratio v can be calculated using 

equations (10) - (12). 

G=p. C, (10) 

L=p. C, (11) 

- 

2(C, 
IC1), -1 

v- (12) 
(C, IC1)2 -1 

where p is the density of the test specimen. Transit time can be measured from the 

neighbouring peak distance, which is illustrated in Figure 21 which shows a typical 

form of longitudinal and transverse waves. 
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Figure 21. Transverse wave of a steel block showing the transmission time between 
two peaks. 

Elastic properties are central in determining mechanical behaviour [Davidge 1979]. 

Since shear modulus and Poisson's ratio are known, other family members of 

elastic moduli such as Young's modulus E, bulk modulus K, and Lame's modulus X 

can be deduced using equations (13) - (15). 

E= 2(v+1). G (13) 

K=? . G. 
l+u 

(14) 
3 1-2v 

2v. G (15) 
1-2v 

As long as the specimen has two parallel surfaces that are greater than the diameter 

of the transducers, namely 20 mm, and they are unattacked by the couplants, the 

pulse-echo method can be employed. Also the measurements only take a few 
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minutes to complete. Thus it is convenient for routine testing in the lab and it is 

used in this work to assess the elastic properties of poly[oligo(ethylene glycol) 

diacrylate]-clay, poly (e-caprolactone)-clay and thermoplastic starch-clay 

composites. 
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2. EXPERIMENTAL DETAILS 

2.1 Materials; sources and specifications 

The materials used in this investigation, their grades, sources and densities are 

given in Table 6. The term clay used without specific designation in this work 

refers to natural unwashed sodium montmorillonite as defined in row 1 of Table 6. 

In order to collapse the layers and obtain non-swelling montmorillonite, 

montmorillonite samples were heated at 400 °C, 600 °C, 700 °C, 750 °C and 800 

°C for 3h in a furnace (Lenton Thermal Design Ltd. Sheffield, U. K. ). Sodium 

chloride, potassium chloride, caesium chloride and octadecylamine and 

concentrated hydrochloric acid were used to modify clay in order to obtain 

cation-exchange clays, namely sodium montmorillonite (NaMMT), potassium 

montmorillonite (KMMT), caesium montmorillonite (CsMMT) and ammonium 

montmorillonite (NH4MMT) for studies on sorption and effects of cation on 

nanocomposite structure. Silver nitride was used to check whether there are 

residual chloride ions on the clays after washing. 

PEGs spanning a large range of molecular weights, were obtained from laboratory 

suppliers. Potassium bromide (KBr) and silicon were used as internal standards in 

X-ray diffraction. Fumed silica was used as the experimental control for the 

thermodynamic studies. Benzoyl peroxide (BPO), potassium persulphate (KBr) 

and azobis(isobutyronitrile) (AIBN) were used as initiators for the polymerisation 

of poly[oligo(ethylene glycol) diacrylate]. OEG monoacrylate, OEG methacrylate 

and OEG methyl ether methacrylate were used in an attempt to obtain 

thermoplastic polymer of OEG acrylate for a comparison with thermosetting 

POEGDA. Acetone, dichlomethane, toluene, tetrahydrofuran and methyl-iso-butyl 

ketone were used to dissolve the polymers of OEGDA and OEG acrylates. 

Three types of montmorillonite as described in Table 6 were used to fill a 
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commercial polymer, poly(¬-caprolatone), to prepare composites of different types. 

Glycerol was used as plasticiser for starch to make thermoplastic starch. Four 

types of clay, i. e. natural montomorillonite, natural hectorite, ammonium treated 

hectorite and kaolinite, were used to prepare TPS-clay composites of different 

types. Polyethylene was used as a host to provide homogeneous mixing between 

silicon powders and clay powders on a twin roll mill for quantitative analysis of 

clay dispersion. All chemicals were used as received. 
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Table 6. Details of materials. 

Material Grade or Type Supplier Density' 

/kgm3 

Montmorillonite BH natural Black Hills Co., 2600 

(Natural Wyoming sodium Wyoming, U. S. A 

montmorillonite) 

Kaolinite Plus white Charles B. Crystal 2580 

Co., New York, 

U. S. A. 

Montmorillonite modified with Bentone 105 Elementis 1700 

2 methyl, 2 hydrogenated tallow (designated Specialties. 

quaternary ammonium chloride NH4MMT1) Hightstown, U. S. A. 

Montmorillonite modified with Bentone 111 Elementis 1700 

a benzyl, 2 methyl, (designated Specialties. 

hydrogenated tallow quaternary NH4MMT2) 

ammonium chloride 

Hectorite (unmodified) EA-163 Elementis 2600 

Specialties. 

Hectorite modified with 2 Bentone 109 Elementis 1700 

methyl, 2 hydrogenated tallow Specialties. 

quaternary ammonium chloride 

Poly(ethylene glycol) (MWt= Laboratory VWR International. 1110- 

300,600,1500,4000,6000, reagent Leicestershire, U. K. 1130 

10000 or 20000) 

Poly(ethylene glycol) Laboratory Alfa Asesa, 1110 

(MWt=8000 or 12000) reagent Germany 

Poly(ethylene glycol) with Laboratory VWR International. 1130 

2-tert-butyl-4-methoxyphenol as reagent 

stabiliser (MWt=35,000) 

Poly(ethylene oxide) (nominal Laboratory ACROS Organics 1130 

MWt=100,000) reagent Leicestershire, U. K. 
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Material Grade Supplier Density 

/kgm-3 

oligo(ethylene glycol) diacrylate Analytical grade Sigma-Aldrich, 1110 

(MD =258) Dorset, U. K. 

Oligo(ethylene glycol) acrylate Analytical grade Sigma-Aldrich. 1120 

(MA=375) 

Oligo(ethylene glycol) Analytical grade Sigma-Aldrich. 1105 

methacrylate (M,, =360) 

Oligo(ethylene glycol) methyl Analytical grade Sigma-Aldrich. 1050 

ether methacrylate (M,, =300) 

Benzoyl peroxide Laboratory agent Fisher Scientific, 

(75 % remainder water) Loughborough, 

U. K. 
Azobis(isobutyronitrile) Analytical grade VWR International. 

Potassium persulphate Analytical grade Sigma-Aldrich. 

Silicon (99 %+) Analytical grade ACROS Organics. 2800 

Poly(c-caprolactone) Laboratory Sigma-Aldrich. 1140 

(Mn=80,000) reagent 

Polyethylene LDPE BP chemicals Ltd. 

Grangemouth, U. K. 

Silver nitrate Laboratory Sigma-Aldrich. 

reagent 

Potato starch Laboratory VWR international. 

reagent 

Glycerol Laboratory VWR international. 

reagent 
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Material Grade Supplier Density 

/kg m3 

Silica, fumed Analytical grade Sigma-Aldrich. 

Sodium chloride Analytical grade VWR international. 

Potassium chloride Analytical grade Sigma-Aldrich. 

Caesium chloride Analytical grade Sigma-Aldrich. 

Octadecylamine Analytical grade Sigma-Aldrich. 

Concentrated hydrochloric acid Analytical grade Sigma-Aldrich. 

Acetone GPR grade VWR international. 

Dichloromethane Laboratory 

reagent 

Sigma-Aldrich. 

Tetrahydrofuran HPLC VWR international 

Methyl-iso-butyl ketone Rectapur Prolabo, VWR 

International. 

Toluene GPR grade VWR international. 

'densities are quoted only when they are used in subsequent calculations. 
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2.2 Modification of clays 

Potassium and caesium exchanged clay were prepared as follows according to an 

established literature method [Tateiwa et al. 1994]. Clay (12 g) was dispersed into 

400 ml of 50 % aqueous acetone and mixed on a table roller at room temperature 

(20 °C) for 24 h. The resulting suspension was heated to 50 °C using a hot plate 

with magnetic stirrer and 600 ml aqueous solution of 100 mM potassium chloride 

or caesium chloride was added. The mixture was heated at 50 °C for 24 h. After 

standing for 300 s, the wet clay was collected by filtration (Whatman, quantitive 

filter paper No. 5) or decantation and washed with distilled-water at least five times 

until no chloride was detected using silver nitrate. The clay was dried at 80 °C in an 

oven for 24 h and ground into fine powder. The powder was dried again at 120 °C 

for another 24 h and stored in a desiccator. Sodium-saturated clay was prepared in 

the same way in order to replace the impure cations in the natural sodium 

montmorillonite for sorption studies. 

Ammonium treated clay was prepared according to the literature [Kawasumi et al. 

1997]: Clay (80 g) was dispersed into 5000 ml of hot distilled-water (80 °C) with 

continuous stirring. Octadecylamine (31.1 g) and concentrated hydrochloric acid 

(11.5 ml) were dissolved into 2000 ml of hot distilled-water (80 °C). The solution 

was then poured into the hot clay-water suspension under vigorous stirring to yield 

a white precipitate. The precipitate was collected on a cloth filter, washed three 

times with 2500 ml of hot distilled-water (80 °C), and dried at 80 °C in an oven to 

yield a modified montmorillonite with octadecylammonium (NH4MMT). 

2.3 Characterisation of Materials 

Chemical compositions of montmorillonite and kaolinite were determined 

according to BS EN ISO 12677 method using an ARL 9400 X-ray fluorescence 

spectrometer at CERAM (Stoke-on-Trent, U. K. ). 
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The surface areas of clays were measured by nitrogen adsorption on Gemini 2370 

B. E. T. equipment (Micromeritics Instrument Corporation, Norcross, U. S. A. ). 

Samples were heated in the attached FlowPrep Degasser under a nitrogen gas flow. 

The analysis mode was equilibration and the equilibration time was 5 s, with an 

evacuation rate of 667 Pa s'1 and evacuation time of 60 s. 

X-ray diffraction was carried out on four instruments. The first was a Philips 

P 1050/30 diffractometer using CuKal (>j = 0.154 nm) as the radiation source and a 

power of 30 mA and 40 W. The measuring step width was 0.02 ° and the scan time 

per step was 10 s with a count delay time of 4 s. Both the second and third 

machines were Siemens D5000 diffractometers but at different locations, Queen 

Mary and Durham Universities. The measurements were conducted using CuKal 

(40 mA, 40 kV) with steps of 0.02 ° and a scan time of 2.5 s per step. The fourth set 

of diffraction patterns were collected with an INEL CPS-120 curved position 

sensitive detector (INEL Instrumentation Electronic. Artenay, France). The X-ray 

source was CuKal (25 mA, 40 kV). KBr was intermittently used as internal 

standard. 

Fourier transform infrared spectroscopy was carried out on a Perkin Elmer 1720X 

spectrometer. The scanning number was 32 times with a resolution of 4 cm's 

Scanning electronic microscopy on clay powders was performed on a JSM6300 

JEOL WINSEM with an operating voltage at 10 kV. Clay powders were first 

dispersed in acetone by ultrasonicating for 600 s, placed on flat sample holders and 

sputter-coated with gold. 

The combination of fast DSC scans and TGA was carried out on a STA1500 

(Rheometric Scientific Inc. New Jersey, U. S. A. ). The as-received clay powders 

were placed in alumina crucibles and heated from 30 °C to 900 °C at 20 °C min" 

with a nitrogen gas flow rate of 20 ml min-1. 
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The molecular weight distribution of PEG was determined using gel permeation 

chromatography (GPC) employing tetrahydrofuran with antioxidant as the solvent 

and columns of Plgel 2x mixed bed-D (30 cm, 5 µm). The nominal flow-rate was 

1.0 ml min-. The system was calibrated with narrow molecular weight distribution 

PEG calibrants and the data were collected and analysed using Viscotek `Trisec 

2000' and `Trisec 3.0' software by the Polymer Characterisation Centre at RAPRA 

(Shrewsbury, U. K. ). 

Values of pH for the aqueous solutions of the PEGs before and after dissolution and 

drying were compared using a JENWAY 3051 pH meter (BDH Gelplas, Dorset, 

U. K. ) and pH papers (BDH Ltd, Dorset, U. K. ) as a confirmation of the pH range. 

The pH meter was calibrated using buffer solutions of pH 4 and 7. The 

concentration of the PEG solution was 1M for the repeat unit, i. e. 4.4 g 100 ml''. 

These measurements were carried out at a temperature of 18 °C. 

2.4 Preparation of poly(ethylene glycol)-clay nanocomposites 

2.4.1 Aqueous Solvent Methods 

Casting 

Clay was mixed with distilled-water to form a 0.05 g ml" suspension which was 

agitated for 5h on a roller table. Then a known amount of PEG (PEG: clay=0.25 or 

0.7 by mass) was added to prepare clay dispersion which was mixed for a further 5 

h before casting into a glass dish or beaker. The dishes with dispersion were either 

naturally dried or dried at 60 °C in an air-circulating oven. The beakers containing 

the dispersion were dried in the oven to form agglomerated nanocomposites which 

were used for general characterisation after grinding. The photographs of the 

resultant films were taken using a digital camera. A film with as-received clay only 

was also prepared. 
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Centrifuging 

PEG with molecular weight of 1500 (denoted as PEG1500)-clay water dispersions 

with different ratios of PEG to clay (0.16,0.2,0.3,0.4,0.5,0.6 by mass) were 

prepared in the same way as indicated above before drying. They were then 

centrifuged (Centaur 2, DJB Labcare, Bucks, U. K. ) at 4200 rpm for 36 h. The 

sediments and supernatants were separately heated in an oven at 60 °C for 24 h to 

obtain PEG-clay nanocomposites and excess PEG and weighed using a 

four-decimal balance after drying. 

Using the same method, 100 ml of a 0.05 g ml" clay distilled-water suspension was 

prepared. 1.5 g of PEG4000 and PEG35000 each was added to the suspension, 

which was further mixed to obtain the dispersion. Some samples were centrifuged, 

dried and weighed in the same way as indicated above. Others were directly cast 

onto a glass plate and dried for XRD analysis. The same procedure was followed 

using the clay heat-treated at 600 °C, 700 °C, 750 °C and 800 °C and kaolinite in 

place of the clay to prepare the polymer-clay composites for the studies on 
decomposition, thermodynamic driving force and preference of intercalation. 

During studies on thermodynamic driving force, another solvent method was also 

used to investigate the role of water in the intercalation. PEG was dissolved in 

water before adding clay. The same mixture of PEG4000 and 35000 as above was 

dissolved in distilled-water first, followed by adding the as-received clay to the 

solution, dispersing and drying using the same conditions as above. For comparison, 

the aqueous suspensions of the untreated and heat-treated clays without the 

presence of PEG were also prepared and dried. 

2.4.2 Melt Processing Methods 

To find the maximum loading of clay that PEG could sustain, clay was gradually 

added to PEG1500, PEG20000, or PEO100000 on a Twin Roll Mill (12 x6 in 

model, Joseph Robinson Co. Ltd, Manchester, U. K. ) until signs of melt fracture 

appeared. The rolls were heated with a SHK 300 09 Heater (Tricool Engineering 
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Ltd, Hants, U. K. ). The mixture was stripped from the rolls and re-fed at least five 

times to ensure lateral mixing. The mixing temperatures of PEG1500, PEG20000 

and PEO 100000 composites were 110 °C, 128 °C and 140 °C respectively. 

In the studies on driving force, clay was gradually added to PEG10000 on a Twin 

Roll Mill at 128 °C until the nominal volume fraction of clay was 15 vol. %. The 

mixing procedure to ensure lateral mixing was the same as described above. 

2.5 Preparation of poly[oligo(ethylene glycol) acrylate]-clay 

nanocomposites 

2.5.1 Polymerisation of oligo(ethylene glycol) diacrylate 

In order to prepare unfilled polymer, OEGDA and BPO (1 wt. %) were heated in a 

flask using a hot plate with magnetic stirrer at 80 °C, 67 °C or 62 °C until a 

precipitate first appeared. To'obtain polymer cylinders for ultrasonic measurements, 

attempts were made to polymerise the mixture of OEGDA and BPO at 60 °C in 

silicone moulds (20 mm diameter x 10 mm height, materials RTV 410 & Beta 7 

from GE Bayer Silicones. Techsil Limited, Warwickshire, U. K. ) prepared in-house 

in an air-circulating oven. 

To obtain a thin polymer film with thickness of -4 mm, the mixture of OEGDA and 

BPO (1 wt. %) were cast into a glass plate and heated at 60 °C in an air-circulating 

oven for 24 h. To obtain a polymer cylinder without bubbles and cracks, OEGDA 

with smaller amounts of BPO (0.5 wt. % and 0.1 wt. %) added and heating in a 

vacuum oven or a tube furnace under a nitrogen flow were also tried. They were 

also polymerised at 60 °C in silicone moulds. With this aim, two other initiators, 

namely KPS and AIBN (0.1 wt. %) were used for polymerisation. The mixtures of 

initiator and monomer were cast into silicone moulds and heated at 70 °C in an 

air-circulating oven. Poly[oligo(ethylene glycol) diacrylate] without initiator was 

also prepared at 60 °C or 70 °C in the oven. 
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2.5.2 Preparation of poly[oligo(ethylene glycol) diacrylatel-clay 

nanocomposites 

In order to produce in situ polymerised cylinder-shaped composites, known 

amounts of OEGDA (containing 0.1 wt. % AIBN) and clay were premixed on a 

roller table for 24 h and then cast into silicone moulds, followed by heating in an 

oven at 60 °C for 4 h. An aluminium mould coated with a thin layer of silicone was 

also tried as a replacement for pure silicone moulds. The preparation procedure was 

established according to that reported for thermosetting epoxy [Wang and 

Pinnavaia 1998; Park and Jana 2003]: Clay was pre-dried at 70 °C in an oven for 

48 h. 38 ml OEGDA and 5.6 g pre-dried clay were mixed on a table roller for 16 h. 

Then 0.1 wt. % AIBN was added and mixed for another 1.8 ks, followed by 

sonicating for 1.2 ks. The mixture was then degassed in a vacuum oven at 65 °C for 

300 s and cast into the aluminium mould, followed by being heated in an oven at 

70 °C for 4 h. 

In order to produce POEGDA-clay nanocomposites without bubbles, known 

amounts of OEGDA without initiator and clay were premixed on a roller table for 

24 h and then cast into silicone moulds, followed by heating in an oven at 60 °C for 

up to 240 h or 70 °C for up to 168 h. In order to enhance the dispersion of clay 

particles in the monomer, some OEGDA-clay mixtures were sonicated after being 

mixed on a roller table. Some cylinders were cut into thinner sections using a 
diamond saw for ultrasonic measurements. To speed up the polymerisation, the 

mixture was also heated at 120 °C in an oven. In order to produce the 

nanocomposites without sedimentation, sealed polyethylene moulds were used for 

rotational curing to prevent sedimentation, being powered by an electric stirrer 
during the polymerisation and heated at 70 °C in the same air-circulating oven. 

Clays used include unmodified montmorillonite and two cation-exchanged 

montomorillonites, namely KMMT and CsMMT. Kaolinite was studied to check if 

it intercalates the monomer. 
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2.5.3 Preparation of poly[oligo(ethylene glycol) acrylatels and their clay 

nanocomposites 

With the aim of making a comparison of thermoplastic and thermosetting 

polymer-clay nanocomposites with similar structure, poly(OEG acrylate)s and their 

clay nanocomposites were prepared. Both bulk and solution polymerisations in or 

without the presence of AIBN as the initiator were carried out in the same way as 

that for the polymerisation of OEGDA. Three monomers were used in order to 

obtain a thermoplastic polymer and they are OEG monoacrylate, OEG 

methacrylate and OEG methyl ether methacrylate. The preparation of 

nanocomposites involved both in situ polymerisation and a solution method as 

described previously. In the latter, the water-soluble polymer was supplied by 

Durham co-workers. Some poly(OEG acrylate)-clay nanocomposites were also 

supplied by Durham co-workers and they are stated in the results and discussion. 

2.6 Preparation of poly(c-caprolactone)-clay composites 

The composites were prepared using the melt-processing method as described for 

making PEG-clay nanocomposites. The average processing temperature was 128 

°C as measured using a surface thermometer. Three montmorillonites, i. e. 

unmodified montmorillonite and the montmorillonites modified with 2 methyl, 2 

hydrogenated tallow quaternary ammonium chloride and a benzyl, 2 methyl, 

hydrogenated tallow quaternary ammonium chloride, were used to prepare 

conventional composites and nanocomposites of different intercalation degrees. 

2.7 Preparation of thermoplastic starch-clay composites 

Thermoplastic starch was prepared by melt-processing. The mixing ratio of starch 

and glycerol was 10: 3 by mass according to previous studies on the optimized ratio 

[de Carvalho et al. 2001]. The pristine starch and glycerol were premixed in a 
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container, allowing the starch powders to swell in the plasticiser. The mixture was 

then transferred to a twin roll mill and mixed at 120 °C. To ensure lateral mixing, 

the mixture was stripped from the rolls and re-fed at least five times. To prepare the 

TPS-clay composites, known amounts of clay were gradually added to the polymer 

melt on the twin roll mill. The mixing procedure was the same as above. 

For comparison, starch-clay composites without glycerol and glycerol-clay 

mixtures were prepared using the solution method. 5g clay was mixed with 100 ml 

distilled-water on a roller table to prepare aqueous clay suspension. 3g glycerol 

was added to the suspension, followed by another 5 h's mixing. The suspension 

was then heated in an oven at 60 °C for 24 h. To prepare starch-clay composites 

without glycerol as the plasticiser, clay and starch were individually premixed with 

distilled-water on the roller table for 5h and then the two suspensions were mixed 

together for another 5 h, followed by drying. 

2.8 Preparation of polyethylene-clay-silicon mixtures 

To carry out quantitative analysis by XRD, silicon was used as internal standard. 

Polyethylene (60 wt. %) was used as a medium to provide homogenous mixing of 

clay and silicon. Known amounts of clay and silicon powders (ratio: 9: 1; 8: 2 and 

7: 3 by mass) were gradually added to PE melt on a Twin Roll Mill (12 x6 in model, 

Joseph Robinson Co. Ltd, Manchester, U. K. ) at 128 °C. The mixing procedure to 

ensure lateral mixing was the same as that for other melt processing. The 

composites were then ground into fine powders using an IKA M20 universal mill 

(VWR International) and agate pestle and mortar for XRD measurements. 

2.9 Characterisation of polymer-clay nanocomposites 

Saturation 
Samples of PEG300, PEG1500 and PEG10000-clay composites prepared by the 

casting method were saturated in 40 ml distilled-water for 168 h to check their 
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stability in water. 

Loss on ignition 
Four crucibles with approximately 2.7 g composites prepared by the melt 

processing method were heated to 600 °C at 10 °C min 1 in a muffle furnace 

(Lenton Thermal Design Ltd. Sheffield, U. K. ) and after a dwell of 600 s furnace 

cooled to 20 °C. The residue was weighed after storing in air at 20 °C for 8 h. 

As-received clays were also fired and weighed. 

XRD was performed on the Siemens D5000 X-ray diffractometer at Queen Mary 

using the same method as indicated above. The slits were set at 0.1 0, 

corresponding to 0.2 mm on the instrument. The nanocomposites were ground 

either by a coffee grinder or a universal mill with liquid nitrogen, followed by 

further grinding in an agate pestle and mortar. 

GPC of the mixtures of PEG4000 and PEG35000 was carried out using the same 

chromatographic conditions as for the original materials. Two sampling methods 

were used: a) dissolve the entire sample (about 0.8 g) and introduce an aliquot into 

the instrument (to eliminate possible molecular mass segregation during drying) 

and b) abstract and dissolve a sample (0.02 g) from the solid. Consistent results 

were obtained from both. The dried solutions of PEG with and without centrifuging 

gave the same molecular weight distribution indicating that 36 h centrifuging did 

not affect the distribution. 

DSC was conducted on a Perkin Elmer DSC 7 instrument. The specimens were 

mounted in aluminium crucibles and heated from 25 °C to a desired temperature, 

with nitrogen gas flow rate of 20 ml min 1. To check whether the material has a 

melting transition, the heating ramp was set at 10 °C min 1, otherwise, the heating 

ramp was 3 °C miri 1. 

SEM of fracture surfaces and clay discs was performed the same equipment as that 

for clay powders. All the specimens were sputter-coated with gold. 
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TEM images were obtained using a JEOL JEM 2010 electron microscope, 

operating at 200 kV, and with Kodak SO-163 film. TEM specimens of PCL-clay or 

POEGDA-clay composites were prepared by ultramicrotoming pre-trimmed 

nanocomposite blocks with a diamond knife on a Reichert Om U2 microtome 

(Reichert Ophthalmic Instruments, New York) at room temperature to give sections 

with thickness less than 100 nm. The sections were transferred from water to 

400-mesh copper grids. TEM specimens of clay, PEG-clay or starch-clay 

composites were prepared by dispersing the composite powders in acetone by 

ultrasonicating. The grids in use were 300-mesh carbon-coated. 

Solid state 13C_ ('H) CP-MAS NMR was conducted on a Bruker AV600 

spectrometer operating at 600 MHz. The longitudinal proton relaxation time was 

measured employing the Torchia method [Torchia 1978]. A4 mm CP-MAS probe 

was used and the MAS spinning rate was 10000 Hz. The 90 ° pulse width was 3.7 

µs; the ramped CP pulse was 1 ms; TPPM15 decoupling of 1H was used. The 1D 

spectrum of 13C was run with spinning sideband suppression (TOSS [Dixon et al. 

1982]). 

2.10 Mechanical testing of polymer-clay nanocomposites 

Ultrasonic measurements 

Elastic constants of polymer-clay nanocomposites were calculated from ultrasonic 

measurements with the pulse-echo mode using a 500PR ultrasonic pulser/receiver 

(Panametrics NDT Ltd. Rotherham, UK) and a TDS200 digital real-time 

oscilloscope (Tektronix, Beaverton, USA). Measurements were calibrated with a 

surface ground steel step-wedge. For thermosetting POEGDA-clay nanocomposites, 

measurements were conducted on thin cylinders with thickness less than 5 mm to 

ensure homogeneity of the specimens. The thin cylinders were cut using a diamond 

saw from larger cylinders made by casting. For thermoplastic PCL-clay composites 

and TPS-clay composites, the specimens were prepared using a hot press and 

measurements were conducted on cuboids with parallel surfaces. 
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Quasi-static mechanical testing 
Tensile and flexural testing were carried out on an Instron 5564 with the capacity of 

2.5 kN according to ASTM D638M and ASTM D6272 respectively. The load cell 

for both testings was 1 kN. For tensile testing, an extensometer was used when the 

elongation was less than 10 mm in order to measure the tensile moduli. The 

specimens are of dumbbell shape with dimensions of type III (60 mm x 10 mm x4 

mm). The rate of cross-head motion was 5 mm min 1 before the extensometer was 

taken off and was 50 mm min" after that. For four-point flexural testing, the 

specimens had dimensions of 80 mm x 10 mm x4 mm. The rate of cross-head 

motion was 17 mm min" and the testing was terminated when the strain reached 

the test limit 5 %. An extensometer prepared in-house was used to determine the 

elongation and hence for the calculation of flexural modulus. The compression 

testing was conducted on an Instron 5584 according to ASTM D695 with a load 

cell of 5 kN. The specimens were cylinders with a diameter of 10 mm and height of 

20 mm. The speed of testing before yield point was 1.3 mm min 1 and 6 mm min d 

after yielding. All the test specimens were moulded using a small 

injection-moulding machine (Ray-ran Test Equipment Ltd, Nuneaton, U. K. ) 

operated at 0.9 MPa with barrel temperature and mould temperature of 115 °C and 

40 °C respectively. 
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3. RESULTS AND DISCUSSIONS 

3.1 X-ray diffraction studies for nanocomposites 

This section is intended to establish a reliable XRD measurement protocol 

dedicated to determining the extent of intercalation of clays. It illustrates the 

demands placed upon instrumentation if reliable measurements at low angles are to 

be obtained. Preliminary experiments were conducted using a Philips P1050/30 

diffractomer. The starting angle of this diffractometer is usually set at 5° and clay 

specimens were scanned without changes in the starting angle. Figure 22 shows the 

XRD trace of the as-received clay, from which door can be deduced as 1.19 nm (20 

= 7.4 °). Since door of the clay containing polymer is typically greater than 1.7 nm 
[Pinnavaia and Beall 2000], equivalent to 20 less than 5 °, the starting angle was 

changed and measurements of the clay and the clay-containing polyethylene oxide 

were started from 20 as suggested by Brindley [Brindley and Brown 1980]. Their 

curves are shown in Figure 23. The wide peak for the clay located at 20 = 7.4 ° was 

accompanied by extremely high intensity at around 5° in both the patterns for the 

clay and PEO-clay nanocomposite, indicating that the 001 peak for the intercalated 

clay cannot be correctly detected below 5° on this instrument. The peak at 20 = 
10.1 ° in the pattern for the composite, which is analogous . to the 001 peak for the 

as-received clay, is actually the 002 peak rather than 001. 

Caution must be taken when interpreting these XRD results. This less-advanced 

machine does not have a sufficiently sensitive position detector to detect a pattern 

at low angles, and it probably closes the shutter at low 20 values automatically in 

order to protect the detector from the direct beam from the source [Fransen 2002]. 

Also the slits with widths of 1,1 and 0.6 mm were difficult to change and other 

components could not be modified or improved, so it is impossible for this machine 

to collect reliable data below 5° of 20, indicating that a suitable choice of 
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Figure 22. The XRD trace for as-received clay measured on a Philips P1050/30 
diffractometer. 
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Figure 23. XRD traces for as-received clay and PEO-clay nanocomposite measured 
on a Philips P1050/30 diffractometer. 
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diffractometer is necessary in this context. 

XRD is often the sole evidence for intercalation in nanocomposites and it can be 

argued that the reliability of measurement should be clearly demonstrated because 

the use of CuKa1 radiation may result in ambiguity at low angles. Three other 

diffractometers were used to assert the validity of the low angle work and slit width 

was varied. The XRD traces from the Siemens D5000 diffractometer at Queen 

Mary for the as-received clay and the intercalated clay are shown in Figure 24. 

In both the curves with KBr as the internal standard, the error from the instrument 

misalignment and specimen displacement was approximately 0.04 ° of 20, which 

corresponds to ±0.007 nm at d001=1.23 nm. Figure 24 also shows d001=1.82 nm 

N 

U 

4 

1: clay with KBr; 0.2 mm slits 
2: clay with KBr; 1 mm slits 
3: PEO100000-clay nanocomposite; 0.2 mm slits 
4: PEO100000-clay nanocomposite; 1 nun slits 

KBr 

I+Br KBr 
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Figure 24. XRD traces for as-received clays with KBr and PEO-clay 
nanocomposites measured at different slit settings (Siemens D5000 diffractometer 
at Queen Mary). 
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for PEO-clay nanocomposite but intensities depend on the width of the divergence 

and anti-scatter slits. The wider aperture slits provided more incident and reflected 

radiation. The 20 position and the width of peaks (full width at half maximum 

height) as used for determining the coherency of silicate layers [Vaia et al. 1996] 

remained the same. However the large slit gives ambiguity below 20 =3° (doof = 

2.9 nm) and therefore cannot separate high basal plane spacings from complete 

exfoliation. Conversely the small slit gives low sensitivity due to signal/noise ratio. 

The aperture slits did not affect the measurement of d-spacing at d<2.9 nm, but 

the trace is silent about the amount of clay presenting at d>2.9 nm and the amount 

exfoliated (d >4 nm). Such traces cannot be used to imply that the nanocomposite 

is only intercalated. Although XRD is a standard procedure and many operators use 

CuKal instead of other radiation sources with larger wavelengths such as Co, it is 

often used at its limits for nanocomposite characterisation. The upper limit on door 

should be stated for given instrument settings. 

As discussed in Section 1.7.1, Equation (4) can be used to select suitable 

divergence slits. For the Siemens D5000,1= 20 mm, R= 200 mm, and 0.2 mm and 

1 mm slits correspond to 5 of 0.1 ° and 0.5 ° respectively. Thus in terms of equation 

(4) the measurement limits are calculated as 20 =2° for the smaller slits and 20 = 

10 ° for the larger ones. The smaller slits were therefore selected for subsequent 

studies on this basis. In fact the calculation gives an over-cautious limit of detection 

for the larger. slits. Inspection of the traces suggests the lower limit is about 3° 

(Figure 24). 

Similarly when the aperture slits were fixed at 1 mm or 0.2 mm and the detector slit 

was varied, peak intensities were decreased with the smaller slit. A wider detector 

slit may not be able to pick up small peaks and the peak shape may deteriorate 

according to Jenkins and Snyder [1996], however in this case the change of 

detector slit did not affect 20 positions. 

Two other machines, the Siemens D5000 at Durham University and the high 

precision INEL CP120 at Queen Mary, were used to confirm reliability. Figure 25 
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shows that door of the clay measured on different machines presented similar values, 

1.24 nm from INEL and 1.23 nm from both Siemens diffractometers confirming 

accuracy at this angle. Because the INEL CP120 is so dedicated that only experts 

can operate this machine, bulk measurements of XRD were then carried out on the 

Siemens D5000 at Queen Mary using the parameters described in Section 2.3 and 

the INEL result is regarded as sound confirmation of the procedure. 
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Figure 25. XRD traces for the as-received clay using three different 
diffractometers. 

Particular caution is needed when positioning the specimen holder in the Siemens 

instrument. As shown in Figure 26, if the indents of the outer and inner holders are 

not aligned in parallel, the incident X-ray beam cannot radiate from the sample 

when 20 is low, and those peaks at low angles cannot be detected. Therefore when 

taking an XRD trace starting from a low angle, there should be no obstacles 

between the specimen and the beam, i. e. the indents of outer and inner holders 

should be rotated to the same direction. When the detection angle is comparably 
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large, say above 10 ° of 20, the X-ray beam can go directly to the sample without 

passing the holders and hence their positions are of less importance. Figure 27 is 

shown here as an example, in which the intensity for the XRD curve with slightly 

wrong alignment is approximately zero when 20 is below 8° though other peaks 

are located at the same positions as in the correct pattern. This indicates that sample 

holder placement is crucial for obtaining the 001 reflection of clay in the Siemens 

instrument which is used to calculate its basal plane spacing. 

sample holder 

Figure 26. Schematic sketch of XRD sample holders. 
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Figure 27. XRD traces of a) as-received clay with KBr as internal standard; and b) 
PEG1500-clay nanocomposite to show the effect of placement of sample holders. 
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3.2 Characterisation of clays 

3.2.1 Natural clays 

Chemical compositions of montmorillonite and kaolinite as determined using an 

X-ray fluorescence spectrometer are shown in Table 7. As discussed in Section 1.3, 

cations such as Mg2+ and Fe 3+ are present in the clays replacing A13+ in the 

octahedral sheet, thus giving various metal oxide equivalents in the composition. 

Mg2+ substitution leaves an embedded negative charge in the montmorillonite that 

must be balanced with interlayer cations, and in this case Na+ plays the major role 

as this kind of cation. 

Kaolinite has lower contents of impurity cations such as Fe 3+ compared to 

montmorillonite, which is in agreement with Grim's finding [1968] that the 

substitutions for A13+ are generally slight and often restricted to poorly crystallized 

kaolinite. However it has more crystalline water, 13.46 % versus 5.26 %. Although 

montmorillonites from various sources such as Südchemie ACS Nanocor and 
Southern Clay, have been used in this field according to the literature, the 

sodium-rich montrmorillonite (SWy-2) from the Source Clays Repository of The 

Clay Minerals Society is sometimes a preferred choice. Table 7 also shows that the 

montmorillonite used in this work has a similar chemical composition to SWy-2 

montmorillonite. 

Table 7. Chemical analysis of the montmorillonite used in this work compared 
with that from the Source Clays Repository of The Clay Minerals Society [Breen et 
at. 20001 and kaolinite. 

Clay SiO2 A1203 Fe203 MgO CaO K20 Na20 Ti02 Others 

BH 71.71 17.13 3.54 1.57 2.31 0.49 2.58 0.15 0.52 

SWy-2 68.47 20.16 4.13 2.77 1.77 0.69 1.70 0.16 0.15 

kaolinite 52.33 43.91 1.12 0.12 0.22 0.22 0.06 1.96 0.06 
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Figure 28. FT-IR spectra of natural clays. 
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Figure 29. XRD traces of natural clays. 
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Figure 28 shows FT IR spectra of natural montmorillonite and kaolinite. The 

absorptions at 3620 cm"', 2363 cm'', 1632 cm-1 and 998 cm 1 represent hydroxyl 

[Theng 1974], CO2 (from carbonate impurity [Grim 1968]), free water and Si-O 

respectively [Colthup et al. 1990]. These confirm that natural montmorillonite has 

both lattice hydroxyls and interlayer water. In contrast, kaolinite does not have 

interlayer water, in agreement with its chemical formula. Whether interlayer water 

plays a major role in intercalation of polymers into clay galleries will be discussed 

in Section 3.6. 

Figure 29 shows XRD traces of natural montmorillonite, hectorite and kaolinite. 

Their 001 peaks are located at 7.16 °, 7.10 ° and 12.22 ° respectively, corresponding 

to door of 1.23 nm, 1.24 nm and 0.72 nm which are in agreement with literature 

values (1.2 nm, 1.2 nm and 0.72 nm) for these clays [Grim 1968; Theng 1979; 

Gardolinski et al. 20001. The 001 peak for kaolinite is much sharper and narrower 

than the other two, suggesting kaolinite has best layer coherence among the three 

clays. The presence of interlayer water and the 2: 1 type of crystalline structure give 

a large doot to natural montmorillonite and hectorite. The slightly wider 001 peak 

for hectorite compared to montmorillonite indicates that it has more impurities such 

as F" [Pinnavaia 1983] causing less layer coherence. 

Figure 30 shows DSC and TGA curves of as-received clays. In Figures 30a and 30b, 

the initial endotherm and mass loss step represent loss of 5.3 wt. % interlayer water 

which is easily removed from the galleries [Worrall 1975]. For montmorillonite, 

the highest rate of loss of water occurred at 107 °C. The second peak with onset of 

mass loss at 608 °C is attributed to loss of lattice hydroxyls [Grim 1968; Worrall 

1975], which is completed at 760 °C giving a total mass loss of 9.6 %, similar to 

the result of Ruiz-Hitzky and Aranda [1990]. Phase transformation to spinel or 

quartz begins after the completion of the third endotherm [Grim 1968] which was 

only partially completed at 900 T. 
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Figure 30. DSC and TGA traces of natural (a) montmorillonite; (b) hectorite; and 
(c) kaolinite. 

For hectorite, the highest rate of gallery water loss occurred at 99 °C and the mass 
loss for the first wide endotherm was 10 %. As with montmorillonite, the second 
distinct endotherm for hectorite is attributed to loss of hydroxyls which has rapid 
loss at 819 °C with a mass loss of 13.8 %. There are a few small peaks during the 

first and second large endotherms indicating impurities are present in the clay and 

changes have occurred to some of them during heating. The larger mass loss and 

the presence of these small peaks suggest that hectorite has more impurities than 

montmorillonite, in agreement with the broader 001 peak in XRD traces. However 

the hydroxyls in hectorite persist to a higher temperature, which makes heat-treated 

hectorite still behave as an intercalating clay at least up to 878 T. The intercalation 

of polymer into heat-treated clays is discussed in detail in Section 3.6. 

Unlike montmorillonite and hectorite, kaolinite only has one endotherm with an 

onset of mass loss at 480 °C, which is attributed to loss of lattice hydroxyls and 

completed at 628 °C with a mass loss of 13.3 %. This is in agreement with the 
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FT IR spectrum, which does not show water absorption. 

Beside TGA, mass losses of clay were also determined by direct weighing of larger 

samples after heating under different conditions. Natural montmorillonite lost 3.6 

% mass after heating at 70 °C in a vacuum oven for 24 h. The mass loss was 

increased to 5.9 % after heating at 200 °C in the B. E. T. degasser with a nitrogen 

flow for 3.5 h, indicating that the mass loss increases with increasing temperature 

below 200 T. The former heat treatment only removed adsorbed moisture and 

probably a small amount of interlayer water, while the latter expelled most of the 

interlayer water. The rapid removal of OH usually takes place at 500 °C and 

completes at 800 °C, depending on the type of exchangeable cation [Grim 1968]. In 

air, natural montmorillonite lost 5.7 % mass when heated at 600 °C for 3h and 

stored in air for 8h and lost 4.0 % mass at 400 °C under the same treatment time. 

Different heating temperatures and times lead to different mass losses, therefore in 

loss on ignition experiments intended to assess the composition of polymer-clay 

mixtures, as-received clay samples were always included and the results for 

polymer-clay. nanocomposites were adjusted for mass loss of the clay itself. 

Table 8 shows B. E. T. specific surface areas of the clays. The effects of drying 

conditions on SSA were investigated. The montmorillonite pre-dried at 200 °C gave 

SSA of 38 ±1 m2 g'1, similar to those reported in Grim's text [1968]. The 

correlation coefficients confirm the reliability of these values. SSA for the clay 

pre-dried at 300 °C for 17 h under a flow of dry nitrogen was lower than that dried 

at 200 °C, being 33 m2 g4, which suggests that some lattice hydroxyls have been 

removed. These specific surface areas represent the outer areas of the particles and 

do not include the effective gallery area. The total surface area has been normalized 

to be 658 m2 g'' using a range of solvents to penetrate into clay gallery [Helmy et al. 

1999]. This gives an estimation of the gallery area of 620 m2 g'. 
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Table 8. Surface areas of the clays measured by R_R. T_ nitrnaPn nricnrntinn methn-1 

Sample Degassing 

temperature/ °C 

Degassing 

time /h 

Specific surface 

area / m2 g"1 

Correlation 

coefficient 
MMTa 200 2.7 39 0.9997 

200 5.5 37 0.9997 

300 17 33 0.9858 

hectorite 200 4 50 0.9869 

300 17 18 0.9949 

kaolinite 300 17 24 0.9999 

aMMT refers to natural montmorillonite. 

Similarly, SSA of hectorite decreases when pre-drying at a higher temperature and 

the decrement is much higher than montmorillonite, suggesting more change has 

occurred to the crystalline structure of hectorite. Natural hectorite has a larger SSA 

than montmorillonite, suggesting a smaller average particle size because nitrogen 

cannot penetrate into clay galleries. 

Since there is no interlayer water in kaolinite, drying temperatures, if below 380 °C 

(at this temperature hydroxyls start to be lost) do not affect SSA. The surface area 
for natural kaolinite was 24 m2 g'I, higher than 16 m2 g' as reported by Grim [1968] 

and 14 m2 g" as reported by Nachtegaal and Sparks [2003]. 

In order to evaluate clay particle size, natural montmorillonite and hectorite were 
dispersed in acetone and ultrasonicated to, give single clay particles. SEM 

micrographs of these two clays are shown in Figure 31. Both the figures show that 

most particles are irregular and smaller than 5 µm and sharp lines are occasionally 

seen as attributed to side surfaces of clay layers. Generally the particle size of 
hectorite is smaller than montmorillonite, supporting the previous deduction from 

SSA measurements. 
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(a) 

(b) 

figure 31. SEM micrographs of (a) montmorillonite and (b) hectorite. 
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Figure 32 gives a complete TEM image at x 30,000 for natural montmorillonite. 

After ultrasonicating the clay suspension in acetone, the clay existed as three forms: 

single platelets, large stacks of platelets and agglomerates. The length of single clay 

platelets is typically 50 and can be up to 120 nm, thus giving aspect ratios of 

approximately 50 on the basis that clay platelet thickness is about 1 nm (which is 

confirmed in Section 3.2.2). Most clay platelets stacked together forming large 

tactoids and possibly giving higher aspect ratios due to flocculation [Ray et al. 

2003a]. Schmidt et al. [2002] claimed that the aspect ratio for clay filler could be 

up to 20,000. Some clay platelets were exfoliated without mixing with polar 

molecules and hence this exfoliation must be due to either ultrasonicating in 

acetone or other mechanical forces during mining and grinding. Subsequent TEM 

on a conventional composite specimen prepared by ultramicrotoming did not show 

exfoliated single clay platelets (cf. Figure 88 in Section 3.9), suggesting that 

extbliation was due to the ultrasonicating. Therefore the use of ultrasonicating 

methods for preparation of clay TEM images can give structurally misleading 

intbrmation about the state of the clay and polymer-clay composites. 
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Figure 32. "I lk: N1 image oC natural montmorillonite. Arrows point to (a) single 
platelets, (b) tactoids, and (c) agglomerates. 
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3.2.2. Heat-treated clays 

In order to provide a control for distinguishing adsorption and absorption, samples 

of montmorillonite clay were heat treated at elevated temperatures. Figure 33 

shows XRD traces for the as-received and heat-treated clays with 20 positions of 

the 1s` order 001 reflections displaced to a higher 20 after heat treatment. When the 

heat treatment temperature was 600 °C, the value of doo, was 0.98 nm. Thus doof 

was reduced from 1.23 nm in the as-received clay to the thickness of the clay 

platelets (-0.96 nm) after drying at 600 °C as found by MacEwan [Brown 1961]. 

This suggests that adsorbed moisture and the interlayer water were expelled from 

the clay; only the loss of interlayer water changes the c direction spacing. Further 

increase in the treatment temperature up to 800 °C did not alter door from 0.98 nm. 

Longer scans on these clays (Figure 33b) showed that most peaks remain 

unchanged after heat treatment, suggesting that the heat-treated clay has not been 

transformed to simpler ceramics at these temperatures. This is in agreement with 

previous result showing that this clay will not experience ceramic transformations 

until a temperature above 1000 T. It is on this basis that these heat-treated clays 

were used for studies on thermodynamic driving force and preferential intercalation 

as presented in Sections 3.5 and 3.6 respectively. 

The loss of interlayer water and most lattice hydroxyls can be confirmed by the 

FT IR spectra shown in Figure 34. The absorptions at 3620 cm' and 1632 cm 1 

representing hydroxyl and free water, disappeared after drying at temperatures of 

600 °C, 700 °C, 750 °C and 800 °C, in agreement with the results in Figure 30, 

showing that rapid loss of hydroxyls begins at about 600 T. As described in the 

experimental section, the clays were heated at appropriate temperatures for 5 h, a 

period that is much longer than the TGA experiment and therefore allows removal 

of all or nearly all hydroxyls. Residual hydroxyls in the clay heated at 600 °C or 

beyond are so few that they are not detectable by FT IR. However the clay heated 

at 400 °C still contained free water and lattice hydroxyls (curve 2). 

120 



Characterisation of clays 

1-as-received clay 
2- clay heated at 400°C 
3- clay heated at 600°C 
4-clay heated at 700°C 
5 -clay heated at 800°C 
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Figure 33. XRD traces of the as-received and heat treated clays at (a) short scans 
and (b) long scans. 
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Figure 34. FT-IR spectra of the as-received and heat-treated clays. 

The absorption peak at 2363 cm" for carbonate was also removed during heat 

treatment at or above 600 T. Also at these four temperatures, the position for the 

Si-O absorption peak (at 998 cm'' for the as-received clay) shifted slightly to 

higher wave numbers, suggesting that some initial changes in the tetrahedral silica 

crystalline structure. 

Table 9 shows BET specific surface areas of the clays. These are external surface 

areas of the clay particles. The areas were 33 m2 g4,25 m2 g'', 16 m2 g'' and 16 m2 

g" for the clays heat-treated at temperatures of 600 °C, 700 °C, 750 °C and 800 °C 

respectively. It should be noted that SSA for the latter two remained the same, 

implying that all the lattice hydroxyls were expelled from clay after heating for 5h 

at 750 °C causing the clay layers to be fully collapsed. However as discussed 

previously, phase transformations did not occur to the clays heat-treated at 750 °C 

and 800 °C. Compared with results in Table 8 which shows that as-received 

montmorillonite has a SSA of 33 m2 g'' after heating at 300 °C for 17 h, the clay 
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Table 9. Surface areas of the clays measured by B. E. T. nitrogen adsorption 
methods. 

Sample Degassing 

temperature / °C 

Degassing 

time /h 

Specific surface 

area / m2 g'1 

Correlation 

coefficient 

MMT6 300 15.3 33 0.9998 

MMT7 300 17 25 0.9999 

MMT7.5 300 17 16 0.9988 

MMT8 300 17 16 0.9999 

"MMT refers to montmorillonite and suffixes 6,7,7.5,8 refer to the clay heat-treated 
at 600,700,750 and 800 °C respectively. 

pre-heated at 600 °C for 5h had the same SSA. This may indicate that these two 

heat treatments have removed the same amounts of interlayer water and lattice 

hydroxyls from montmorillonite; a longer heating time may have the same effect as 

a higher heating temperature. All the four heat-treated clays gained approximately 
1% mass on storage for 398 days not dissimilar to Grim and Brindley's result 
[Grim 1968] showing that clay heat-treated at 600 °C took up one fourth of the 

original lattice water after 268 days. The removal of hydroxyl water involves the 

expulsion of about one-sixth of the oxygens of the octahedrally coordinated portion 

of the structure [Grim 1968], which explains the formation of tighter layer structure 
in the heat-treated clay. 

Figure 35 shows SEM micrograph of the montmorillonite heat-treated at 800 °C for 

3 h. In contrast to as-received montmrillonite (Figure 31), the heat-treated clay had 

larger particle sizes and the SEM image does not show sharp lines for side surfaces 

of clay layers. This suggests that ultrasonicating the clay powders does not make 

clay exfoliate or separate to smaller particles as it does with untreated clay powders. 

As discussed previously, the clay crystalline structure has fully collapsed to form 

tightly packed clay layers, which causes separation of clay layers to be more 

difficult. 
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Figure 35. SEM micrograph of montmorillonite heat-treated at 800 "C tör 3 h. 

3.2.3 Elastic constants of clay platelets 

Knowledge of the elastic constants for clay platelets is essential for study 

property-volume fraction relationships in polymer-clay nanocomposites, which is 

detailed in Section 3.8. This section describes attempts to evaluate these constants. 

This is by no means a simple task as some of the unsuccessful experimental 

methods described below indicate. 

In order to calculate elastic constants of clay platelets (note that this does not mean 

bulk clay particles), clay particles were first pressed into flat discs by a hydraulic 

press and then sintered to form continuous discs. Preliminary experiments obtained 

porous mullite [Grim 1968] from as-received clay after pressing and sintering at 

1200 °C and found that the clay heat-treated at 600 °C did not form tightly packed 

discs after sintering at 850 °C probably because adhesion between heat-treated clay 

particles is extremely weak. Therefore in the subsequent experiements, natural clay 

pre-dried at 70 °C for 72 h was used. 
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The density of the pressed discs after sintering at 850 °C for 5h was measured as 

1600 kg m-3, much lower than expected. This value should have been slightly larger 

than 2600 kg m-3, the density for as-received clay, if there were no pores in the 

discs. Therefore the Young's modulus and shear modulus calculated from ultrasonic 

testing were relatively low, i. e. 16 GPa and 6.8 GPa, and inappropriate to serve as 

the elastic moduli for clay platelets. 

The relatively low density of the sintered montmorillonite discs can be explained 

by SEM micrograph (Figure 36), in which the disc is clearly seen as porous. One of 

the reasons for not obtaining a compact disc could be attributed to loss of 

hydroxyls at the sintering temperature. However as described earlier, the 

heat-treated clays without hydroxyls only gave loose discs, not suitable for further 

investigation. As shown in Figure 30a, 850 °C is within the third endotherm of 

montmorillonite upon heating, the phase transition at which is still unknown 

according to the literature, but vitrification and melting had not started at 850 °C. 

At higher magnification, bridging between particles could be seen but significant 
densification was not apparent. 

Figure 36. SEM micrographs of a sintered montrnorillonite disc. 
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Prasad [2002] obtained 6.2 GPa for the Young's modulus of dickite by using atomic 

force acoustic microscopy techniques and assuming Poisson's ratio as 0.3, but this 

is for bulk clay particles rather than clay platelets. The other experimental data on 

clay minerals [Vanorio et al. 2003] were obtained from acoustic measurements on 

cold-pressed clay discs, which gave bulk modulus and shear modulus of 11GPa and 

5.5 GPa for sodium montmorillonite and 11GPa and 6 GPa for kaolinite. But again 

they are for bulk clay particles. 

A different approach to the quest for platelet modulus is to search for analogous 

minerals. Since pyrophyllite (Al2Si4Oio(OH)2) has a similar layer structure and 

chemical composition to montmorillonite except for interlayer water and cation 

substitutions [Klein et al 2002], it is reasonable to use the elastic modulus of 

pyrophyllite for montmorillonite platelets. Similarly the elastic modulus for 

hectorite platelets can be very similar to talc (Mg3Si4O1o(OH)2). Pawley et al. 
[2002] obtained bulk moduli for pyrophyllite and talc from compressibility 

measurements as 37 GPa and 41 GPa respectively. The measured Poisson's ratios 
for mullite (2A1203. Si02 or 3A1203.2SiO2) [Hildmann et al. 2001; Ledbetter et al. 
1998], sillimanite (A1203. SiO2) [Hildmann et al. 2001], kaolinite [Vanorio et al. 
2003] and montmorillonite [Vanorio et al. 2003] are 0.28,0.27,0.27 and 0.29, 

hence the Poisson's ratio was taken as 0.28 for both montmorillonite and hectorite 

platelets. According to equations (13) and (14), the Young's modulus and shear 

modulus of montmorillonite platelets were deduced to be 49 GPa and 19 GPa 

respectively. 

The shear modulus obtained is similar to the theoretical extrapolation value, 20 

GPa, from Kataharathese [1998] and the experimental extrapolation value, 20 GPa 

with Poisson's ratio of 0.26, from Wang et al [2001] using epoxy-clay data and 
Hashin-Shtrikman equations [Hashin and Shtrikman 1963]. Recently Manevitch 

and Rutledge [2004] obtained approximately 400 GPa for Young's modulus of 

single platelets of montmorillonite from molecular dynamics simulation, however 

this value is as high as those for bulk aluminosilicates and seems inappropriate. The 

simulation did not take into account the weak OH groups which were simply 
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collapsed into single particles with mass and charge corresponding to the sum of 

the 0 and H values. In some modelling work, 170 - 180 GPa was taken as the 

Young's modulus of clay platelets [Luo and Daniel 2003; Zhu and Narh 2004]. The 

value selected for such modelling requires authentication before general agreement 

can be reached. 

Similarly Young's modulus and shear modulus for hectorite platelets were deduced 

to be 54 GPa and 21 GPa, similar to the Young's modulus that Prasad [2002] 

obtained for mica from atomic force acoustic microscopy, 57 GPa, and slightly 
lower than the value that Wang et al. [2001] obtained by extrapolation namely 26 

GPa for shear modulus with Poisson's ratio of 0.32. As discussed in Section 3.8, 

small differences in Young's modulus and shear modulus of clay platelets do not 

strongly affect the elastic modulus-volume fraction relationships at low volume 
fractions (< 0.4). Therefore the values obtained from pyrophyllite and mica can be 

used as the elastic constants of montmorillonite and hetorite platelets. 

3.2.4 Cation-exchanged montmorillonites 

Some montmorillonite clays were cation-exchanged with the aim of studying the 

effect of cations on intercalation. KMMT and CsMMT were cation-exchanged 
from as-received sodium rich montmorillonite by saturating the clay with KCl 

solution and CsCl solution respectively at 50 °C. Previous studies [Pinnavaia 1983; 

Alexandre and Dubois 2000] show that the hydrated cations in the galleries are 

easily replaced using salts such as chlorides and nitrates. FT IR spectra for the 

montmorillonites were shown in Figure 37. In general, the spectra are similar 
before and after the cation-exchange. The absorption peak for Si-O is still present 

as the main peak for the montmorillonite and its position only shifts a little, 

indicating that the mild treatment does not change the chemical structure. The two 

new peaks at 1742 cm'1 and 1370 cm' were due to the residual C=O and CH3- 

from acetone [Colthup et al. 1990], one of the dispersing solvents before 

cation-exchange. 
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Figure 37. FT-IR spectra of montmorillonites before and after cation-exchange. 

40 

35 

30 

25 

0 
20 

15 

10 

5 

0 

1: Natural NaMMT 
2: KMMT 
3: CsMMT 

I 

2 

369 12 15 18 21 

20 i° 

Figure 38. XRD traces for montmorillonites before and after cation-exchange. 
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Figure 38 shows the XRD traces for the montmorillonites after cation-exchange. 

The 001 peak became wider after replacing cations with K+, suggesting that the 

clay layers are less ordered. The wider 001 peak may imply that the silicate layers 

of KMMT favour exfoliation [Kemena 2004], but it may also indicate that the 

cation exchange did not fully remove the impurities from the galleries. In contrast, 

the 001 peak for CsMMT was a little sharper (as determined from the peak width at 

half height) than NaMMT. This indicates that cation-exchanged CsMMT has a 

more ordered layer structure due to the removal of some molecules such as H2O 

and carbonate in clay galleries. door for KMMT and CsMMT were 1.16 nm and 

1.23 nm respectively. 

Apart from metal chlorides, montmorillonite was also treated with an 

alkylammonium chloride according to the accepted literature method [Kawasumi et 

al. 1997]. However it was found that this ammonium-treated montmorillonite 

easily decomposed; it turned dark even at 70 °C in an air-circulating oven. 

Therefore commercially available ammonium treated montmorillonites were used 

for reinforcing PCL. The decomposition of ammonium-treated clays was 

extensively investigated by Xie et al. [2001], in which the onset temperature of 

decomposition of quaternary ammonium montmorillonite clays was found to be 

180 °C. 
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3.3 Poly(ethylene glycol)-clay nanocomposites 

3.3.1 Characterisation of nanocomposites 

PEG-clay nanocomposites were prepared by solution and melting intercalations. 

The PEGs used for the solution casting method spanned a large range of molecular 

weight, from 300 to 20,000, having radii of gyration [Tanford 1961] from 0.8 to 6.6 

nm (See Appendix I for the calculation). They were in three forms, liquid, waxy 

solid and flake solid. Nevertheless, door increased from 1.23 nm to 1.82±0.02 nm 

for the intercalated clay in each case (Figure 39), consistent with the finding that 

door of clay is independent of PEG molecular weight [Aranda and Ruiz-Hitzky 

1990,1992; Bujdak et al. 2000]. 
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Figure 39. XRD traces for the PEG-clay nanocomposites with PEG molecular 
weights of 300,600,1500,4000,6000,10000 and 20000, showing independence 

of doof on molecular weight (1.80 nm<_ dool 51.84 nm). 
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The method used to dry the solutions had no effect on expansion of the clay. 
Heating at 60 °C in an air-circulating oven for 24 h or drying at 20 °C for 72 h both 

gave doof of -1.82 nm. Previous studies [Aranda and Ruiz-Hitzky 1990,1992; 

Bujdäk et al. 2000; Shen et al. 2002] show that the confined PEG molecules either 

adopt a helical or flat bilayer conformation in the galleries. Neither structure 

anticipates a molecular weight dependence. The same dopt regardless of molecular 

weight is coincident with most previous results even for other polymers [Sikka et al. 

1996; Vaia et al. 1997a]. 

The preparation method did not affect door of the clay either; PEG1500 and 

PEG20000-clay nanocomposites melt-processed on the twin roll mill also yielded 

door =1.82 nm. Surprisingly, this same value was also obtained from the PEO with a 

much higher molecular weight, 100,000 having a radius of gyration of 14.8 nm, 

and larger end groups. As shown in Table 10 in Section 3.3.3, PEO100000 can 

sustain additions of clay up to 44 vol. % on the twin roll mill, above which the 

composite began to crumble. 

A higher loading of 49 vol. % clay was prepared yet doof was still not changed 

significantly (0.04 nm) by this overloading. The PEG1500-clay nanocomposites 

prepared from solution casting also had the same doof when polymer contents were 

20 wt. % and 47 wt. %. As proposed in Figure 10 in Section 1.5.6, doo, for the 

intercalated clay could establish ascending plateaus over ranges of polymer content. 

The polymer/clay ratios studied here probably just fall into the second plateau. 

Figure 40 shows XRD traces for PEG1500-clay nanocomposites processed with 
different mixing times on the twin roll mill; the first was given sufficient mixing 
time to form a uniform mixture (about 600 s) and the second was over-mixed for a 
further 600 s. Both composites had similar 20 for their 001 peaks (d = 1.82 nm and 
1.85 nm), indicating doot of the intercalated clay is little affected by the mixing time 

once sufficient mixing has taken place; the composite does not, for example, 

proceed to full exfoliation as high shear mixing proceeds. Clearly the extent of 

property enhancement of a polymer cannot be judged solely by door, a parameter 
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that is the main focus for many researchers. 
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Figure 40. XRD traces for the PEG1500-clay nanocomposites prepared with 
different mixing times showing that doof is unaffected. 

Figure 41 shows a TEM image of PEG4000-clay nanocomposite. Both independent 

single platelets indicating exfoliation and dark clusters implying intercalation can 

be seen in the image. With an enlarged image of dark clusters (the inset), clay 

layers are clearly seen and d001 is measured by taking the lowest value, typical of 

tactoids perpendicular to the beam, as approximately 1.8 nm in accordance with 

XRD result. This suggests that the nanocomposite with 59 wt. % clay contains both 

intercalation and exfoliation, in accordance with Morgan and Gilman's work [2003] 

showing that a fully intercalated nanocomposite is rarely obtained. The aspect ratio 

for single clay platelets was around 50 and it was increased up to 200 in this case 

when several adjacent clay platelets were connected to each other. In contrast, the 

clay layers stacking as clusters in as-received montmorillonite are not discernable 
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under the TEM magnification (Figure 32), supporting an increased d001 after 

intercalation. 
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Figure 41. TEM image ol'11FG-clay nanocomposite showing both intercalation and 
exfoliation. The inset shows an enlarged picture of layer clusters. 

3.3.2 Solution intercalation 

In an intercalated polymer-clay nanocomposite. the maximum capacity of the clay 
for intercalated polymer determines the amount of 'free' polymer in particle 
interstices and hence influences formulation decisions. Free PEG was measured by 

gravimetric drying of supernatant after centrifuging. Even with a small amount of 

added PEG1500, where the PEG concentration was 0.01 g ml-1, free PEG was 

obtained after 5 h's treatment time suggesting partitioning between gallery surfaces 

and solution, a phenomenon that occurs in adsorption. The uptake of PEG by the 

clay as a function of original concentration of PEG in solution is shown in Figure 

42. The uptake of PEG increased linearly with concentration at low concentrations 
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Figure 42. Curve for the uptake of PEG1500 by clay (t =5 h). 

and remained approximately constant at 19 wt. % when the concentration was 
higher than 0.023 g ml". This trend is consistent with Parffit and Greenland's study 
[1970a] which showed that the uptake of PEG by clay follows an L-type isotherm. 

These uptakes were recorded in the timescale suitable for preparing 

nanocomposites (5 h) [Billingham et al. 1997; Chang et al. 2001; Fu and 
Qutubuddin 2001] rather than the longer times required to achieve equilibrium 

[Parffit and Greenland 1970a]. Thus maximum uptakes at this fixed time scale are 

lower than those at equilibrium. In fact this clay took up 33 wt. % PEG1500 after 

reacting for 168 h, representing equilibrium under a PEG concentration of 0.035 g 

ml's in water. 

This value can be used to estimate the equilibrium amount of PEG with other 

molecular weights taken up by sodium montmorillonite from those reported for 
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calcium montmorillonite [Parffit and Greenland 1970a] or vice versa [Aranda and 

Ruiz-Hitzky 1992]. Indeed both the intercalation and adsorption of PEG by clay 

may follow the well-known surface adsorption behaviour for high molecular 

weight polymers from solution on high energy surfaces [Ullman 1964; Stromberg 

et al. 1965; Howard and Woods 1972; Furusawa et al. 1982] which is expressed as: 

]P=KM' (16) 

where P is the specific adsorption, M is molecular weight, K is a constant and the 

index is 0<a<0.3. 

For estimation and simplicity, the intercalation and adsorption are assumed to 

follow the same K and a, and it is interesting to see if equation (16) can be applied 

to the total uptake rather than individual adsorption and absorption. The results of 
Parfitt and Greenland [1970a] for equilibrium uptake of different molecular weight 
PEG in calcium montmorillonite can be plotted to yield K=0.08 and a=0.137 
from which the equilibrium uptakes of PEG with other molecular weights by 

calcium montmorillonite can be inferred. 

The exchangeable cation also affects intercalation. The ratio of the uptake of 
PEG1500 by sodium montmorillonite to that by calcium montmorillonite [Partifitt 

et al 1978a] is about 0.5/0.22 = 2.3 where the numerator and denominator are the 

amount in grams of PEG1500 that Ig clay takes up after equilibrium. Therefore the 

equilibrium total uptakes of PEG with other molecular weights by sodium 

montmorillonite can be estimated. Nelson and Cosgrove [2004] found that the 

adsorbed amount of PEO by laponite (a synthetic hectorite with a SSA of -900 m2 

g') also increases with molecular weight with a power law relationship, r- Moos 

from SANS studies. They also found that the additional polymer segments 

accumulate around the edge of the particle rather than on the face, the thickness of 

polymer layer on the edge being higher than that on the surface. Thus the 

adsorption amount on the external surfaces (edge and face) should be greater than 
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the intercalation amount on the internal surface (face). Indeed the preferential 

studies (Section 3.5) support this conclusion. 

Cast films of washed clay and PEG-clay nanocomposites prepared using solvent 

methods are shown in Figure 43. Washing with distilled-water retains doof = 1.23 

nm as for the as-received clay. These films were strong enough to be handled 

indicating hydroplasticity [Callister 2002] and became darker with increasing PEG 

content. The clay containing PEG was stiffer and stronger than the clay washed 

with distilled water. The addition of PEG into aqueous clay suspension can also 

reduce filtration, stabilize clay, flocculate drilled solids and increase carrying 

capacity as drilling fluids [Rossi et al. 2003]. 

11111/11 

Figure 43. Films of clay and PEG4000-clay nanocomposites. From left to right: 
clay washed with distilled water; PEG: Clay=0.25; PEG: Clay=0.7 (by mass). 

When soaked in distilled water, the PEG300-clay nanocomposite was unstable and 
broke up to form a flocculated suspension. However, PEG1500-clay and 
PEG10000-clay nanocomposites were stable and remained intact even after 

saturation for 168 h. Thus while low molecular weight PEG can be removed from 

clay galleries higher molecular weight polymer cannot, in agreement with Parffit 

and Greenland's demonstration [I 970a] that more than 80 % of adsorbed PEG300 

could be removed by washing with water whereas this treatment failed to desorb 

any PEG20000. This is probably due to the better solubility and flexibility of 

PEG300 short chains. If other conditions, e. g. heating or other solvents, are used, 

the intercalated polymers with high molecular weight may be removed. Indeed 

polystyrene with molecular weight 400,000 can be recovered by suspending the 

nanocomposite in toluene [Vaia et al. 1993]. However the term intercalation 
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describes the reversible insertion of guest species into a lamellar host structure with 

maintenance of the structural features of the host [Whittingham and Jacobson 

1982]. Thus strictly the criterion of reversibility needs to be questioned in the case 

of some high polymers. 

3.3.3 Melt intercalation 

The compositions of PEG-clay nanocomposites prepared by melt-processing were 
deduced from loss on ignition experiments. The mass fractions were calculated 
from the averaged residual mass fractions after correction for clay mass loss and 
are listed in Table 10. The nominal volume fraction of clay in the composites was 
calculated by equation (17). 

me 

0l = P° 
me +mp 

(17) 

PC Pp 

where ý, is the volume fraction of clay, me and mp are the masses of clay and 

polymer respectively. pc is the density of clay which is 2600 kg M-3 and pp is the 

density of polymer, 1100 kg m'3, as quoted by the suppliers and coincident with 

literature values [Grim 1968; Klein et al. 2002]. On the twin roll mill, PEG with 
higher molecular weight could accommodate more clay; for PEG1500,20000 and 
PEO100000 the limits were 28 vol. %, 42 vol. % and 44 vol. % respectively due 

mainly to the resistance of suspensions based on higher molecular weight polymers 
to dilatancy. 

In solution processing, clay accepted in intercalated form 19 wt. % PEG1500 after 5 

h treatment time. If the same degree of saturation occurs in melt processing, the 

effective solid loading of 57 wt. % is increased by absorption of PEG1500 to 70 

wt. % leaving 30 wt. % `free' PEG1500. Thus the composite is made up of 
intercalated nanocomposite particles and interstitial PEG which may, of course, be 
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Table 10. Compositions deduced from loss on ignition of PEG-clay 
nanocomnosites nrenared using the melt-nrocessinQ method. 

Sample designation Average mass 
fraction of residue 

Mass fraction 

of clay 

Nominal volume 

fraction of clay 

Clay 0.941 ----- ---- 

PEG1500-clay 0.533 0.57 0.28 

PEG20000-clay 0.592 0.63 0.42 

PE0100000-clay 0.606 0.64 0.44 

PEO100000-clay 

(with excess clay) 

0.649 0.69 0.49 

connected by bridging molecules forming weak physical cross-links [Jeon et al. 
1998]. The volume fraction of the intercalated nanocomposite particles and the 
density of the intercalating polymer are calculated in Section 3.8. 

As discussed in Section 1.5.2, previous work [Theng 1979; Ruiz-Hitzky and 
Aranda 1990; Bujdäk et al. 2000; Shen et al. 2002] with FT IR and TGA techniques 

show that the entrance of PEG into clay galleries by solution methods is driven by 

loss of water from the galleries and this mechanism is generally accepted. FT IR 

spectra for PECH clay and their composites prepared using the melt-processing 

method are shown in Figure 44. The absorption peaks at 3620 cm 1 for -OH and at 
1633 cm'' for free water of the clay disappeared in the composite, suggesting 

that -OH interacted with PEG [Ruiz-Hitzky and Aranda 1990] and that interlayer 

water was expelled when PEG entered the gallery. Other peaks, e. g. 2876 cm" 

for -CH stretching bond, 1466 cm" for -CH bending bond, had lower 

transmittance values but their positions remained unchanged. The absorption peak 

of Si-O of the clay at 998 cm" shifted by 18 cm"', suggesting interaction between 

the clay and PEG 
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Figure 44. FT IR spectra of (a) the as-received clay; (b) PEG20000 and (c) 
PEG20000-clay nanocomposite prepared by melt-processing. 

The loss of free water indicates that in the melt-processing method the entropic 

change also contributes to the intercalation of PEG into clay galleries, which is 

co-incident with Shen et al. [2002] and Bujdäk et al. 's studies [2000]. However this 

does not preclude Vaia's hypothesis [1993,1996] that the driving force for 

intercalation in the melt-processing method also results from the enthalpic 

contribution to free energy change because calorimetric measurements during 

intercalation were not carried out. The thermodynamic driving force for 

intercalation of polymer into montmorillonite is discussed in detail in Section 3.6. 
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3.4 Decomposition of poly(ethylene glycol) in nanocomposites 

As described in Section 3.3, mixing of PEG and clay caused door to increase and 
formed nanocomposites. Unfortunately the situation is not quite so straightforward 
because PEG undergoes decomposition at quite low temperatures. This section 
investigates the decomposition of PEG both on its own and in polymer-clay 

composites. 
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Figure 45. GPC molecular weight distribution for PEGs before and after 
dissolution and drying. 

Figure 45 shows the molecular weight distributions of PEGs as-received and those 

after dissolving in distilled-water and drying at 60 °C for 24 h. No clay was present. 
It indicates that only PEG4000 and 8000 were stable after this mild treatment. 

Molecular weight data are summarized in Table 11. 
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Table 11. GPC molecular weight data for PEGs before and after dissolution and 
drying. 

Sample (Designation 

as in Figures 45,46) 

- Mw - Mn -- Mw / Mn 

PEG4000 3,740 3,660 1.02 

PEG4000a 3,770 3,680 1.03 

PEG8000 9,130 8,610 1.06 

PEG8000a 9,100 8,510 1.07 

PEG10000 11,600 10,300 1.1 

PEG10000a 10,300 7,660 1.4 

PEG12000 16,000 13,400 1.2 

PEG12000a 12,100 7,440 1.6 

PEG20000 22,400 17,000 1.3 

PEG20000a 15,400 7,690 2.0 

PEG35000 35,700 21,500 1.7 

PEG4000/35000a 15,400 6,080 2.5 

PEG4000/35000b 15,700 6,050 2.6 
a PEG after dissolution and drying 
b The dried supernatant of PEG4000/35000 after sedimentation of kaolinite 
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The number of chain scissions per molecule V is given by [Basedow et al. 1978; 

Tabara and Sohm 1987; Madras and McCoy 1997]: 

V/ _Mn 
(0) 

_1 (18) 
MA(t) 

The values of 0 were 0.34,0.80 and 1.21 for PEGs 10000,12000 and 20000 

respectively, which is in agreement with the literature [Bailey and Kolesk 1976; 

Han et al. 1997] which shows that the degradation of PEG increases with molecular 

weight and the scissions are not totally random as determined from GPC molecular 

weight distribution. It is worth noting that different polymerisation routes are 

available for these polymers. For PEG or PEO with a MWt up to about 10,000, 

ethylene oxide is generally polymerised by an anionic polymerisation method in 

the presence of an initiator (typically sodium hydroxide) or starter such as alcohol, 

ethylene glycol or its oligomer, or water [Bailey and Kolesk 1976]. For high MWt 

PEO, heterogenous initiator systems (mainly alkaline earth compounds or 

organometallic compounds) are used for the polymerisation [Bailey and Kolesk 

1976; Saunders 1988]. This polymerisation is generally thought to occur through a 

co-ordinated anionic mechanism, in which ethylene oxide is coordinated to the 

initiator through an unshared electron pair on the oxirane oxygen atom [Saunders 

1988]. The polymerisation method or residues therefore may affect the degradation. 

Indeed, high MWt PEO calibrants in GPC are rather unstable despite refrigerated 

storage [Chen et al. 2004]. 

In addition to PEG with MWt greater than 10,000, those with lower MWt have also 

been found to undergo degradation under certain conditions [Glastrup 1996; Han et 

al. 1996,1997], such as higher temperatures, higher oxygen partial pressures or 

longer times, beyond those used in preparing nanocomposites. 

The decrements of pH value for MWt=10000,12000 and 20000 were 0.14,0.25 

and 0.38 respectively, indicating that acids are products of the degradation 

reactions. It was found that PEG underwent oxidation to form mainly oligomers 
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and short-chain acids under wet conditions and to form esters instead of acids 

under dry conditions [Glastrup 1996; Han et al. 1997]. One of the proposed 

mechanisms [Glastrup 1996] is as follows: 

+02 
HO-CH2CH2-(OCH2CH2)�OCH2CH2-OH 10 

HO-CH2CH2-(OCH2CH2)n OCH2OH + HCOOH 

HO-CH2CH2-(OCH2CH2)n-OCH2OH No 

HO-CH2CH2-(OCH2CH2)n OH+HCHO 

+02 
HO-CH2CH2-OCH2CH2-OH -0 HO-CH2CH2-OCH2-OH+HCOOH 

HO-CH2CH2-OCH2-OH 10 HO-CH2CH2-OH + HCHO 

Scheme 2 

Under dry conditions, short-chain acids, e. g. formic acid, are trapped by the 

remaining PEGs to give esters. However under the wet condition, the acid 

derivatives cannot be found because of the constant presence of water and the 

acidic environment formed in the reaction solution, so only successively smaller 

PEGs and free short-chain acids are formed. In addition to mono(short-chain) acid 

derivatives, di(short-chain) acid derivatives also appear as the dry reactions 

proceed. 

There is another interpretation for the formation of short-chain esters under dry 

conditions [Han et al. 1997]. This mechanism suggests that PEG reacts with 

oxygen to form a-hydroperoxide, which then decomposes according to a, radical 

mechanism. These two hypothesised mechanisms for the dry reaction are relevant 

when melt-processing PEG-clay nanocomposites, which is also a common method 

of preparation [Pinnavaia and Beall 2000]. 
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With water as solvent, the degradation of PEG produces acids that decrease pH 

value. The more extensive the degradation, the more the pH value decreases, 

supporting the proposed mechanism of PEG degradation under wet conditions. The 

decrease noted here is comparatively lower than the reported values [Han et al. 
1997] of around 4, because of the lower heating temperature and lower oxygen 

pressure imposed on the PEG 

To study the decomposition of non-degradable (MWt < 10,000) and degradable 

PEGs (MWt >_ 10,000) in the presence of clay simultaneously, a mixture of 

PEG4000 and PEG35000 was used. Figure 46 shows the MWt distributions of the 

mixtures of PEG4000 and PEG35000 after dissolution and drying with and without 
the presence of kaolinite. As the surface structures of smectite clays and kaolinite 

are similar, kaolinite, a non-swelling clay, was used for this study to avoid the 

complexity of preferential intercalation [Chen and Evans 2004a] and degradation. 

Also the entire samples of dried supernatants were dissolved and an aliquot was 
introduced into the instrument to eliminate possible molecular weight segregation 
during drying and peeling from glass plates. The peak for PEG4000 remained 

almost the same after dissolution in water and drying while PEG35000 underwent 

slight degradation like other PEGs with a MWt z 10,000. The curves b and c 

overlapped and their MWt data are also shown in Table 11. Within measurement 

error, the MWt of the PEG mixture remained the same with and without the 

presence of kaolinite, suggesting that degradation can also occur to polymer-clay 

composites. 

Most literature ascribes the degradation of PEG to an oxidation mechanism but 

some conclude that this degradation is due to a thermal mechanism [Mandorsky 

and Straus 1959] or even to high-speed stirring [Nakano and Minoura 1971] 

although PEG was exposed to air in that work. In the field of polymer-clay 

nanocomposites, it may be important to consider oxidation of PEG [Krawiec et al. 

1995; Wong et al. 1996; Sukpirom et al. 2000]. In preparation, such 

nanocomposites can be heated at 80 °C in air, which could cause the degradation of 
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Figure 46. Molecular weight distribution for al) PEG4000; a2) PEG35000; b) a 
mixture of PEG4000 and 35000 (1: 1) after dissolution and drying; and c) the dried 

supernatant of PEG4000/35000 after sedimentation of kaolinite. 

PEG as discussed above. Since PEG-clay composites are of interest in battery 

applications it is noteworthy that the ionic conductivity may be affected by 

degradation. 

Most PEG-clay nanocomposites are prepared either via common solution methods 

[e. g. Aranda and Ruiz-Hitzky 1992,1999; Chang et al. 2001] or using 

melt-processing methods [e. g. Chen et al. 2000; Xiao et al. 2000; Kwiatkowski and 

Whittaker 2001]. The former ideally requires a vacuum oven to dry the aqueous 

suspension of PEG and clay to avoid the possibility of degradation. There are two 

approaches to melt-processing of nanocomposites; pressing the polymer-clay 
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mixture at room temperature, followed by annealing in a vacuum oven or an oven 
filled with inert gas at a temperature higher than Tg or Tn, of the polymer [Bujdäk et 

al. 2000; Chen et al. 2000; Kwiatkowski and Whittaker 2001]; or heating the 

mixture in the melt to allow the polymer to migrate into clay galleries [Liao et al. 
2001; Krawiec et al. 1995]. The latter route often uses a device that exposes the 

mixture to air, e. g. twin-roll mill. According to the literature [Crowley et al. 2002], 

serious oxidation of PEG takes place at temperatures higher than Tm compared to 

slight degradation when the temperature is lower than Tm. 

Studies [Bigger et al. 1991] show that Tg of PEG undergoes little change with 

oxidation even after 72 h, due to the recombination of free radicals formed during 

the reaction, so that Tg measurement is also a poor guide to degradation. Dynamic 

mechanical testing however shows that the area under the loss factor curve 
increases arising from the increased amorphous content of the polymer with 

progressive oxidation. Therefore with degradable PECH melt-processing in air is not 

recommended. 

I 
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3.5 Preferential intercalation of high molecular weight polymer in 

clay 

Figure 47a presents the XRD trace for the as-received clay intercalated with the 

mixture of PEGs. Its 001 reflection was located at the same 20 position (the basal 

plane spacing, dool = 1.8 nm) as reported for a monomodal PEG in Section 3.3. The 

shift of 001 peak of clay after treatment confirms the intercalation of the PEGs 

although XRD alone cannot be used to indicate the extent of intercalation. 

The XRD traces for the heat-treated clay and its composites are shown in Figure 

47b. As described in Section 3.2.2, door of the clay was reduced from 1.23 mit to 

the thickness of platelets (0.98 nm) after heating at 800 °C for 3 h. Longer scans on 

the as-received and heat-treated clay (5 - 70 °) showed that they retained most 

reflections and intensities, in agreement with Grim's findings [1968]. The doof 

spacing of the clay remained the same, 0.98 nm, after mixing with PEGs, so that 

only adsorption on external surfaces can take place. 

The total uptakes of PEG by the as-received and heat-treated clays calculated from 

the excess in the supernatants were 0.30 ± 0.035, and 0.04 ± 0.002 g g'1 clay 

respectively. The sodium-saturated clay had the same total uptake of PEGs, 0.30 g 

g" clay, as that of as-received clay, indicating the impurity cations (cf. Table 7 in 

Section 3.2) that are present in the as-received natural sodium montmorillonite do 

not significantly affect the intercalation amount under these preparation conditions. 

Since the outer surface chemical compositions are similar for the as-received and 

heat-treated clay, adsorption on the as received clay can be calculated from: 

F_ rh 
SSA' 

SSAh 
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Figure 47. XRD traces for (a) as-received and (b) heat-treated montmorillonites 
and their PEG nanocomposites. 
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where I' is adsorption, SSA specific outer surface area measured by B. E. T. nitrogen 

method and subscripts a and h refer to as-received and heat-treated 

montmorillonites respectively. SSA for as-received and heat-treated 

montmorillonites were measured as 38 and 16 m2 g'' as detailed in Section 3.2. 

Adsorption of PEG on the as-received clay was thus 0.04 x 38/16 = 0.09 gg1 clay. 

Absorption of PEG due to intercalation can be obtained by difference showing that 

0.21 g g'1 clay was intercalated in the clay. 

It is well-known that PEG degrades in air at low temperatures including conditions 

used for preparation of nanocomposites [Bigger et al. 1991; Glastrup 1996; Han et 

al. 1997]. It has been shown in Section 3.4 that PEG with molecular weight higher 

than 8000 undergoes degradation when drying at 60 °C for 24 h, the conditions 

used here. An experimental control is thus mandatory for degradation. 

Figure 48 shows the molecular weight distributions. Each sample has been run at 
least in duplicate. The first part compares the individual, as-received PEGs having 

molecular weights 4000 and 35000 (curves al and a2) with the dried solution of the 

50 % mixture of these (curve b). The long-term reproducibility of a particular GPC 

system may not be good, so those samples that have been studied in Section 3.4 

were re-run for best comparison with other samples. This mixture was prepared 

under identical time-temperature conditions as those used for the clay samples. 

Quadruple runs at different dates on the mixture of PEG4000 and PEG35000 

(tested at different times) confirm that the PEG35000 did not degrade significantly 

under these experimental conditions. However as shown in Section 3.4, 

degradation of PEG35000 can occur in similar circumstances and this underlines 

the necessity of always running an experimental control that follows the same 

sequence of treatments in order to test for the effect of polymer degradation. 

Curve b in Figure 48 provides the clay-free control against which the effect of clay 

adsorption and absorption should be compared. Curves c and d show the control for 

surface adsorption. These curves are almost coincident and should be compared 

with curve b. They show that no significant molecular weight preference can be 
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Figure 48. GPC molecular weight distribution for al) the as-received PEG4000; a2) 
the as-received PEG35000; b) the dried solution of a mixture of PEG4000 and 
PEG35000; c) the dried supernatant after sedimentation of heat-treated 
montmorillonite; d) the dried supernatant after sedimentation of heat-treated 
sodium montmorillonite; e) the dried supernatant after sedimentation of as-received 
montmorillonite; and f) the dried supernatant after sedimentation of sodium 
montmorillonite (All curves are in duplicate). 
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Preferential intercalation 

Table 12. GPC molecular weight data for PEGs before and after sedimentation of 
clays. 

Sample 
(Designation as 
in Figure 48) 

Mw Mn Mw / Mn 
% peak area for high 
molecular mass (based on 
total area under distribution 

curve) 

PEG4000 3,720 3,750 1.01 0 

PEG35000 37,300 33,300 1.12 99.7% 

b 20,500 6,640 3.1 

b- high 37,300 34,000 1.10 50% 

b- low 3,770 3,740 1.01 50 % 

c 20,600 6,530 3.2 

c- high 38,000 34,100 1.11 50% 

c- low 3,750 3,670 1.02 50% 

d 20,000 6,460 3.1 

d- high 36,800 32,000 1.15 50% 

d- low 3,760 3,630 1.03 50 % 

e 6,610 3,750 1.8 

e- high 22,700 18,700 1.22 16% 

e- low 3,620 3,270 1.11 84 % 

f 7,860 3,930 2.0 

f- high 28,000 23,200 1.21 22% 

f- low 3,630 3,350 1.09 78% 

b: The dried solution of a mixture of PEG4000 and PEG35000; c: The dried 
supernatant after sedimentation of the heat-treated montmorillonite; d: The dried 
supernatant after sedimentation of the heat-treated sodium montmorillonite; e: The 
dried supernatant after sedimentation of as-received montmorillonite; and f: The 
dried supernatant after sedimentation of sodium montmorillonite. 
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detected for surface adsorption. This is mainly because the total adsorption of 

polymer by the heat-treated clays was very low, 0.04 g g71 clay. 

Molecular weight distributions for residues from the as-received and 

sodium-treated clays (Figure 48 curves e and f) show that the peak location and 

symmetry for the low molecular weight in the residue were largely unchanged by 

intercalation. Peaks for the residual high molecular weight PEG have reduced 

substantially and displaced to lower weight. Comparing curves e with c and f with 

d shows the extent to which intercalation has abstracted the high molecular weight 

fraction from solution in the case of both as-received and sodium-treated clays. It 

appears that slightly more high molecular weight material was absorbed by the 

as-received clay than by the sodium-treated clay. 

The integration limit was placed at 8700, being the minimum between the peaks. 

This enables the specific molecular weight data for high and low residual fractions 

to be summarized as in Table 12. The residues from the as-received and 

sodium-treated clays have lower molecular weight, narrower dispersive 

index (Mw / Mn) and smaller peak area for the high molecular weight fraction. 

From the peak areas, the uptake of high molecular weight is given by: 

Uh = 0.6. ah - ah (0.6-Ut) (20a) 

The uptake of low molecular weight is given by: 

UI = Ut -Uh (20b) 

where a is area fraction from Table 12, subscript h refers to high molecular weight 

and prime means after uptake, Ut is the total uptake and 0.6 g g'1 clay is the initial 

amount of PEG. So for the as-received clay, Uh = 0.25 g g'1 and U1 = 0.05 g g'1 clay, 

and for the sodium-saturated clay Uh = 0.23 gg1 and U1 = 0.07 g 9-1 clay. Thus 

sodium treatment has a small effect on preferential intercalation. 
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Since the molecular weight preference of surface adsorption could not be detected, 

the adsorption amounts for high and low molecular weights were averaged to give 

0.045 g g'1 for the clays. After deducting the adsorbed polymer from the total 

uptake, the intercalated absorptions of high and low molecular weights for the 

as-received clay were 0.205 and 0.005 g g'1 clay respectively. In preliminary 

experiments, kaolinite was used as a control, because like the heat-treated 

montmorillonite, it does not intercalate PEG. The results were similar to those in 

Figure 48 but it can be argued that kaolinite is sufficiently different structurally and 

chemically even after correcting for specific surface area to use as a control. 
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Figure 49. GPC molecular weight distribution for 1) the dried solution of a mixture 
of PEG4000 and PEG35000; 2) the dried supernatant after sedimentation of the 
as-received montmorillonite; and 3) the dried supernatant after sedimentation of the 
montmorillonite heat treated at 700 °C. 
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Preferential intercalation 

Moreover, the montmorillonites heat-treated at 600 OC and 700 'C were also 

studied but it was found, perhaps surprisingly, that both these montmorillonites 

intercalate PEG (as discussed in Section 3.6) and cannot be used as the control for 

adsorption and absorption. However, both the heat-treated montmorillonites 

presented preferential intercalation of high molecular weight after correction with 

adsorption. The heat-treated clays gave less intercalation amounts (0.15 g g-1 clay 
heated at 600 "C and 0.13 g g" clay heated at 700 OC) and hence less high 

molecular weight polymer was absorbed. As shown in Figure 49, the polymer 

mixture had more high molecular weight fractions after reacting with the clay 
heat-treated at 700 "C than with the as-received clay. By inserting the molecular 

weight data into equations (20a) and (20b), the molecular weight preference of the 

as-received clay and heat-treated clays was very similar, confirming the 

preferential intercalation of high molecular weight polymer into smectite clays. 

This is the first competitive study of molecular weight preference but preferential 
intercalation of high molecular weight polymer in clay is supported by 

non-competitive intercalation isotherms [Parfitt and Greenland 1970a; Burchill et 

al. 1983; Aranda and Ruiz-Hitzky 1992; Shen et al. 2002; Mpofu et al. 2003; Rossi 

et al. 2003] that show higher molecular weight PEG produces a greater uptake and 
has higher affinity for clay surfaces than low molecular weight material. 

As discussed in Section 3.3, equation (16) is commonly used to calculate the 

adsorption amount of polymer on high energy surfaces and that K=0.08 and or-- 
0.137 for PEG-calcium montmorillonite system. Also the ratio of the uptake of 
PEG by sodium montmorillonite to that by calcium montmorillonite was 2.3. 

Therefore the estimated equilibrium total uptakes of PEG4000 and PEG35000 by 

sodium montmorillonite are 0.56 and 0.77 g g" respectively. So the uptakes in this 

work are about 40 % of the equilibrium value, consistent with the short timescales 

used to prepare nanocomposites; isothermal equilibrium requires up to 170 h 

[Parfitt and Greenland 1970a; Aranda and Ruiz-Hitzky 1992]. Those isotherms did 

not distinguish gallery absorption and surface adsorption and the specific uptakes 

can be different due to different surface conformations [Dyal and Hendricks 1950])' 
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so this calculation is only an estimate and it is preferable to use the heat-treated 

clay as the control. 

Kinetic and thermodynamic arguments can be marshalled to account for these 

competitive molecular weight preferences. It can be argued that the macromolecule 

prefers a conformation which allows for maximum segment-surface interaction 

[Burchill et al. 1983]. For a given mass of polymer, the number of segments is 

approximately the same but the higher MWt fraction has fewer molecular chains 

and can have more conformations per unit mass yet result in the same total energy. 
The high molecular weight has the potential to achieve larger segment-surface 

contact that favours surface adsorption and further intercalation into the clay 

galleries. 

Again, although montmorillonite is generally hydrophilic [Yan et al. 1996], the 

basal Si-O groups in the spaces between hydrated cations in clay interlayers are 

relatively hydrophobic and PEG is preferentially adsorbed on these sites [Bujd& et 

al. 2000; Coppin et al. 2002]. The low molecular weight polymer has a larger 

number of hydrophilic end groups than the high one which should facilitate the 

preferential intercalation of high molecular weight. 

But there is a difficulty with equilibrium explanations for molecular weight 

preference. The approach to equilibrium assumes partitioning of solutes of different 

molecular weight between galleries and solution. Such exchanges are restricted by 

the long timescales needed for excalation. Indeed it is reported that PEG with 

molecular weights above 1500 are not removed from the galleries in the timescales 

of this experiment, indeed that they are effectively not removable by water [Theng 

1979; Chen and Evans 2004b]. Perhaps the quest for explanation should pursue 
kinetic arguments. 

It is rather important to recognize that the experimental method used in this work 

and by Parfitt and Greenland [1970a] does not assume full intercalation; a molecule 

is assayed as intercalated even if a few segments are occluded by the gallery and 
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the bulk of the molecule remains in solution. If intercalation of the first segment is 

necessary and sufficient to register the intercalation of the whole molecule, the 

higher affinity of high molecular weight material at the particle edge, well known 

for adsorption studies may account for the molecular weight preference. XRD 

studies of both melt intercalation [Vaia et al. 1995] and in situ polymerisation [Choi 

et al. 2001] show that a new reflection for the expanded basal plane appears at a 
fixed d-spacing and its intensity rather than the spacing increases with reaction 

time, supporting this hypothesis. 

From an engineering point of view, these results are significant in two respects. 
First, it may be that nanocomposites with better mechanical properties could be 

obtained by controlling molecular weight distribution to avoid low fractions 

because these are more likely to reside unattached in interparticle space. Second, 

this work highlights the possibility that the tie chain network between particles of 

partially intercalated large molecules may contribute to mechanical properties. 
Indeed this idea is appearing in the literature [Wang et al. 2004] that highlights 

clays as compatibilisers for polymer blends. 
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3.6 Thermodynamic driving force for polymer intercalation in 

smectite clays 

3.6.1 Characterisation of poly(ethylene glycol)-clay composites 

PEG-as-received clay and PEG-heat-treated clay composites were prepared 

using both solution and melt-processing methods. XRD, FT-IR and B. E. T. 

results of these clays are shown in Section 3.2. Figure 50 shows XRD traces for 

composites made by the solution methods. Re-expansion of the clays 

heat-treated at 600 OC and 700 'C demonstrates that even though water has been 

completely removed from the galleries, they can still be intercalated by polymer 

by the solution method in under 5 h. That they re-expanded to the same spacing, 

1.8 nm, despite taking up significantly less polymer confirms previous 

observations that over a certain range of uptake the equilibrium spacing can 

remain unchanged [Lepoittevin et al. 2002; Ranade et al. 2002; Shen et al. 2002]. 

The clays heat-treated at 750 °C and 800 °C were not intercalated by PEG and 

their door remained at 0.98 nm. 

It could be argued that the clay might take up interlayer water between firing 

and testing, a period not exceeding 72 h. This can be excluded because the clay 

had the same dool at 0.98 nin after this short storage period (Figure 50b, curve 1) 

after which the 1% mass gained can be attributed to surface moisture rather 

than interlayer or lattice water. It could also be suggested that since the clays 

were dispersed in water before adding PEG, sufficient water had entered the 

gallery to allow PEG to intercalate. PEG would then displace this water; this 

being the accepted explanation for the driving force for intercalation. However, 

when the PEG was pre-dissolved in distilled-water to form aqueous PEG 

solution before the addition of clay, dool again increased to 1.8 mn (Figure 50a, 

curve 3). Clay has a higher affinity for PEG than for water and it does not seem 

reasonable to propose that clay first intercalates water and then releases water to 
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Figure 50. XRD traces of (a) PEG1500-clay composites prepared by the solution 
method; and (b) the clay after storage and the dried aqueous clay suspensions. 
The suffix numbers after MMT refer to 1% of the heat-treatment temperatures. 

158 

5 



Thermodynamic dn'ving force 

accommodate PEG when presented with an aqueous solution of PEG. 

To clarify this, the clays were dispersed in water for the same period, 5 h, as that 

required for preparation of nanocomposites and doo, for the dried dispersions 

were studied (Figure 50b). The value of dool for the as-received clay remained at 

1.23 nrn after dispersing in water and drying. The same doo, before and after 

washing with distilled-water indicates that the washed clay re-establishes the 

water content of the as-received clay after drying. The 001 peak for the clay 

heated at 600 OC broadened out to a lower 20 after mixing with water for 5h 

suggesting that rehydration had started. Under the same conditions, two 001 

peaks appeared in the XRD trace for the clay heated at 700 "C, indicating partial 

rehydration has taken place. In contrast, the clay heated at 800 'C did not show 

rehydration as seen by the same 001 peak as that before mixing with water. 

It is widely accepted [Ruiz-Hitzky and Aranda 1990,1992,1999; BuJdAk et al. 

2000; Shen et al. 2002] that the driving force for uncharged polar polymer (e. g. 

PEG) intercalation from solution is attributed to the configurational entropy 

change resulting from the gain in translational freedom of interlayer water 

expelled from host galleries [Thcng 1979]. Since the, heat-treated clays (600 'C 

and 700 'Q lost all their interlayer water after the treatment, consistency with 

this hypothesis requires that they must have absorbed water during premixing 

with water or mixing with PEG solution. For the former, rehydration of the clays 

can happen as just discussed, the lower heat treatment temperature giving 

quicker rehydration. For the latter, the sequence of events would require that 

water was firstly absorbed into clay galleries and then promptly expelled to 

accommodate polymer and in this way the hypothesis can be salvaged. Melt 

intercalation in the absence of water as discussed below, is inconsistent with the 

entropic explanation. 

Melt intercalation also shows that PEG readily intercalates into the clays that 

have been heat-treated up to 700 °C as shown by the dgol of 1.8 nm in Figure 51. 

Thus it appears that whether the polymer intercalates into clay is influenced 
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neither by the order of addition nor the presence of water nor the processing 

method; only the heat treatment temperature plays the decisive role for 

intercalation. During melt-processing, the dehydrated clay readily re-expands by 

accepting PEG into the galleries even though it did not have an opportunity to 

absorb water. We conclude that displacement of water is not a requirement for 

melt intercalation into montmorillonite. This means the entropic contribution to 

the free energy of reaction cannot arise from water displacement for heat treated 

clays. That entropic change might play a r6le during solution intercalation is still 

not fully resolved, but the intercalation-excalation sequence requirement makes 

this improbable. One proposition is that the intercalation of PEG might adopt 

different thermodynamic driving forces when the processing methods are 

different, but this too seems improbable given that very similar structures result. 

Since by the Gibbs-Helmholtz equation, if an entropy change is not responsible 

for the physical reaction of intercalation, then must be a significant enthalpic 

change. 
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Figure 51. XRD 
melt-processing. 

traces of PEG1500-clay composites prepared by 
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3.6.2 Measurement of enthalpy 

Figure 52 shows DSC traces of the clays before and after heat treatment. The 

peak temperature of the endotherm for water loss from the as-received clay was 

76 T, lower than that shown in Figure 30a (107 'C) due to the lower heating 

rate. Both onset temperatures were approximately 50 T. The heat-treated clays 

did not show this peak, indicating no water loss from these clays as confirmed 
by XRD results. 
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Figure 52. DSC traces of clays before and after heat treatment. 

The DSC traces for the mixtures of PEG1500 and clay are shown in Figure 53. 

In these experiments, the mass of polymer was kept approximately constant at 
12 mg (curves 2-5). The peak area for the melting transition was significantly 

decreased by the presence of the as-received clay. The peak areas that are 

summarized in Table 13 are composed of several contributions. 
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Figure 53. DSC traces of mixtures of PEG 1500 and clay with different ratios (as 
designated in Table 13 as PEG+MMTO-l - -4). 

Comparing first the enthalpy of water loss with that for polymer melting, the 

endotherm due to water loss from as-received clay was 50 1 g-' and occurred 

over the temperature range from 25 OC to 95 T. But the PEG melting endotherm 

was from 35 OC to 50 T. The contribution of water loss to the melting 

endotherm for PEG, AHwlc, was thus estimated to be 10.7 J g-1 since the sample 

masses were typically 12 mg polymer, 4 mg clay. This represents 3% of the 

heat absorbed due to melting of PEG. 
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Table 13. Summary of DSC data on enthalpy change during intercalation' 

Sample ID Peak 

area 

/ mi 

T.,, t 

/ OC 

Tre,, k 

/ OC 

Polymer 

mass 

/ mg 

Clay 

mass 

/mg 

AH,, 

/J m7 
2 

Mi 

/i g-I 

PEGISOO 2108 41.5 45.4 12.254 - - 

PEG+MMTO-1 1959 42.9 46.9 12.103 3.159 -0.078 -151 

PEG+MMTO-2 1900 40.0 46.5 12.003 4.094 -0.0821 -159 

PEG+MMTO-3 1760 38.5 43.6 11.985 7.602 -0.080 -154 

PEG+MMTO-4 1937 44.1 45.3 12.884 7.462 -0.076 -148 
2nd run of 
PEG+MMTO-4 1807 36.5 44.2 12.884 7.462 - 
PEG+MMT8 2098 42.3 45.9 12.215 4.166 -0.050 

PEG+Silica-1 2441 - 49.7 15.364 3.960 -0.142 

PEG+Silica-2 1991 45.1 47.7 13.039 4.856 -0.137 
'designations in this table are the same as those for Figures 52 - 57; -1, -2, -3, -4 
refer to as-received montmorillonite or silica with different PEG ratios as give in 
columns 5 and 6. 

The enthalpy change due to melting (OHm) for PEG1500 was 172 ±1J g"1, the 

same as that reported by Li et al. [2002] and measured for PEG with a molecular 

weight of 4600. During heating of the mixture of clay and PEG, the following 

changes occur; loss of water from the as-received clay, melting of PEG, 

adsorption of PEG on the external surface of clay and if applicable, intercalation 

of PEG into clay galleries. These reactions are shown as follows: 

(H2O)clay -0 (H2O)g 

(PEG)S -0 (PEG)l 

(PEG), -0 (PEG)a + (PEG); 

Scheme 3 

AQ, l (i) 

LQm (ii) 

LQe +bQ; (iii) 
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where (PEG)I' refers to the PEG melt taken up (adsorption and absorption) by 

clay and its mass is part of that for reaction (ii) in which the entire polymer 
(PEG), melted. AQ refers to the heat absorbed during the reactions and 

subscripts wl, m, a and i refer to vaporization of the interlayer water, melting, 

adsorption and intercalation. Therefore the total change in the heat absorbed: 
AQ=AQ, I+AQM+AQ, +AQi. 

Noting that there is no water loss from the heat-treated clay on the DSC curve 
(curve 5, Figure 52), AQ, j = 0. Also the clay was not intercalated by PEG and 
AQ is zero. Thus heat absorbed per unit mass of clay mc a ,, 

AH c, can be expressed 

as: 

/Q PEG 

ýQ-m ýC 
PEG ma " 

AHa °_ 
AQc 

= 
OQ-OQm 

=p (21) 
me me m0 

where the superscript PEG refers to the unmixed PEG as shown in the second 

row of Table 13 giving AH. ' = -0.8 J g". This value can be applied to the other 

clays used in this work regardless of different heat treatments because the 

chemical composition remained almost the same. Since SSA of the clay heated 

at 800 *C was 16 m2 g"', the surface specific heat of wetting AH,, [Adam 1941] 

for the external surfaces of clay was -0.05 j nj-2 which is confirmed by the same 

AH,, that was measured on the clay heated at 750 *C. This value is comparable 

to the immersion heat of wetting of montmorillonite in n-heptane which is -0.06 

J rrC2 but higher than those in benzene and the more polar ethanol which are 

-0.14 j m72 and -1.77 j M-2 respectively [Berger et al. 1997]. 

AH,,, for the internal surfaces of the as-received clay is equal to AQ divided by 

surface area and can be calculated using equation (22): 

AH 
w 

-AHm - m. -AH, `. mc (22) =-) 
mc. SSA; 
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where AHwl'= 10.7 J g-1, AH .. = 172 J g"', AHa'= -0.8 J g", SSAirefers to the 

accessible internal SSA which is equal to the total accessible SSA [Helmy et al. 

19991 less the measured external SSA giving 620 m2 g-1. Since no further 

changes were detected by DSC between 60 "C and 200 'C, it is reasonable to 

assume that intercalation is complete at an uptake of 0.32 g g" clay (vide infra) 

even though intercalation from solution can host 0.39 g g-1 (neglecting surface 

adsorption) which was achieved after 168 h [Chen and Evans 2004b]. The 

modeling by Sinsawat et al. [2003] shows that polymer can obstruct further 

intercalation and it is likely that intercalation from solution provides greater 

molecular mobility and hence better penetration of the galleries. Heats of 

wetting can be deduced from DSC traces and the results are shown in Table 13. 
2 The average AHv for the internal surfaces of the clay was -0.08 J M, , the 

absolute value being somewhat higher than that for the external surfaces. 

Once the numerator in equation (22) is divided by mass of the polymer 
intercalated, the enthalpy change per unit mass of intercalated polymer, AHj is 

obtained. It is known that Ig clay intercalates 0.18 g PEGI SOO after 5h mixing 
in aqueous suspension [Chen and Evans 2004b], however the intercalated 

amount of PEG may be different under different processing conditions. Vaia et 

al. [1997b] showed that intercalated PEO was amorphous so that direct 

calorimetric methods can be used to measure intercalation fractions. They found 

that the melting endotherm. of PEO in DSC curves became either smaller or 

vanished after intercalation into montmorillonite. Shen et al. [2003] supported 

this conclusion and obtained the saturation ratio of PEO (jW. = 172,700) to 

montmorillonite, namely 28: 72 by mass, under melt-processing conditions. 

To determine the intercalation amount mi, the mixture of PEG and clay was run 

on the DSC twice; the first run allowed the polymer to intercalate and the second 

run only gave the endotherm for melting the excess or 'free' polymer. 

Subtraction of this endotherm from the enthalpy change for the initial mass of 
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polymer provides the amount of amorphous intercalated polymer; equation (23) 

was used to calculate mi from AQ for the second run (Figure 54). 

mP. AHm -OQ (23) Hm 

Figure 54 shows the successive DSC traces of the same mixture of PEG and 

clay. The first run appeared to have two peaks showing both endotherm 
(melting) and the overlapping but slightly delayed exotherm (adsorption and 
intercalation), and the second run only showed a melting endothenn. A further 

run on the same sample did not further alter the melting peak area, so the first 

re-melting endotherm was not dependent on the cooling rate. From equation 
(23), mi can be obtained and the ratio of mi/m,, was 0.32, i. e. Ig clay intercalates 

0.32 g 
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PEG1500 under these processing conditions. This value is higher than 0.18 g g-1 

clay that intercalated in aqueous solution in 5h but lower than the equilibrium 

amount 0.39 g g" clay. It is also lower than the intercalation amount for 

PE0172700 (0.39 g g-1 clay) measured by Shen et al. [2003], indicating that 

different processing conditions and/or molecular weights of polymer affect the 

amount of guest polymer. Previous studies [Subbotin et al. 1995; Manias et al. 
2000] show that polymers with lower molecular weight diffuse more quickly to 

the galleries although the clay prefers to intercalate higher molecular weight 

polymer (Section 3.5). 

Since mi = 0.32mc and heat absorbed for intercalation is the numerator of 

equation (22), AHi for the intercalated polymer can be calculated and the results 

are also shown in Table 13. The average enthalpy change based on the mass of 
intercalating polymer AHi, was -153 J g-1 with a standard deviation of 5Jg .1. 

This implies that the enthalpy change is sufficient to account for the free energy 

change during intercalation into as-received clay. To ascertain whether the 

enthalpy change plays the dominant r6le in intercalation needs an estimate of 

entropy change and this is discussed at the end of this section. 

Efforts were made to displace the exotherm for adsorption and intercalation 

along the ordinate from the melting endotherrn in order to better separate the 

two physical changes. An aluminium lid was placed between clay (lower) and 

polymer (top) to act as an obstacle to the direct contact between the two phases. 
A small hole was punched in the lid to allow a restricted flow of melt to clay. 
Preliminary experiments showed that this was the best of several methods to 

obtain two distinct peaks. 

Figure 55 (a) shows that with five different ratios of clay to PEG ranging from 

0.24 to 0.95, the mixtures always gave distinct exotherms; less clay giving a 

smaller peak. Figure 55 (b) shows DSC traces for the mixture of PEG and the 

clay heat-treated at different temperatures but at the same ratio. Compared to the' 
ý- I- ý ", ". t", 0, as-received clay, the heat-treated clays (600 'C and 700 C) showed a smaller 
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clay heat-treated at different temperatures but at the same ratio. Compared to the 

as-received clay, the heat-treated clays (600 T and 700 'C) showed a smaller 
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Figure 55. DSC traces of PEG1500 and clay mixtures with a) systematic 
variation in clay: PEG ratio and b) with different heat treatments for the clay 
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exothermic peak, due to a smaller amount of intercalation along with adsorption. 
Indeed without physical barrier between polymer and clay, a repeated run on the 

samples gave the intercalation amounts, 0.14 g g-1 clay and 0.12 g g-1 clay for 

the clay heated at 600 `C and 700 *C respectively These additional results 

support the previous conclusion (Figure 53) that the smaller endotherms are due 

to the overlapping of the melting endotherm and heat of wetting exotherm. Also 

the high intercalation amounts for the heated clays confirm the intercalation 

because the amount of PEG adsorbed on the external surface of the clay heated 

at 800 'C was approximately 0.05 g g" clay for PEG1500 [Chen and Evans 

2004a]. 

The physical barrier between molten polymer and clay provides a temporal gap 

that appears on the temperature axis for a linear heating rate. The average values 
for AH, and AHi were -0.10 j M, 2 and -191 J g" respectively, higher that those 

obtained without the obstacle. The values deduced from Figure 53 are more 

accurate because the physical barrier changes the thermal conduction paths in 

the sample pan. The clay heated at 800 'C gave the same values for AHw and 

AH,, C as the previous ones mainly because only a very limited amount of PEG 

had been adsorbed on the external surfaces of clay. 

In order to be completely confident that this procedure gave a valid 

measurement of heat of wetting, a comparison with a non-intercalating 

nanopowder of known surface area was obtained. Since montmorillonite has two 

silica tetrahedral sheets centred with an alumina octahedral sheet, its surface is 

largely composed of silica. The heat of wetting for fumed silica nanopowder 

with a SSA of 390 ± 40 m2 g-1 by molten PEG was therefore obtained using the 

same procedure. The result is shown in Figure 56 and Table 13. No lid was 

placed between the two phases in this case. The average value of AH" was -0.14 
j M, 2 

, 
its absolute value being higher than that for montmorillonite. But this 

value is comparable to the heat of wetting for the adsorption of n-heptane by 

colloidal Si02 particles, which is -0.15 j M-2 [Dekany and Turi 1998] and that 

for the adsorption of methanol by silica gels, namely -0.15 j M-2 [Buszewski et 

169 



Thermodynamic driving force 

al. 2003]. This gives confidence that the method used here is correct. The higher 

heat of wetting for silica than montmorillonite needs to be interpreted in terms 

of the adsorption isotherms, noting that PEG is preferentially adsorbed on the 

Si-O sites of clay [Bujddk et al. 2000, Coppin et al. 2002]; montmorillonite has a 

lower concentration of Si-O than fWned silica. 
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Figure 56. DSC traces of the mixtures of PEG1500 and fumed silica 
nanopowder (as designated in Table 13). 

Heating the mixture of clay and PEG with a molecular weight of 4000 or 10000 

gave a smaller melting endotherm for the PEGs compared to that for the pristine 

polymer, again suggesting enthalpy change has taken place along with 

intercalation. Figure 57 shows a distinct exotherm for PEG4000 and a distorted 

endotherm for PEGIOOOO during heating with the as-received clay. When the 

polymer molecular weight was further increased up to 100,000 (namely 

PE0100000), the melting endotherm was not significantly decreased by an 
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intercalation exotherm due to the high viscosity of the separate polymer melt in 

the sample pan and comparably low diffusion coefficient [Manias et al. 2000] 

which kinetically hinders physical mixing and intercalation during this heating 

period. On the other hand, when the molecular weight of PEG was decreased to 

300 (this polymer is a liquid at room temperature), the polymer showed the same 
linear trace with and without the presence of clay on heating. This indicates that 

the intercalation had happened during mixing and before the test began and was 

too fast to be detected on the DSC instrunient, which can be attributed to the low 

viscosity and high diffusion coefficient [Manias et al. 2000]. 
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Figure 57. DSC traces of the mixture of PEG300,4000,10000 or PEOIOOOOO 

and as-received clay. 

According to the literature, this is the first fully explicit work on direct 

measurement of enthalpy change during intercalation of poly(ethylene glycol) 
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into clay; Parfitt and Greenland [1970] reported that the enthalpy change based 

on polymer mass for the sorption of PEG300 on sodium montmorillonite from 

aqueous solution determined by calorimetry was -42±28 J g". This value does 

not distinguish adsorption and absorption, but if the same ratio of the adsorption 

and absorption of PEGI 500 on sodium montmorillonite is applied here, i. e. 5: 18 

[Chen and Evans 2004a, 2004b], then the enthalpy of change for intercalation of 
PEG300 into the clay from Parfitt and Greenland (1970] becomes -54±29 J g"'. 
This value is higher than -153 J g", the result in this work obtained 

calorimetrically from direct melt intercalation. Pan et al. [1997] and Chen et al. 
[1996] obtained -67 J g" and -56 J g" as the enthalpy changes for the sorption 
from aqueous solutions of dodecyltrimethylammoniurn bromide and 

tetradecylpyridinium bromide on sodium montmorillonite respectively. 

Backfolk et al. [2001] obtained -26 J g" as the enthalpy change for the 

adsorption from aqueous solution of polyvinyl acetate on kaolin. 

The measurement of exothermic enthalpy change for a heat-treated clay explains 

the finding that intercalation can still occur in such clays where there is no 

circumstance for translational entropy change of water loss to occur or of 

entropy changes due to solvent association because melt intercalation was used. 

Confinement of the polymer inside the interlayer results in a small decrease in 

the overall entropy of the polymer chains [Parfitt and Greenland 1970a, 

Giannelis et al. 1999]. Since there is no entropy increase if water is not present 
in the clay or polymer before intercalation, enthalpy change must be negative to 

compensate for the decrease in entropy and provide a negative free energy. As 

pointed by Giannelis et al. [Vaia et al. 1993,1997a, Giannelis et al. 1999], a 
favorable enthalpy change can be achieved by maximizing the magnitude and 

number of favorable polymer-surface interactions. This work is consistent with 
their hypothesis that the thermodynamic driving force for polystyrene to enter 
into ammonium-treated clays is the enthalpy change [Vaia et al. 1993,1997a]. 
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According to TGA results and direct mass loss measurements, the as-received 

clay has 5.3 wt. % interlayer water and surface moisture; the interlayer water 

being 4.3 wt. %. The entropy change associated with adsorption of water on 

montmorillonites is very sensitive to cation type and adsorption amount, taking 

both positive and negative values [Cancela et al. 1997]. Using the measured 

water content for this clay and the data from Cancela et al. [1997] for a sodium 

montmorillonite, AS =4J mol"' K71 but another study of montmorillonite gives 

20 J mol-1 K71 [Khalfi and Blanchart 1999]. The translational entropy is usually 

the major component of entropy change for release of water. For water 

evaporation, the entropy change at 298 K is 92 J mol-1 IC' and the translational 

entropy change from simulation is 60 J mol-1 Ký' [Siebert and Amzel 2004]. 

Taking the translational entropy change for evaporation therefore gives the more 

generous estimation for entropy of water loss from clay; AS based on the mass 

of clay is then 0.14 J g" K71. The enthalpy change per gram clay can be 

calculated from the experiment, 11 enthalpy change per gram polymer and is AHi 

x mi = -153 J g" x 0.32 g g" = -49 J g" clay. From the Gibbs-Helmhotz 

equation, inserting AH = -49 J g" clay as measured, AS = 0.14 J g" K71 and 

taking T as the melting point of PEG1500 (318 K), AG = -94 J g" clay. This is 

based on the largest estimation of translational entropy change and since 

adsorption entropies for such clays are significantly lower than this value, the 

free energy appears to be strongly influenced by the enthalpy change. Therefore 

for intercalation of PEG1500 into as-received sodium montmorillonite during 

melting, enthalpy change plays a r6le as important as does entropy change. In 

the case of heat-treated clays where there is no entropic increase, the enthalpy 

change plays the decisive r6le as thermodynamic driving force for intercalation. 
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3.7 Poly [oligo (ethylene glycol) acrylatel-clay nanocomposites 

3.7.1 Polymers of oligo(ethylene glycol) diacrylate 

The chemical structure of the OEGDA is shown as follows: 

00 
11 11 

H2C=CH-C+OCH2CH2h 0-C-Ctl=CH2 

Scheme 4 

where n=3. Preliminary polymerisation of OEGDA was carried out in a glass flask 

with BPO (I wt. %) as the initiator. The reaction times for the appearance of white 

precipitate were 14.4 ks, 7.2 ks and 1.2 ks for 62 T, 67 T and 80 T respectively. 
The polymerisation was completed only seconds (less than 5 s) after the first 

precipitate had appeared, and fumes emerged from the mixture. This rapid 

polymerisation suggests the occurrence of 'auto-acceleration', which is defined as a 

sharp increase in polymerisation rate even though the nominal reaction temperature 

is kept constant [Parker 1974]. In bulk polymerisation, the monomer is a viscous 

medium, thus chain mobility is reduced, with the result that chain-end radicals have 

a lower probability of being in position to effect termination. Because the small 

monomer molecules can still diffuse to the active chain ends even as the 

termination rate decreases, there is a marked increase in polymerisation rate 
[Young and Lovell 1991; Stevens 1999]. Also since the increase in rate is usually 

accompanied by an increase in reaction exotherm. [Young and Lovell 1991; Stevens 

1999], auto-acceleration caused the production of large amounts of carbon dioxide 

gas in this polymerisation (cf Scheme 5). 

The initiation mechanism of BPO is as follows [Margerson and East 1967; Moad et 

al. 1988]: 
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00 
0- 

C-0-u-c- 
G2 <D- C-0- --- 2 C> 

-+2 C02ý 

Scheme 5 

The breaking of cbernical bonds of the initiator produces carbon dioxide gas. The 

polymer produced with this initiator always contained bubbles in whichever 

atmosphere, e. g. being heated in an air-circulating oven, a vacuum oven or a tube 

furnace filled with nitrogen gas. 

Initiator 10 R" 

R. + CH2 ý CH io RCH2- CH. 
II 
yy 
II 

CH2 ýCH CH2ý'- CH 

monomer 
YCH= CH2 

monomer I 
RCH2CHCH2CH. RCH2CHCH2U'-' 

yy Y- CH - CH2' 
II 

CH2ý-L; H CH = CH2 

(where R- =benzoyloxy radical; and Y= OC (OCH2CH2)3 OCO) 

Scheme 6 

OEGDA has two carbon double bonds, which provides a high possibility of 

cross-linking during a reaction and produces non-meltable and insoluble 

thermosetting polymer. The polymerisation. is free radical polymerisation, 

experiencing stages of initiation, propagation and termination. As there are two 

carbon double bonds in the monomer chain, the benzoyloxy radicals can attach to 
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Figure 58. FT-IR spectra of (a) OEGDA and (b) its polymer showing the loss of 
C=C peak at 1636 cnf 1 on polymerisation. 
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Figure 59. DSC trace of two POEGDA samples showing no melting transition. 
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any of the four CH- bonds and produce diverse oligomer and polymer radicals. As 

an example, Scheme 6 shows one of the polymerisation routes to produce a 

cross-linking oligomer radical. 

Figure 58 shows the FT-IR spectra for the monomer OEGDA and its polymer 

without added clay. The infared absorption band for C-C double bond at 1636 cm7l 
[Colthup et al. 1990] almost completely disappeared after the polymerisation 

reaction, confirming that cross-linking through acrylate double bonds had occurred. 
When the spectrum for polymer (curve b) is rescaled to give the same carbonyl 

absorption at 1720 cm-1, the corresponding C=C absorption is only 7% of that for 

the monomer (curve a). 

A range of solvents, including acetone, dichloromethane, toluene, tetrahydrofuran 

and methyl-iso-butyl ketone, were tried in attempts to dissolve the polymer but 

without success. However swelling was observed in the solvents, as with 
Bouchaour et al. 's studies [2004] on poly(n-butylacrylate). The DSC trace of the 

polymer shown in Figure 59 does not show a melting transition, further confirming 

that this is a thermosetting product. The polymer heated to 400 'C became charred, 
indicating that the temperature was high enough to determine the melting point if 

there was one. Chen and Chang [1999] also produced a thermosetting polymer 

from OEGDA with BPO as initiator. 

The polymerisation therefore needs to be carried out in moulds designed to produce 

specimens for mechanical testing. With silicone moulds to produce cylindrical 

specimens for elastic modulus measurements, the polymerisation produced 

polymers with bubbles and cracks, even in the presence of smaller amounts of BPO 

(0.5 wt. % and 0.1 wt. %). In the attempt to produce thin film for tear testing, the 

mixture of monomer and initiator were cast on a glass plate, however the film was 

full of cracks (like broken glass) due to stresses set up on shrinkage. These indicate 

that BPO was not suitable for synthesizing bubble-free or crack-free polymers. On 

the basis that BPO produces C02 gas during the initiation, another initiator, KPS, 

was used instead because it should not produce any gaseous products during the 
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initiation. Its decomposition mechanism is shown as follows [Pan 1986; Ge et al. 

1998]: 

000 
4# 11 

KO-S-0-0-S-OK- 2KO-S-0 - TT 11 
00u 

Scheme 7 

However KPS produced a polymer with cracks due to shrinkage as discussed 

previously for the polymerisation on a glass plate. Also the polymer underwent 

serious decay witnessed by its colour, probably due to the formation of sulphur 
during the initiation. 

The advantage of AIBN as an initiator is that the activation energy is relatively low 

compared to both BPO and KPS [Xu et al. 1998; Stevens 1999] and hence the 

reaction proceeds in a slow and stable manner, although gas-release is involved in 

its initiation. Also cyanopropyl radicals can be generated at a finite rate at relatively 

low temperatures [Margerison and East 1967; Stevens 1999]. The initiation 

mechanism [Margerison and East 1967; Young and Lovell 1991] is shown as 

follows: 

(CH3)2C-N=N-C(CH3)2-----'-2(CH3)2C. + N2t 
III 

CN CN CN 

Scheme 8 

Thus AIBN was used as the initiator for the third trial. OEGDA and 0.1 wt. % AEBN 

produced a bubble-free polymer after being heated at 70 OC or at 60 T. The sample 
heated at 70 T was light yellow compared to the colourless sample heated at 60 T, 

suggesting the presence of some unknown side products. 
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The products and kinetics of the thermal decomposition of A113N have been widely 

studied (Talat-Erben and Bywater 1955a, 1955b; Weiner and Hammond 1968; 

Hook and Tobolsky 1958; Terazima et al. 2000]. As the initiation provided by 

AEBN is relatively slow, the nitrogen gas can be slowly and continuously released 

from the oligomer or polymer, without producing bubbles. In contrast, benzoyloxy 

radicals from BPO are not so stable that they tend to react with more reactive 

monomer molecules before eliminating carbon dioxide [Stevens 1999], thus carbon 

dioxide gas is released quickly and bubbles can be produced. 
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Figure 60. Longitudinal pulse and reflection of an unfilled polymer showing the 
transit time (measured between the two peaks). 

However the mixture of OEGDA and clay containing AIIBN always produced 

bubbled polymers when the clay content was higher than 2.5 vol. %. The absence of 

AIBN in the in situ polymerisation did not have this problem (see Section 3.7.2). 

Therefore the self-polymerisation of OEGDA was carried out without initiator 

although it took up to 240 h to complete in an oven at 60 *C and up to 168 h at 70 

OC. These polymers were bubble-free and their elastic constants were measured 
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using the ultrasonic pulse-echo equipment. Figure 60 shows a typical form of 

longitudinal waves for the polymer. The transmission velocities under longitudinal 

and transverse sonic waves were obtained by dividing the path length (twice the 

sample height) by the elapsed time between transmission and detection of the pulse, 

measured from the time base, as discussed in the Introduction. The density of the 

material p, was calculated from mass and volume because the specimen was a 

precise cylinder. Shear modulus Q Poisson's ratio v and Young's modulus E were 

calculated using equations (10) - (13) shown in Section 1.7. 

Table 14 shows the elastic constants of POEGDA prepared using different 

conditions. Poisson's ratio v remained the same regardless of the polymerisation 

conditions, the heating temperature or in the presence of A113N as initiator. Both 

shear modulus and Young's modulus only varied within ±4% for the different 

conditions and this difference is negligible. Therefore, although there was a slight 

discolouration in the polymerisation at 70 T, the mechanical properties were not 

affected. In situ polymerisation of OEGDA in clay was then carried out at 70 T in 

order to speed up the polymerisation. 

Table 14. Elastic constants of POEGDA prepared using different conditions. 

Polymerisation. condition G/ GPa v E/ GPa 

60 'C without AIBN 0.99 0.39 2.76 

70 'C without AIBN 0.96 0.39 2.68 

70 'C with A113N 1.00 0.39 2.79 

3.7.2 Poly [oligo(ethylene glycol) d iacrylate] -clay nanocomposites 

Effects of initiator 

Clay in OEGDA (5 - 20 vol. %) always produced a composite with bubbles when 
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added to the monomer containing AIIBN (0.1 wt. %). The polymerisation was 

usually completed within 3h at 70 'C. In contrast, it finished after up to 168 h 

without initiator, a period similar to the bulk polymerisation without clay and AEBN. 

This shows that the clay did not act as a significant catalyst in this polymerisation 

although it has been claimed that clay plays the roles of both in situ bed and 

catalyst for polymerisation [Alexandre and Dubois 2000]. The extent of 

intercalation for polymerisations in the absence and presence of initiator were 

compared using XRD, the results of which are shown in Figure 61. 
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Figure 61. XRD traces of POEGDA-clay nanocomposites with and without A113N. 

The 001 peaks of both curves were located at 20 =5', showing that the increase in 

gallery height by intercalation of polymer for these two reactions were the same. 

The width of 001 peak for the polymerisation without AEBN was larger than that 

with AIBN, suggesting a greater exfoliation degree in the former. OEGDA 

molecules may enter into the clay galleries during mixing and then polymerise 

quickly in the galleries in the presence of AIBN, forming a more ordered 

intercalation structure. However the polymerisation without AEBN took place much 

more slowly (up to 168 h), presumably allowing the monomer reversibly to 

intercalate into and excalate from the galleries. This dynamic process may 
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encourage the clay platelets to exfoliate, forming a less ordered structure. 

In the presence of AIBN, OEGDA and clay produced bubbled polymers probably 

due to the difficulty of nitrogen gas release from the clay galleries. When the 

monomer and initiator were confined in the 0.75 nm. galleries, the silicate layers 

could limit the continuous release of gas that took place in the polymerisation 

without clay. Under the same processing conditions, the mixtures of OEGDA and 

clay containing over 2.5 vol. % clay experienced sedimentation problems in the 

absence of AIBN and without sonicating treatment, as shown in Figure 62. 

5 mm 

Figure 62. Photograph of POEGDA-clay composite showing phase separation. 

Since clay has a higher density than OEGDA, 2600 kg M-3 compared to 1290 kg 

m -3 , two factors might contribute to the phase separation: incompatibility of the two 

phases, and/or insufficient dispersion. As both the clay and the monomer are 
hydrophilic [Ruchenstei and Hong 1993; Wu et al. 2003], the first possibility 

should be precluded. Details concerning dispersion are discussed in the subsequent 

sub-section. 

Also neither vacuum heating nor using aluminium moulds with better heat transfer 

instead of silicone moulds gave a polymer without bubbles in the presence of AIBN. 

According to the curing method for epoxy [Wang and Pinnavia 1998; Park and 

Jana 20031, the pre-drying of the materials and degassing were also tried but 

without success; bubbled polymers were again obtained. This confirms that the 

source of bubbles is insufficient time for nitrogen gas release. 
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Effects of preparation conditions 

Sonicating the mixture of OEGDA and clay reduced the settlement of clay to the 

bottom during polymerisation. When the mixture was sonicated in a bench top 

ultrasonic cleaning tank for 1.8 ks, less serious phase separation was observed in 

the solid composite. When additional 0.6 ks sonicating using a probe sonicator was 
introduced, almost no settlement could be observed. Since the particle size of 

montmorillonite is usually less than 2 jim, most of the particles form 

microaggregates which cannot be separated using low energy agitation [Field and 
Geoderma 1999] such as a roller table. Also the reinforcement in polymer-clay 

nanocomposites is best achieved by nano-sized clay platelets (tactoids are usually 
thinner than 100 nm), therefore high energy dispersion such as ultrasonication 

should be introduced. Increasing the sonication energy promotes the dispersion of 

clay platelets. Ryu [2004] shows that ultrasonication in addition to melt-processing 

gives a better dispersion of clay platelets in a polystyrene matrix. However 

according to Watson et al. (1971], sonication may create artefacts or in some 

manner alter the resulting organo-mineral complexes. Morra et al. [1991] show that 

the FT-IR spectra of medium clay-sized materials were altered by increased 

sonication; the most dramatic changes occurred in the region indicative of silica. 
The changes in the absorption peak for Si-O might be due to the delamination of 

clay platelets. Field and Geoderma [1999] claimed that soil microaggregates are 
broken down stepwise when subjected to sonication. Thus higher ultrasonication 

energy, namely longer ultrasonication time or using an ultrasonicator giving 

stronger waves, leads to better dispersion. 

Increasing nominal reaction temperature speeded up the polymerisation, in 

accordance with the Arrhenius equation [Mortimer and Taylor 2002]. Both 60 *C 

and 70 *C gave solid composites without cracks and bubbles however when the 

temperature was increased to 120 *C, the polymerisation was completed within 24 

h and caused bubbles due to insufficient time for gas release. The increase'in 

heating temperature had a similar effect to the addition of initiator. The introduction 

of a rotating mould did not provide successful polymerisation either, mainly due to 

the poor heat transfer into the mould. A period of 240 h when heating at 70 T still 
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did not make the liquid monomer polymerise. 

Effects of clay volume fraction 

Figure 63 shows the photographs of POEGDA-clay nanocomposites with -3 mm 

thickness. A relatively high clay volume fraction gave low optical clarity due to 

poor dispersion of clay. When the nanocomposites contained a low volume fraction 

clay, say lower than 3 vol. %, they showed good optical clarity, due to the 

nanodispersion of clay platelets. 

Figure 63. Photographs of POEGDA-clay nanocomposites. From left to right: 
containing nominal 1.7 vol. % clay; 3 vol. % clay; and 13 vol. % clay (diameter 20 
mm; thickness about 3 mm). 

Figure 64. Transparent POEGDA-clay nanocomposite with 1.7 vol. % clay 
(nominal volume fraction). 
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Figure 64 shows a thinner film of the nanocomposite with 1.7 vol. % clay 

(approximately I mm thick in the centre). This nanocomposite was nearly 

transparent, showing excellent optical clarity. As shown in TEM images (cf. Figure 

66), the length of the intercalated clay platelets is less than 100 nm, well below the 

wavelength of visible light (400 - 700 nm). Thus the dispersion of clay platelets in 

the polymer matrix did not greatly decrease the optical clarity. However the 

enhancement in the elastic modulus by these clay platelets was significant (see later; 

this section). 

Figure 65 shows XRD traces of POEGDA-clay nanocomposite pellets with 

different nominal volume fractions of clay (determined from loss on ignition 

experiments). When the clay content was lower than 27 vol. %, doo, was 

consistently 1.73 mn. The small 001 peak is clearly presented even in the curve for 

3 vol. % clay, suggesting an intercalated structure. A longer scan on the specimens 

containing 1.7 vol. % clay and 3 vol. % clay from 20 to 45 ' (Figure 65b) shows that 

the small peak is due to the small amount of clay rather than partial exfoliation. The 

large and wide peak located at 20 between 14 ' and 28 ' is a combination of several 

peaks because the small amounts of clay caused difficulty in distinguishing several 

adjacent peaks. When the clay content was increased to 27 vol. %, its doo, was 

reproducibly 1.68 run. The decrease of 0.05 ran in doo, suggests that the intercalated 

polymer molecules have re-arranged to more planar packing rather than arranging 

as a monolayer. 

Q 
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Figure 65. XRD traces of POEGDA-clay nanocomposites (a) containing different 

nominal volume fractions of clay and (b) containing low clay loadings at a longer 

scan. 
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A TEM micrograph ofPOEGDA-clay nanocomposites with nominal 3 vol. % clay 

is shown in Figure 66. The image shows the presence of orderly stacked clay 

platelets implying intercalation. However, single clay platelets (indicating 

exfoliation) were only occasionally observed in the specimens. It is therefore 

reasonable to ignore the rather low degree of exfoliation and consider the structure 

as being essentially fully intercalated. The doo, spacing can be directly measured 

from the micrograph as the minimum spacing measured from tactoids 

perpendicular to the bcam. This gives an average doo, ofl. 7 nm. which is similar to 

the value of 1.73 nm obtained from XRD measurements. 

Figure 66 also shows the clay clusters are randomly dispersed in the polymer 

matrix, without preferred orientation. This is consistent with the absence of applied 

shear during the in silu polymerisation. From measurements of the thickness and 

length of the layers, the aspect ratio of clay platelets is approximately 50, same as 

what measured from the images for PEG-clay nanocomposites and as-received 

clay. 

1 

Figure 66. TEM micrographs ot'POEGDA-clay nanocomposite (3 vol. % clay). The 
inset shows an enlarged image. 
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Figure 67. TEM micrographs of POFGDA-clay nanocomposite (22 vol. % clay) 
with (a) less beam damage; and (b) more beam damage. 

Figure 67 shows TEM images for POEGDA-clay nanocomposite with 22 vol. % 

clay. This nanocomposite also shows intercalated structure similar to the one with 3 

vol. % clay. The two images for the same area were taken within seconds (less than 

10 s), however serious damage to clay layers was found suggesting that the silicate 

layers are very electron beam-sensitive. This was previously reported by Vaia et al. 

[ 19961, and raises difficulties in observing clay nano-structures. A similar situation 

was also observed for thermoplastic starch-clay nanocomposites (Section 3.10). 

The d-spacings of clay could be measured from diffraction patterns obtained with 

TEM. Figure 69 shows typical diffraction patterns for POFGDA-clay 

nanocomposites with different clay volurne fractions. Both show crystalline 

diffractions, the one with a higher clay volume fraction having a clearer pattern as 

POFGDA is amorphous. According to equation (24) [Goodhew et al. 2000]: 
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(a) 

(b) 

Figure 68. Typical TEM diffraction patterns of selected areas of POEGDA-clay 
nanocornposites with (a) 3 vol. % and (b) 22 vol. % clay. 
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r/I = Nd/d (24) 

where r is the distance from the diffraction spot to the centre, I is the camera length, 

? ýd is the wavelength of the electron beam at the accelerating voltage (200 kV in this 

work) and d is the d-spacing of crystal planes. The calibrated camera constant Dýd 

was 1.997 x 106 nm2. 

However the large centre diff-raction ring covered the diff-raction spots for (001). 

Also other diffraction spots cannot be allocated for their specified (hkl) from Figure 

68 due to the incomplete set of diffraction spots. Thus it is not possible to calculate 
doo, from the TEM diffraction patterns. 

The elastic constants of the nanocomposites were calculated in the same way as 

those for the unfilled polymer and they are plotted against nominal volume fraction 

of clay in Figure 69. Both Young's modulus and shear modulus increased with 

increasing clay content when the nominal clay volume fraction was below 0.22, 

demonstrating the beneficial materials properties of the clay-polymer 

nanocomposites. The Poisson's ratio decreased with increasing clay content. 

However, the true volume fractions of the reinforcement need to be calculated for 

interpretation of property enhancement. Some monomer molecules entered into 

clay galleries and polymerised in situ, increasing the effective volume fraction of 

clay and correspondingly decreasing the volume fraction of the 'free' polymer. 
Thus, the effective reinforcement filler is intercalated clay rather than pristine clay. 
The true volume fraction-elastic modulus relationships are discussed in detail in 

Section 3.8. 
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Figure 69. Young's modulus, shear modulus and Poisson's ratio versus nominal 
volume fraction of clay. 

When the nominal clay volume fraction was ffirther increased to 0.26 and 0.27, 

both Young's modulus and shear modulus decreased. This decrease can be 

attributed to the presence of cracks, porosity and agglomerates in the specimens 

which are evident in SEM images (Figure 70a). Figure 70 shows SEM images of 

the fracture surfaces of POEGDA-clay nanocomposites containing nominal 27 

vol. % and 22 vol. % clay. The latter, with less clay, did not have cracks. When a 
high volume fraction of clay was added, the clay excalated a comparably large 

amount of interlayer water in order to accommodate the monomers [Theng 1979]. 

In fact, the infared absorption for interlayer water is lost afler intercalation of PEO 

or PEG as discussed previously [Aranda and Ruiz-Hitzky 1992; Chen and Evans 

2004b]. The volume fraction of water, based on the composite, was 3.4 vol. % as 
determined from loss on ignition and calculated with the densities of water and the 
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(a) 

(b) 

Figure 70. SEM images of the fracture surfaces of POEGDA-clay nanocomposites 
(a) with 27 vol. %; and (b) with 22 vol. % clay. 
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Figure 71. SEM micrographs of pyrolysed POEGDA-clay nanocornposites (a) with 
27 vol. %; and (b) with 22 vol. % clay. 
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composite. This water can diffuse into the unreacted monomer and may result in 

shrinkage cracks either on subsequent drying or from expansion during the 

exotherm. associated with polymerisation. 

Figure 71 shows the SEM micrographs of pyrolysed POEGDA-clay 

nanocomposites. No distinct orientation is observed from both the images. The 

presence of clay platelets indicates successful intercalation of polymer into the clay 

galleries, which otherwise would be clay particles or agglomerates (cf SEM image 

on the clay heated at 800 'C in Section 3.2, Figure 35). Also both the pyrolysed 

specimens were too fragile to be handled and were easily powdered, indicating that 

char did not form during the pyrolysis. Previous literature on nylon 6-clay and 

PCL-clay nanocomposites [Vaia et al. 1999; Lepoittevin et al. 2002] attributed the 

improvement on the fire retardancy to the formation of nanocomposite char on the 

surface. 

Effect of type of clay 
Cation-exchanged montmorillonite 

In order to study the effect of cation on intercalation, POEGDA-KMMT, 

POEGDA-CsMMT composites were prepared in the same way as for 

POEGDA-NaMMT nanocomposites. The XRD traces for POEGDA-KMMT 

nanocomposites are shown in Figure 72. The one containing 2.5 vol. % KMMT had 

a very broad 001 peak at around 20 = 6.1 0. By comparing this curve to that for 3 

vol. % clay in Figure 65(a), the intensity did not largely increase for the reflections 

with 20 > 14 '. Therefore the small and broad peak may indicate approximately full 

exfoliation of the clay platelets. This is supported by the TEM image as shown in 

Figure 73, in which only single clay layers can be found. Some layers were curled 
due to their peeling from the clay tactoids [Fu and Qutubuddin 2001; Morgan and 
Gilman 2003]. Some layers stayed adjacent to each other, forming a higher aspect 

ratio. Ray et al. [2003a] attributed these adjacent layers to the result of flocculation. 
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Figure 72. XRD traces of POEGDA-KMMT nanocomposites to show the 
I-ormation ofilanocomposites. 

Figure 73. TEM image of POEGDA-KMMT nanocomposite (clay 1.7 vol. %) 
showing nearly full exfoltation. 
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When the content of KMMT was higher, say 10 vol. %, the 001 peak became 

narrower and higher, suggesting that the intercalation became dominant in the 

nanocomposite. dool for this intercalated KMMT was 1.96 nin, significantly larger 

than that for the intercalated NaMMT. This supports the idea that KMMT is more 

easily exfoliated as suggested by Bowden et al. [2004]. When the clay content is 

higher, the free space for clay platelets to move or even exfoliate is restricted. This 

probably is the reason that only those nanocomposites with low clay content 
(usually lower than 2.5 vol. %) can achieve full exfoliation. It is generally thought 

that KMMT is more resistant to swelling in water and more difficult to be 

intercalated with organics [Grim 1968]. This work however, shows the reverse 

trend in respect of this polymer. The results imply that the interaction between 

diacrylate group and K+ ions are particularly strong. Modelling work [Bowden et al. 

2004] showed that W ions were only distributed adjacent to the faces of the clay 

sheets suggesting its better mobility due to lower charge density. Thus it is easier 

for the interlayer water in KMMT to be replaced by OEGDA than in NaMMT. 

According to the literature [Theng 1979], CsMMT only adsorbs ethylene glycol on 
its external surface and no intercalation is involved in their mixture. CsMMT was 

therefore chosen to prepare conventional composites with the aim of comparison 

with nanocomposites. The XRD traces for POEGDA-CsMMT composites are 

shown in Figure 74. 

With 2.5 vol. % CsMMT, the nanocomposite had a very broad 001 peak at 20 = 5.3'. 

The shape of the peak is similar to that of 2.5 vol. % KMMT rather than NaMMT, 

suggesting exfoliation. When the clay content was increased to 10 vol. %, a distinct 

001 peak emerged to replace the broad one again at 20 = 5.3 ' (corresponding to 

dool = 1.67 nm). This clearly suggests that the composite is intercalated, and 
CsMMT can indeed intercalate OEGDA and produce nanocorpposites. Thus this 

clay is not suitable for preparing conventional composites of POEGDA. dool of the 

intercalated CsNWT was smaller than that for NaMMT and KMMT, implying that 

the interlayer spacing of CsMMT is the most difficult one to be expanded. Cations 

in the clay galleries affect the expansion ability as studied previously [Grim 1968; 
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Theng 1979] and Cs+ ions holds the silicate layers most tightly among the three 

cations studied. 
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Figure 74. XRD traces of POEGDA-CsMMT nanocomposites to show formation 

of nanocomposites. 

Kaolinite 

In most cases, kaolinite is a non-intercalating clay and should not therefore 

intercalate OEGDA. The mixing between NaMMT and OEGDA (23 wt. % 

monomer) yielded a sticky mud, implying adsorption and/or absorption of the 

monomer on the clay surfaces had taken place. However the same mixing of 

kaolinite and OEGDA produced phase separation, the upper layer being the 

colourless liquid. The FT-IR spectrum for the recovered liquid is shown in Figure 

75. This spectrum almost overlapped that for the pristine monomer, suggesting that 

OEGDA could not intercalate into kaolinite in which there is superposition of 

oxygen and hydroxyl planes [Theng 1979]. In order to provide a conventional 

composite for comparison with nanocomposites, kaolinite is therefore a good 
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candidate for the filler. Due to the time scale, this was not further pursued for this 

monomer but a comparison between conventional composites and nanocomposites 

is discussed in Sections 3.9 and 3.10. 
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Figure 75. FT-IR spectra of pristine OEGDA and the one recovered from kaolinite 
to show no nanocomposite was formed. 

3.7.3 Poly joligo(ethylene glycol) acrylatel and its clay nanocomposites 

It was the aim in the part of the work to produce thermoplastic OEG acrylate 

polymers and nanocomposites in order to make comparison with similar 

nanocomposites prepared from thermosetting POEGDA as discussed. With the 

same processing conditions for bulk and solution polymerisations as those for 

POEGDA, OEG diacrylate, OEG monoacrylate (Scheme 9), OEG methacrylate 

(Scheme 10) and OEG methyl ether methacrylate (Scheme 11) all produced 
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thermosetting polymers, insoluble in various solvents and non-meltable. Figure 76 

shows DSC traces on selected polymers. No melting transition is found in their 

traces, supporting the conclusion that these polymers are all thermosetting. 

0 
11 

H2CýCH-C +OCH2CH2]-n OH 

Scheme 9 

0 
11 

-OH 
H2CýC-C +OCH2CH2ýn 

ýH3 

Scheme 10 

0 
11 

H2C=C-C-o CH2CH20 +n- CH3 
I 
CH3 

Scheme 11 

At 300 "C, the polymers became charred. Poly(OEG acrylate)-clay nanocomposites 

prepared by in situ polymerisation also gave non-meltable products. Similarly 

Salahuddin and Rehab (2003) obtained thermosetting poly(OEG methacrylate)- 

montmorillonite nanocomposites using in situ polymerisation with ammonium 

persulfate as initiator. Under similar conditions, the polymerisation of OEG 

acrylates was considerably slower than OEG diacrylate with or without presence of 

clay, because the latter has two C=C groups in each chain. 

As shown in Schemes 9 and 10, the reactive -OH end group was present in these 

monomers. Thus the fact that thermosetting polymers were produced might be 

explained by the -OH groups reactivity producing condensation polymerisation on 
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their own at the same time as the ring-open polymerisation of C=C. However this 

hypothesis is questionable because C=C are much more reactive than -OH. Indeed 

poly(OEG methyl ether methacrylate) (POEGMAEMA) without reactive -OH end 

groups also gave a thermosetting polymer, which suggests the monomers purchased 

might contain some reactive additives. In private communication to the technical 

service of the commercial source [Tschemy 2003], it was found that OEG acrylates 

include 0.1 -I wt. % OEG diacrylate. It is well-known that diacrylate plays the role 

of cross-linking agent during the polymerisation of monoacrylates and this is well 

established in the literature [Santora and Gagne 2000; Foulger et al. 2001; Kita, et al. 

2001; Georgiades et al. 2002; Ravi et al. 2002; 2003]. Therefore the fact that the 

three monoacrylates produced thermosetting polymers may be largely due to the 

presence of OEG diacrylate in the monomers purchased. 
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Figure 76. DSC traces of OEG acrylate polymers showing no melt transition. 
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Hence OEG diacrylate should be removed from the monomers before 

polymerisation in order to obtain thermoplastic polymers. According to the 

literature (Ito et al. 1991; Wang and Armes 2000; Ishizone et al. 2003], a 

water-soluble polymer of oligo(ethylene glycol) methacrylate can be prepared by 

radical polymerisation in solvents; atom transfer radical polymerisation (ATRP) or 
living anionic polymerisation. In addition, Xia and Mat)jaszewski [1997] and 
Wang et al. [1998] used reverse ATRP to prepare soluble polyacryaltes. The 

claimed 'thermoplastic' polymers of OEG methyl ether methacrylate (OEGMEMA) 

received from Durham co-workers were prepared using ATRP according to Wang 

and Armes' method [2000], but unfortunately it was not well-characterised. 

The polymer of OEGMEMA was synthesized from low molecular weight monomer 

(Mn = 475 ) and was sticky, in accordance with Ishizone et al. [2003] who also 

obtained a sticky polymer. Its clay nanocomposites were prepared using the solvent 

method by dissolving the polymer in water, followed by adding clay. However after 
drying, the mixtures of the polymer and clay were still sticky. That is to say, the 

sticky polymer did not further polymerise in situ in clay to yield solid polymer or 

water cannot be fully expelled from the polymer [Bowden and Whiting 2004]. 

Therefore mechanical testing for the elastic constants of these nanocomposites was 

not possible. In situ polymerisation of OEGMEMA with clay using the ATRP 

method produced non-meltable materials; it only became a little softened upon 

heating. DSC on the composite did not show a melting transition (Figure 77, curve 

1). 

When using high molecular weight monomer of OEGMEMA (Mn = 2060) to 

prepare polymers with ATRP method, the polymer obtained was solid, in agreement 

with the results from Wang and Armes [2000] who also obtained solid polymers. 
However the initial monomer in use is solid, so it is difficult to discriminate 

polymer and monomer without reliable GPC molecular weight data. The 

POEGMEMA-clay composites prepared from the polymer showed a melting 
transition (Figure 77, curve 2), but attempts to mould the composites failed. The 
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90 1: composite obtained using ATRP method from low MWt monomer 
2: composite obtained using solvent method from high MWt polymer 

80- 

70- 

60- 

0 " 50- 

2 40- 

30- 

20- 

10 
0 50 100 150 200 250 300 

Temperature / *C 

Figure 77. DSC traces of POEGMEMA-clay mixtures. 

composite did not properly melt and discs obtained were full of cracks. In view of 

these results, it is considered that either the polymer used for making the composite 

was not fully thermoplastic; the melting transition could be attribute to the solid 

oligomer [Bowden and Whiting 2004], or the clay loading was too high to be 

sustained by the polymer. The former is more plausible because usually a 

thermoplastic polymer can sustain clay loading up to 66 wt. % (Sections 3.3 and 3.9) 

and this nanocomposite contains less than 40 wt. % clay. Due to the time limitation, 

further composites or polymers were not attempted by Durham co-workers and 

therefore there are no elastic constants of thermoplastic poly(OEG acrylate)-clay 

nanocomposites to be compared with thermosetting POEGDA-clay composites. 

However these attempts to make thermoplastic poly(OEG-acrylate)s do draw the 

attention of other researchers using these types of monomer to the problems of 

thermoplastic polymer synthesis and reveal that the new-emerging ATRP 

techniques are still not controllable. 
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3.8 Calculation of true volume fractions of clay in nanocomposites 

This section establishes equations for calculating the true volume fractions of 

reinforcement filler in polymer-clay nanocomposites and applies these equations to 

interpret the elastic moduli of nanocomposites using existing theories for 

conventional composites. 

3.8.1 Approaches to calculation of volume fractions 

Conventional composite 
, 

In a conventional binary polymer-clay composite, the volume fraction of the 

dispersed phase is given by: 

1/ýC= 1+ P, (l-gc)/ ppgc (25) 

where p, is the mass fraction of clay based on the composite. No ambiguity attends 

this calculation unless the particle size is sufficiently small that polymer adsorption 

contributes to the effective volume fraction of the dispersed phase. The adsorbed 

layer is typically similar to the radius of gyration of the polymer Rg [Granick and 

Hu 1994; Peanasky et al. 1994; Sens et al. 1994; Vignaux-Nassiet et al. 1998], so 

the volume of clay must be increased by RgApmc giving an increased effective clay 

volume fraction, 

ýc' = ýc (1+RgApp, ) (26) 

Thus for a clay with specific surface area 38 m2 g" and density 2600 kg M-3 ,a 
polymer with radius of gyration 10 nm effectively doubles the volume fraction of 

dispersed phase. In fact only a fraction of the adsorbed layer, k, would behave as 

solid and mechanical testing or viscosity measurement can be used to estimate this 

fraction. So equation (26) becomes: 
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ýc' = ý, (I +kRg Ap p, ) (27) 

As the specific surface area of clay particles is not very large, most conventional 

composites containing a low volume fraction of clay (< 5 vol. %) have a value of 

elastic modulus not greatly different from that for the polymer. The value of k 

becomes significant for exfoliated nanocomposites where the SSA of clay is 658 

In 2 g7l [Helmy et al. 1999]. 

Idealised intercalated nanocomposite 

L 
v 
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�I 

Figure 78. Schematic diagram of intercalation. 

In intercalated nanocomposites, polymer molecules enter into clay galleries, 

increasing the basal plane spacing from di to d2, as shown in Figure 78. The 

diagram shows idealised intercalation morphology in which all the polymer 

molecules are intercalated into clay galleries, i. e. there is no excess polymer 

remaining outside. The specific gallery area, A, is obtained from the total specific 

surface area, AT, by subtracting the particle surface area, A., and noting that there 

are two surfaces per gallery and (N-1) galleries; (AT-Ap)/2(N-1). Referring to 

Figure 78 which shows the intercalation reaction with a corresponding increase in 

h 
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basal plane spacing, the volume of the polymer-clay nanocomposite tactoids is: 

V= mc. A. [d2 (N-1) + h] (28) 

The volume of clay layers is: 

A. h. N (29) 

So the volume fraction of clay is: 

AN 
(30) 

V d2(N-1)+h 

If the intercalated polymer occupies the whole available space in the interlayer of 

clay, the volume of polymer is: 

Vp = m,. A. (d2-h)-(N-1) (31) 

and the volume fraction of polymer is: 

op =I_L, = 
(d2 -, h)(N - 1) (32) 

V d2 (N - 1) +. h 

The validity of this calculation using clay surface area is easily deduced. The basal 

plane spacing of the natural montmorillonite is 1.23 nm as measured by XRD 

(Section 3.1). The normalized experimental value of the total specific surface area 

of montmorillonite is 658 m2 g" [Helmy et al. 1999] as noted before and the 

external specific surface area measured by BET N2 adsorption is 38 m2 g", so the 

internal specific surface area is 620 m2 g-1. The gallery area is thus 31 OI(N- 1) m2g -1 . 
The specific volume of the natural clay V,, is thus A. [d, (N- 1) + h] -, ZZ3 10 x 1.23 = 

3.81 x 10-4 M3 kg" as N is sufficiently large (equal to 813 if the particle size of clay 

is I pm) to neglect the presence of h. The specific volume obtained from the 

measured density (pc = 2.6 x 103 kg M-3) is 3.84 x 10-4 kg M-3 . These values agree 

to I %, so this calculation is valid and precise. 
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This approach does not account of the fact that X-ray diffraction studies combined 

with measurements of polymer uptake, suggest that the basal plane spacing can 

remain constant over a range of uptakes implying that the polymer in the gallery 

does not exert its bulk density. The value of the density exerted by the intercalated 

polymer can be found by carrying out the intercalation, adopting a washing 

protocol to remove the interstitial polymer (that between particles) and then 

conducting a loss on ignition for residual polymer. By considering unit mass of clay, 

the intercalated mass of polymer is (l-[t, )/gc and the effective polymer density is: 

c=-1-, U,, (33) pp 
jjc. A. [(d2- b). (N - 1)] 

Typical experimental uptakes of polyethylene glycol (MWt 1500) as discussed in 

Section 3.3 are 0.23 g per 1g clay (gc = 0.81) giving rise to a basal plane spacing 

of 1.82 nrn. The adsorption of PEG1500 on the external surface can be calculated 

using equation (16) in Section 3.3 where a was deduced to be 0.137. The 

adsorption of PEG35000 on the external surface of clay was calculated from 

competitive experiments as approximately 0.09 g g" clay because this polymer was 

the main adsorbate (Chen and Evans 2004a]. Therefore the adsorption of PEG1500 

was estimated as 0.05 g g" clay and hence the intercalation amount of PEG1 5 00 by 

the clay is deduced to be 0.23 - 0.05 = 0.18 g g" clay (gc= 0.85). The collapsed 

layer has a spacing of 0.98 nm (h = 0.98 nm) and the gallery area, A= 3101(N-1) m2 

g". The effective polymer density is thus 691 kg nf3 and in this case, the polymer 

exerts less than its bulk density, 1130 kg M-3 . But when the intercalation achieves 

equilibrium, the intercalation amount corresponds to an uptake of 0.5 g g" clay less 

the estimated adsorption amount 0.11 g g" clay which is 0.39 g g-I clay (ýt' = 0.72). 

The effective polymer density is thus 1498 kg M-3 higher than the bulk density, 

suggesting tighter packing and hence more ordering. Therefore the effective 

polymer density in the galleries depends on the preparation conditions. 
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According to proposed models [Okada and Usuki 1995; LeBaron and Pinnavaia 

1999) for clay that has been pre-treated with quaternary ammonium compounds or 

similar agents (organoclay) to render it accessible by semi- or nonpolar polymers, 

the intercalated polymer occupies the volume provided by the increased basal plane 

spacing. If the doo, of the organoclay is dj', the volume fraction of organoclay in 

the composite is: 

0ý = 
L, 

= 
mc. A. [d; (N - 1) +, b] 

= 
dl*(N-1)+h 

(34) 
V m.. A[d2WýD+h] d2(N-')+-h 

and the volume fraction of polymer is: 

V_ (d2 - dl'). (N - 1) 
(35) 

v d2(N-1)+b 

Intercalated nanocomposites 

Thus far, we do not account for the 'free' polymer between particles. The 

intercalated nanocomposite is in fact made up of idealised intercalated 

nanocomposite and interstitial or 'free' polymer between tactoids, which is shown 

in Figure 79. 

Figure 79. Schematic diagram to show the clay stacks acting as the reinforcement 
filler. The rectangle inside the broken line can be considered as a single larger 
platelet. 
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To describe the interstitial polymer as 'free' is probably misleading. The Rg is large 

enough in comparison with the diameter of tactoids for there to be a tie-chain 

network thus limiting segment mobility between clay tactoids. However the 

polymer molecules forming tie chains only occupy a small volume fraction of the 

interstitial polymer and therefore the tie-chain network is neglected in the 

following discussions. In this system, it is the idealised nanocomposite that plays 

the reinforcement role rather than clay particles, therefore the effective volume 

fraction of reinforcement filler should be the volume fraction of the idealised 

nanocomposite rather than that for clay particles. 

The total volume of the interstitial polymer and the idealised intercalated 

nanocomposite is: 
V"Nidealised 

nanocomposite + Vinterstitial 
polymer 

(36) 

Assuming I kg clay at most intercalates s kg polymer during preparation (denoted 

as saturation ratio s), the volume of the interstitial polymer is: 

v mp - mc. s (37) 
p Pp 

The volume of the idealised nanocomposite is: 

V, 1. = mc. A. [d2(N-I)+h] (38) 

So the volume fraction of the idealised nanocomposite is: 

Oli = 
V". 

V, i + V, ' 

M, A[d2(N - 1) + b]. pp 
_ (39) 

m, A[d2(N- 1) + b]. pp + mp - m, s 
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where A=3 I OI(N- 1) m2 g" as calculated in the previous section and mp=m,, (l-p, )/[tc. 

As an example, the effective volume fraction of clay reinforcement filler in 

PEG1500-clay nanocomposite prepared by melt-processing (cf. Section 3.3.3) is 

calculated as follows. 

The nanocomposite consists of 43 wt. % polymer and 57 wt. % clay. If the same 
degree of saturation occurs in melt processing as that in solution preparation (5 h), 

Ig clay intercalates 0.18 g PEG Thus s in equation (39) is taken as 0.18. The 

average layer number per stack, N is deduced from the TEM image (Figure 41) as 6. 

Thus the volume fraction of intercalated nanocomposite filler particles is: 

0.57x310/5 x (1.82x 5+ 0.98) x 1. lx 10-3 

0.57x3lO/5x(I. 82x5+0.98)xl. IxIO-3+0.43-0.57xO. l8 = 0.54 

This value is much higher than the nominal volume fraction 0.28 as shown in Table 

10, suggesting the calculation of effective volume fraction is essential if one wants 

to interpret properties correctly. 

In the case of organoclay, the reinforcement filler is the organoclay intercalated 

with polymer, namely the idealised nanocomposite. Thus the volume of the 

idealised nanocomposite is: 

Vli = 
M, d2 

*(N-')+b 
(40) 

PC dl'. (N - 1) +. b 

where m, and p, refer to the mass and density of the organoclay. 

The volume of the interstitial polymer is: 

vmp -M, Po -s 
p Pp 

209 



Calculation oftrue volme Aacdons 

where p. is the mass fraction of clay platelets in the organoclay. Thus the 

effective volume fraction of the idealised nanocomposite is: 

M, -[d2 - (N - 1) +, b] - pp 
[d2 - (N - 1) + h) - pj, + m. - pcO - c s). p,,. [dl'. (N-I)+bl 

(42) 

Exfoliated nanocomposites 
Once the clay platelets are dispersed homogeneously in the polymer matrix, the 

composite can again be treated as a conventional composit e for the purpose of 
finding the phase volume fractions. The main difference from a conventional 

composite is the adsorption effect. In equation (27), Ap becomes AT, the total 

specific surface area of the platelets and takes the experimental value of 658 m2g" 

[Helmy et al. 1999] rather than the theoretical value of 760 m2g7l which is 

calculated from the crystalline structure [Brown 1961]. Then the effective solid 

volume fraction is increased by nine-ten times using the same conditions described 

in the subsection on the idealised intercalated nanocomposite (i. e. Rg = 10 m-n)-and 

the limiting elay velume fraetien is around 10 vebf% if k=0.05. 

Intercalated-exfoliated nanocomposites 

According to the literature [Morgan and Gilman 2003], most nanocomposites 

include both intercalated and exfoliated platelets. This kind of nanocomposite 

should be considered as a mixture of two composites: the idealised intercalated 

nanocomposite and the exfoliated nanocomposite. Clay platelets act as the 

reinforcement filler for both nanocomposites. The volume fraction of these two 

composites in the intercalated-exfoliated nanocomposite depends on the degree of 
intercalation, fi and the degree of exfoliation 1-fi. The mass fraction of the clay for 

intercalation is mc. fi, thus based on equation (28), the volume of the idealised 

intercalated nanocomposite is: 

Vi= me. fi. A. [d2 (N-1) + h] (43) 
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Calculation of true volume fractions 

The volume of the clay platelets for exfoliation is the volume of the clay for 

exfoliation multiplied by the ratio of the thickness of platelets to the basal plane 

spacing of the clay as the interspacing is lost after exfoliation. Thus it becomes: 

Vc= mc. (I-fi). A. [d2 (N-1) + h]. h/d, (44) 

Neglecting the surface adsorption on the external surfaces of the intercalated clay, 

the volume of the interstitial polymer is the volume of the matrix of the exfoliated 

nanocomposite. Thus the volume of the polymer in the exfoliated nanocomposite 

is: 

Vp'=(mp-m, fj. s)/pp (45) 

Thus the volume of the exfoliated nanocomposite is: 

m,. (l-fi). A. [d2 (N-1) + h]. h/dj + (mp-mc. fi. s)/Pp (46) 

The total volume of the nanocomposite is: 

Vi + V,, (47) 

Thus the volume fraction of the idealised intercalated nanocomposite or the 

exfoliated nanocomposite can be calculated and the volume fractions of the 

subcomponents in the two nanocomposites can also be determined. 

3.8.2 Re-interpretation of elastic moduli for polymer-clay nanocomposites 

POEGDA- clay nanocomposites 

In Section 3.7, the elastic moduli for the POEGDA-clay nanocomposites are 

presented using nominal volume fractions. Since the true volume fractions of 

reinforcement filler are now discussed, these elastic moduli can be re-interpreted to 

acquire an understanding of elastic modulus-volume fraction relationships which 
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are shown as below. 

According to the characterisation results in Section 3.7, N=8, A= 310/7 m2 g-1, d2 

= 1.73 nin and pp = 1220 kg M73 . The saturation ratio s was taken as 0.18 g g" clay 

according to the experiment on PEGISOO and h=0.98 rim. By inserting these data 

into equation (39), the nominal volume fractions of clay, 0.017,0.03,0.13,0.15 and 

0.22 correspond to 0.026,0.045,0.19,0.22 and 0.32 respectively which are the 

effective volume fractions of the reinforcement filler in the nanocomposites. 

According to existing volume fraction-elastic modulus models for composites [e. g. 

Christensen 1979a, 1979b, 1982,1990; Halpin 1984; Hashin and Shtrikman 1963], 

the elastic moduli of the reinforcement filler are required for the calculation of the 

moduli for the composites. In POEGDA-clay nanocomposites, the reinforcement is 

the idealised nanocomposite, namely clay platelets and intercalating polymer, thus 

the volume fraction of clay platelets and the elastic moduli of the two components 

should be known in order to calculate the elastic moduli of the idealised 

nanocomposite. As discussed in Section 3.2.3, the Young's modulus and shear 

modulus of clay platelets were deduced to be 49 GPa and 19 GPa respectively from 

the literature value for pyrophyllite, taking Poisson's ratio as 0.28. Young's 

modulus and shear modulus for polymer were measured using the ultrasonic 

pulse-echo method to be 2.76 GPa and 0.99 GPa with a Poisson's ratio of 0.39. The 

volume fraction of clay platelets is calculated using equation (30) to be 0.6. 

The elastic moduli of the idealised intercalated nanocomposite and the complete 

nanocomposites were calculated using four well-established models for 

conventional composites, namely Christensen's equations (Generalised 

self-consistent model) [1979a, 1979b], Halpin-Tsai equations [1976], Mori-Tanaka 

theory [1973] and Hashin-Shtrikman bounds [1963]. The predictive results are 

discussed individually in the subsections below. 

Christensen's equations (Generalised self-consistent model) 
Christensen's equations for platelet-filled composites in the two-dimensional case 
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[Christensen 1979a, 1979b] were first used to calculate the elastic moduli of the 

idealised intercalated nanocomposite, i. e. the reinforcement filler, for the 

composites, which follow: 

G= (, b, Gl + b2G2) (48) 

E=c, E, + C2E2 + 
C, C2EE2(o, -1)2 

)2 

(49) 2 (I_ V2) C, El(l-V2 )+C2E2 
I 

where h=h, + h2, h, and h2 are the thicknesses of the two alternating materials and 

are 0.98 nm and 0.75 nm (1.73 - 0.98 = 0.75), respectively. Subscripts I and 2 refer 

to the reinforcement filler and matrix respectively. c, is the volume fraction and c, = 
hj/h, C2 = h2/h. Thus the elastic moduli of the idealised intercalated nanocomposite 

were found to be 28.9 GPa and 11.2 GPa respectively with a Poisson's ratio of 

0.29. 

Next the idealised intercalated nanocomposites were assumed as platelets which 

are randomly oriented in the 'free' polymer matrix. Therefore Christensen's 

equations for the three-dimensional case (randomly oriented platelet inclusions) 

[Christensen 1979a, 1979b] were used to predict the elastic moduli of the 

composites, which are shown in equations (50) - (53): 

cl, =1h2 (X I +2G, ) (X2+2G2)) 
D 

C12 ýh [Xlhl (X2 + 2G2) + 4X2h2 (XI+2GI)], 
D 

C22 -"ý 
I 

{h2 (XI+2GI) (X2+2G2)+ 4hih2 (Gi -G2) [(Xi +Gl) - (Xi +G2)119 
D 

C23 "-- 
1 

[IýXIX2 +2(Xlhl +X2h2) (G2hi +Glh2)], 
D 

C66 -`ý 
bGjG2 

- 
(50) 

bIG2 +h2G, 

9K = Cil + 2C22 + 2C23 + 4CI2 (51) 

213 



Calculation of true volume ffactions 

30G = 2CII + 7C22 - 5C23 
- 4CI2 + 12C66 (52) 

E= 9KG / (3K+G) (53) 

Where D= h[h, (X2+2G2) + h2(X, +2G, )], X is the Larne's modulus. The layer (the 

idealised nanocomposite) thickness hi = (N-1) x 1.73 mu + 0.98 mn where N=8 

thus giving h, = 13.09 mn. h2 = hl. c2/cl. 

Using equations (50) - (53), the theoretical values from Christensen's model can be 

obtained and they are shown in Figure 80. The assumption made for this model is 

that the platelets are so thin that edge effects can be neglected and this results in a 

requirement of aspect ratio which should be greater than 100 judging from 

fibre-reinforced systems [Christensen 1979b]. The theoretical values slightly 

over-estimated both the elastic moduli, which is possibly due to the low aspect ratio 

of the idealised nanocomposite which is 6 as determined from the TEM image. The 

thick edge can contribute to a large effect on the modulus. 
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Figure 80. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites based on Christensen's equations for randomly 
dispersed platelet inclusions in the general and dilute suspension cases. 
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Since most nanocomposites only contain a clay volume fraction less than 0.05, a 

model for dilute suspensions of randomly oriented platelets could be sufficient to 

interpret the property-volume fraction relationships. Equations (54) and (55) from 

Christensen [I 979a] provide such a model and the predictive results are also shown 
in Figure 80. Indeed at low clay volume fractions (< 0.15), the results from both the 

models overlap and are slightly greater than the experimental data. Again the 

over-estimation could be attribute to the low aspect ratio for the idealised 

intercalated nanocomposite. 

K=K2+- 
(Kj-K2). c, 

4 (54) 
1+ (Ki-K2)1(K2 +-G, ) 

3 

G=G2 + 
(GI-GO'Cl 

4 (55) 
1+ (Gi-G2) 1(G2 +- Gd 

3 

wbere Gd ý 
G, (9K, + 8GI) 
6(KI + 2GI) 

Halpin -Tsai equations 

The Halpin-Tsai equations have been used frequently for predicting the properties 

of polymer-clay nanocomposites [e. g. Nair et al. 2002]. They were derived from 

the generalized self-consistent models proposed by Hill (1965] and developed by 

Hermans, and can be used in both two-dimensional and three-dimensional cases. 

The assumption for the Halpin-Tsai equations is that the engineering stifffiess 

expressions for the composite ply are insensitive to the differences in Poisson's 

ratios of the constituent phases making up the ply [Halpin and Kardos 1976], so 

there is no limitation about the value of aspect ratio. The Halpin-Tsai equations are 

shown as below: 

. 
Ei_ + ý77ci 

(56) 
E2 1-77cl 

El 
.1 

17 = 
E2 

(57) 
El 
E2 
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where ýE = 2(w/li) + 40c, 10 and ý, = (W/h)1.73 + 40c, 10 if E is replaced by G in 

Equations (56) and (57). w and h are the length and thickness of the platelets and 

w/h is taken as 50 as determined from the TEM image of as-received sodium 

montmorillonite (Figure 32). Since the length and width of the platelets are the 

same, the longitudinal Young's modulus (Ell) is equal to the transverse Young's 

modulus (E22) and E [Halpin 1984] and hence El is used in equations (56) and (57) 

rather than Ell or E22. As calculated previously, cl = 0.6. Thus 100.24 -=100 

and ý, = 869.63 -870. 

By applying the data into equation (57), q, was calculated as 0.14. As c, = 0.6, E 

= 25.3 GPa. Similarly ý, = 870,17,3 = 0.02, c, = 0.6, thus G= 11.5 GPa. The 

values of E and G are the Young's modulus and shear modulus of the reinforcement 
filler when equations (56) and (57) are used for the second time to calculate the 

elastic moduli of the POEGDA-clay nanocomposites. 

According to the TEM image, the average aspect ratio decreases after intercalation 

from50to6, thus ýE-'=12+40cjloand ýG = 22 +40 cilo. The theoretical values 

of shear modulus and Young's modulus based on Halpin-Tsai equations were 

calculated and are shown in Figure 81. The predictive curves stand above the 

experimental data, suggesting over-estimatimation. Recently Lielens et al. [1998], 

Zhu et al. [2004] and Sheng et al. [2004] also show that the Halpin-Tsai equations 

over-estimated their experimental data. 

Since the Halpin-Tsai equations take into account the aspect ratio of the 

reinforcement filler, the aspect ratio was varied to study its effect on the elastic 

moduli. The results are also shown in Figure 81. At low aspect ratios, the moduli 
decreased substantially with the decreasing aspect ratio. Interestingly the 

experimental data fit the aspect ratio of 2 quite well, so it is likely that there is a 

correlation between the Halpin-Tsai equations and the data. 
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Figure 81. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites based on the Halpin-Tsai equations. 
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Various attempts were made to improve the applications of Halpin-Tsai equation 
[Brune and Bicerano 2002; Tucker et al. 1999] such as to multiply a function of 
f(cl) to i7c, in the denominator of equation (56). But again it has been proven not to 

be a valid model for polymeric composites [Tucier et al. 1999]. According to 

Kinloch and Taylor [2003), van Es has shown that ý= 2w/h is too high for most 

particulate-modified polymers and has recommended the use of t= 2w/3h. They 

found that the van-Es-modified Halpin-Tsai model predicted their experimental 
data of epoxy-inorganic conventional composites and nanocomposites quite well. 
Co-incidently this work found that the Halpin-Tsai model using the aspect ratio of 
2, i. e. 1/3 x6 (the real aspect ratio), agreed the experimental data very well, thus 

supporting van Es' recommendation about using t= 2w/3h. 

Mori -Tanaka theory 

Mori and Tanaka [ 1973] developed a method to calculate the average internal stress 

in the matrix of a material containing inclusions with transformation strain and 

showed that the average stress in the matrix is uniform throughout the material and 

the actual stress in the matrix is the average stress plus the locally fluctuating stress, 

the average of which vanishes in the matrix. This method has been developed to 

meet various composite systems. Among these, Tandon and Weng's method [1984] 

for isotropic penny-shaped filled composites (unidirectionally aligned filler) and 

Benveniste's method [1987] for anisotropic penny-shaped filled materials 

(randomly aligned filler) are referred to most frequently. 

The Tandon-Weng method gives the following equations for determining the elastic 

moduli. G12 and G23 refer to in-plane shear modulus and out-of-plane shear 

modulus respectively. 

Ell = 
E2 

1+c, (A +2V2A2)/A 
(58) 

E2 
E22 

I+cl[-21)2A3 +(1-1)2)A4 + (1 + L)2)AsA]/2A 
(59) 
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G, 2= G2 +-Gc, 
G, (60) 

GI -2 
+2(1- COS1212 

G23 = G2 + 
G2 

Cl G2 

+ 2(l -c 
OS2323 

GI - G2 

where the constants A and Ai can be calculated from the elastic moduli of the 

polymer and clay reinforcement filler and the Eshelby tensors such as S1212 and 
S2323. The calculations of Ai and the Eshelby tensors are shown in Appendix H. 

Since this model is for unidirectionally aligned composites, the Young's modulus 
and shear modulus for the POEGDA-clay nanocomposites containing 

randomly-dispersed clay tactoids can only be estimated by taking the Young's 

modulus as the average value of Ell and E22, and the shear modulus as the average 

value of G12 and G23 [Halpin 1984]. 

The Benveniste's method gives equations (62) and (63) for determining the elastic 

moduli of randomly oriented disk-like inclusions. When cl approaches zero, 

equations (62) and (63) become equations (54) and (55), which were presented for 

the dilute suspensions of platelets inclusions by Christensen. 

K=K2 + 
(Ki-K2)*Cl 

4 (62) 
1+Q-c, ). (Kr-K2) I(K2 +- GI) 

3 

G G2 + 
(Gi-G2 )*Cl 

1+(I-c, ). (Gi-G2)'(G2 +4 Gd 
(63) 

3 

where Gd= G, (9K, + 8GI) 
6(KI + 2GI) 
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Figure 82. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites based on the Mori-Tanaka theory. 

The predictive results based on the Tandon-Weng method and Benveniste method 

are given in Figure 82. The elastic moduli for the reinforcement filler were taken 

directly as the values calculated from Christensen's equations, i. e. 28.9 GPa and 

11.2 GPa, as the small variations of the moduli from different models hardly 

change the final predictive curves (cf. Figure 85). The average Tandon-Weng 

equations agree with the experimental data very well although they are just 

estimations. Sheng et al. [2004] also pointed out that the equations fit their data 

reasonably well. The Benveniste's method gave a good prediction of the shear 

modulus but over-estimated the Young's modulus, the difference being greater than 

that for Christensen's equations. Indeed, equation (62) is the upper bound of 
Christensen's model for platelet-filled composites [Christensen 1979a]. Thus the 

Benveniste's method is not recommended in the calculation of the elastic moduli 
for the nanocomposites although it has been widely referred to according the 

statistics of Web of Science. 
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Hashin-Shtrikman bounds 

Hashin and Shtrikman [1963] developed an alternate variational principle for 

multiphase materials using a reference material. They derived a set of upper and 
lower bounds for the elastic moduli of the materials, which have been proved to be 

narrower than the Voigt and Reuss bounds [Tucker et al. 1999; Wang et al. 2001]. 

For a two-phase material, the Hashin-Shtrikman (H-S) lower and upper bounds for 

the effective bulk modulus and shear modulus are given by: 

Ku = K, + 
(K27K, ). (l - c, ) 

4 (64) 
1+ (K2 - K, ). cl I(K, +- GI) 

3 

KL = K2 4 
(KI-K2)*Cl 

4 
(65) 

1+ (Kf-K2). (l - cl) I(K2 +- G2) 

3 

Gu=G, +- 
(G2 -Gl)*(' - CO (66) 

1+ 2(KI + 2G, )(G7 - G, ). cl / SGI (KI +4 
3 

GI) 

(Gl - Cr2 ). C, GL G2 + 
1+ 2(K2+ 2G2)(GI - 

G2 ). ('-c, )15G2(K2 +4 G2) 
(67) 

3 

Hashin-Shtrikman bounds have been described in various texts (e. g. Christensen 

1979a] and papers [Hashin 1983; Tucker et al. 1999; Wang et al. 2001] and are 

often used to check the validity of new models or the interpretation of experimental 

data. The bounds for Young's modulus can be calculated using equation (53). 

Figure 83 shows that the experimental data fall between the H-S upper and lower 

bounds. Also it is noted that the bounds are closer at low clay volume fractions. 

Thus the average of the H-S bounds, which is similar to the Voigt-Reuss-Hill 

average method [Wang et al. 2001], was taken as the modulus for the composites 

though it does not have physical meaning. The average values fit the experimental 
data very well, as shown in Figure 83, which is coincident with Wang et al. 's 

statement [2001] that the average of H-S bounds works well when the bounds are 

narrow. 
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Figure 83. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites based on the Hashin-Shtrikman bounds. 

222 



Calculadon of tive volume fracdons 

Indeed for wide bounds, the lower bound dominates at the low volume fraction 

region and the upper bound dominates at the high volume fraction region [Lielens 

et al. 1998; Mavko et al. 1998], thus equations (68) and (69) were proposed for the 

calculation of the elastic moduli of composites. 

K* = aKu + (1 -a)KL (68) 

G* = bGu + (I -b)GL (69) 

Where a and b are empirical H-S coefficients for bulk and shear moduli 

respectively. Wang et al. [2001] determined that a=0.3752 - 0.2770P, and b= 

0.3252 - 0.19801t, for epoxy-clay nanocomposites using similar materials with 
known elastic modulus. Lielens et al. [1998] introduced an interpolating factor 

which depends on the volume fraction of filler and is equal to (ci + c12) / 2. The 

predictive results using these coefficients are shown in Figure 84. At low volume 

fractions, namely cl < 0.4, these two models are very similar; both slightly 

under-estimated the elastic moduli. Tucker et al. [1999] claimed that the bound 

interpolation model proposed by Lielens et al. [1998] gave good predictions for 

fibre composites but indeed the difference between the model and their 

experimental data is not less than that shown in Figure 84. 

It is observed that in the literature [Tucker et al. 1999; Sheng et al. 2004; Zhu et al. 

2004] this kind of difference between model and practical data (Figures 80,83 and 
84) are usually neglected and it is claimed that the models agreed very well with 

the experimental data. Therefore we conclude that with the exception of the 

Halpin-Tsai equations, the other equations tested, namely Christensen's model, 
Mori-Tanaka theory and Hashin-Shtrilanan bounds and their derivatives all give 

reasonable predictions. If the results from these models are put together, then the 

approximations to the experimental data of the POEGDA-clay nanocomposites 
follow the sequence: H-S average > Mori-Tanaka-Tandon = H-S-Wang's 

coefficients > Christensen ==H-S-Lielens > Mori-Tanaka-Benveniste. However, if a 

coefficient of 1/3 is applied to the aspect ratio in the Halpin-Tsai equation as used 
by Kinloch and Taylor [2003], a satisfactory fit to the results is obtained. 
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Figure 84. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites, based on the Hashin-Shtrikman bounds and their 
coefficients. 

It should be noted that theoretically the average Hashin-Shtrikman bound could 

only be used for quite narrow bounds. If the reinforcement is clay platelet having 

Young's modulus of 49 GPa rather than the softer idealised intercalated 

nanocomposite, or if the polymer matrix is softer than POEGDA, then the average 

H-S bounds may not be used. Similarly the H-S-Wang coefficients work well for 

the POEGDA system which has a similar elastic modulus to the epoxy system, but 

they may not fit for other polymer-clay nanocomposites. The Mori-Tanaka-Tandon 

method was presented for unidirectionally aligned composites, hence the use of the 

average value of Ell and E22 does not have proper theoretical support. Thus the 

good fitting should not be considered to be general. Therefore Christensen's 

equations and the H-S-Lielen method are the preferred ones for general 

polymer-clay nanocomposites. The H-S-Lielen method gives better prediction over 

the high volume fraction region and the Christensen's method works better at the 

low volume fraction region. 
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Figure 85. Elastic modulus versus true volume fraction of reinforcement curves for 
POEGDA-clay nanocomposites based on the H-S-Lielens method and using 
various Young's moduli for the reinforcement. 
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Figure 85 shows the predicted elastic moduli based on the H-S-Lielens method 

using varying Young's moduli for the reinforcement filler. Both the Young's 

modulus and the shear modulus of the composite did not change significantly with 
different Young's moduli of reinforcement, suggesting no strong dependence. 

Indeed, a variation of :h5 GPa did not change the elastic moduli for the 

POEGDA-clay nanocomposites containing the reinforcement filler !. -0.32. Thus 

there should not be a difference using the elastic moduli calculated from the 

different models, namely Christensen's equations and Halpin-Tsai equations. Since 

Christensen's equations gave better predictions than the Halpin-Tsai equations on 

the elastic moduli for the platelet-filled nanocomposites in three-dimensional cases, 
it is preferable to use Christensen's equations for two-dimensional cases for the 

calculation of the elastic moduli of idealised intercalated nanocomposites. 

Polymer-clay nanocomposites in the literature 

It has been found rather difficult to re-interpret the elastic moduli of intercalated 

polymer-clay nanocomposites which are reported in the literature and there are 

several reasons for this. First, the parameters required for the calculation of the 

effective volume fractions, such as the average number of clay layers per stack, the 

density of the organoclay and the content of clay platelets in the organoclay, are 

often lacking. Next, the clay contents were comparatively low (typically below 10 

wt. %) and they are not ideal for determining the validity of the re-interpretations; as 

the results do not differ much when the filler is at low loadings. Last but crucially, 

most of the work involving Young's modulus used organoclay rather than the 

natural clay and the elastic moduli of the organoclay (clay intercalated with 

ammonium molecules) are unknown. Hence it is not possible to obtain the elastic 

moduli for the reinforcement filler. 
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Figure 86. Young's modulus versus volume fraction of clay curves for PCL-clay 
nanocomposites reported in the literature [Lepoittevin et al. 2002] showing the 
effective volume fractions are substantially greater than the nominal volume 
fractions. 

Thus attempts to re-interpret the results for intercalated nanocomposites from the 

open literature were limited only to the calculation of the effective volume fractions 

of the reinforcement filler, i. e. the idealised intercalated nanocomposite. 

PCL-organoclay nanocomposites from Lepoittevin et al. [2002] were selected for 

this calculation. The parameters to be applied into equation (42) are: N=5 (as 

determined from the TEM image); d2 = 2.77 nm and dl' = 1.86 rim (as determined 

from XRD patterns); p, ' = 1870 kg M, 3 ; pp = 1140 kg M-3; p, ' = 0.66 for the 

organoclay and s is assumed as 0.18 g g-1 clay. Thus the effective volume fractions 

were calculated as 0.013,0.040,0.067 and 0.137 for clay platelet contents of I 

wt. %, 3 wt. %, 5 wt. % and 10 wt. % respectively. The results of Young's modulus 

and effective volume fraction were plotted in comparison with the modulus versus 

the nominal volume fraction and are shown in Figure 86. The effective volume 
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fractions are much higher than the nominal volume fractions, being 41 %±I% 

higher. This implies that re-interpretation of the literature data concerning elastic 

modulus-volume fraction relationships is necessary if these materials are to be 

treated as composites. 

In exfoliated nanocomposites, the alkyl ammonium molecules are adsorbed on the 

external surfaces [kawasumi et al. 1997], which are not in the large gallery spacing 

as in the case of intercalated nanocomposites. Since the clay content is often lower 

than 5 wt. % in exfoliated nanocomposites, a correspondingly small variation in the 

modulus of these ammonium molecules (less than 4 wt. %), say 400 Mpa, does not 

significantly affect the modulus of the platelets that have adsorbed ammonium 

molecules, as the modulus of the platelets is much greater (i. e. 49 GPa for Young's 

modulus). Thus in exfoliated nanocomposites, these ammonium molecules can be 

treated as part of the polymer matrix. 

Fornes et al. (2001) showed that nylon 6 (with a molecular weight of 29,300)-clay 

nanocomposites with clay contents of 1.6 wt. % to 7.2 wt. % are nearly fully 

exfoliated. This paper contains rather comprehensive information about the 

parameters which are required for the calculation of the true volume fractions. As 

discussed previously, the true volume fraction of clay platelets in exfoliated 

nanocomposite follows: 

ýc (I+kRgATP, P) (70) 

where p, P refers to the density of clay platelets rather than that of bulk clay. Thus 

this paper was selected to check whether equation (70) is feasible. 

As the bulk clay oflen contains approximately 6 wt. % interlayer water, the mass 
fraction of the platelets in bulk clay is 0.94. The volume fraction of the platelets in 

bulk clay is 0.98 nm. / 1.23 run = 0.80. Thus the density of the platelets is 0.94/0.80 

x 2600 kg M, 3 = 3100 kg M-3 . The volume fractions of the platelets in the 

nanocomposite ý, can be calculated from the densities of the platelets and nylon 6 
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which are 3 100 and 1080 kg M73 respectively. The results are shown in Table 15. Rg 

was calculated as 7.8 mn for this nylon 6, based on the bond lengths of C-N of 

0.138 mn and C-C of 0.154 run. AT = 658 m2 g", thus Rg. AT-Pc is equal to 15.91. 

Table 15. True volume fractions of clay reinforcement for nylon 6-clay 
rf-. nnrti-A in flin liternture rFnrtne et al. 20011. 

Platelets 

wt. % 

Tensile modulus 

/ GPa 

Platelets 

Vol. % 

True Vol. %" k 

0 2.75 0 0 

1.6 3.40 0.56 2.6 0.23 

3.2 3.92 1.14 4.7 0.20 

4.7 4.50 1.69 7.1 0.20 

7.2 5.72 2.63 11.9 0.22 

'True volume fractions are deduced using Christensen's model. 

As discussed previously, Christensen's equations are among the preferred models 

for determining the elastic modulus-volume fraction relationships of 

nanocomposites and this model works rather well when the clay content is low. 

Thus it is selected to convert the known Young's modulus of the nanocomposites to 

their true volume fractions ýr, '. By putting these data into equation (70), the values 

of the adsorption coefficient k can be deduced which are shown in Table 15 as well. 

Thus the mean value of k is 0.21 with a standard deviation of 0.015. The true 

volume fractions ýc' were also deduced using the Mori-Tanaka-Tandon method and 

the results are very similar to those from Christensen's method, the values of k 

being 0.24,0.21,0.21 and 0.24. 

Since the adsorption coefficients obtained from the nylon 6-clay nanocomposites 

containing different amounts of clay platelets are consistent, equations (70) and (27) 

are regarded as valid for the fully exfoliated nanocomposites as well as 

conventional composites. It should be noted that the value of k depends on the 

types of polymer and clay. Apart from equation (70), the consistent values of k also 
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confirm that Christensen's method predicts rather well at low clay loadings. But for 

a higher loading, say > 20 vol. %, the H-S-Lielens model provided closer 

predictions. 

As a summary, the effective volume fractions of polymer-clay nanocomposites 

should be determined if one wants to find property-volume fraction relationships. 
The elastic modulus of nanocomposites can be interpreted using the theory for 

conventional composites provided that true volume fractions of the reinforcement 
filler are calculated. Thus nanocomposites are not in a wholly new field but in a 

sub-area of composites. With this finding, it is possible to reassess the performance 

of the clay filler and understand nanocomposites in a much more general way. 
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3.9 Poly(F. -caprolactone)-clay nanocomposites 

3.9.1 Characterisation of composites 

PCL-clay conventional composites and nanocomposites with different degrees of 

intercalation were prepared from natural montmorillonite and two 

ammonium-treated montmorillonites. The first was treated with 2 methyl, 2 

hydrogenated tallow quaternary ammonium chloride, which is denoted as 

NH4MMT1 and the second was treated with benzyl, 2 methyl, hydrogenated tallow 

quaternary ammonium chloride, which is denoted as NH4MMT2. Chemical 

structures of these two modifiers are shown in Schemes 12 and 13 where HT refers 

to hydrogenated tallow. 

CH3 
I 

CH3- N+- HT 
I 

HT 

CH3 

CH3- N'- CH2 

HT 

Scheme 12 Scheme 13 

The compositions of PCL-clay composites were deduced from loss on ignition and 

the results are shown in Table 16. The nominal vol. % of clay refers to the volume 
fraction of the bulk clays which were added to the PCL during melt-processing. 

The largest clay loading shown in Table 16 (58.5 wt. %) has not reached the 

maximum amount that PCL can sustain, suggesting that the PCL with a molecular 

weight of 80000 can at least sustain a similar loading of clay to the case for 

PEOIOOOOO (64 wt. %). 

231 



PCL-claynanocomposites 

Table 16. Compositions of PCL-clay composites deduced from loss on ijznition. 
Sample ID wt. % of residue" wt. % of clay nominal vol. % of 

clay 

MMT 93.8 100 - 
PCMAý 1.6 1.7 0.8 

PCL2A 3.7 3.9 1.8 

PCL3A 10.7 11.4 5.4 

PCIAA 19.9 21.2 10.6 

PCL5A 33.9 36.2 20.0 

PCL6A 44.6 47.5 28.5 

PCL7A 54.8 58.5 38.3 

NH4MMTI 62.2 100 - 
PCLlB'- 1.1 1.8 1.2 

PCL2B 1.2 2.0 1.4 

PCL3B 4.2 6.8 4.7 

PCL4B 8.2 13.1 9.2 

PCL5B 16.3 26.2 19.3 

PCL6B 23.9 38.4 29.6 

PCL7B 29.9 48.2 38.7 

NH4MMT2 77.8 100 - 
PCLI Cd 2.2 2.9 1.9 

PCL2C 2.9 3.7 2.5 

PCL3C 6.8 8.8 6.1 

PCL4C 11.9 15.3 10.9 

PCL5C 18.7 24.1 17.6 

PCL6C 29.1 37.4 28.7 

PCL7C 32.8 42.2 32.9 
"wt. % of clay platelets; 'PCLXA=PCL-MMT composite; 
cPCLXB=PCL-NH4MMT1 composite; dpCLXC=PCL-NH4MMT2 composite. 
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XRD traces of the PCL-clay composites are shown in Figure 87. PCL did not 
intercalate into natural montmorillonite, as deduced from the same doo, after 

melt-processing (Figure 87a). Both the ammonium treated montmorillonites gave 

PCL-clay nanocomposites deduced from the increase in dool, which is in 

accordance with the findings from Lepoittevin et al. [2002] and Gorrasi et al. 
[2003]. PCL is a hydrophobic polymer, hence it is only compatible with 

6 organophilic' clays rather than 'hydrophilic' clays such as natural montmorillonite. 
Figure 87b shows that the 001 peak of NH4MMT1 shifted consistently from 20 of 
2.88 ' to 2.5 0 even with different clay loadings, corresponding to an increase of 
dý)01 of 3.1 nin to 3.5 nm. The height of 0.4 nin is equivalent to a monolayer of PCL 

molecules if the intercalated polymer only occupies the increased spacing of treated 

clays as supposed by Okada et al. [1995] and LeBaron et al. [1999]. 
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Figure 87. XRD traces of (a) PCL-natural montmorillonite (MMT); (b) 
PCL-ammonium treated montmorillonite (NH4MMTI); and (c) PCL-ammonium 
treated montmorillonite (NH4MMT2) composites. 
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Unlike the case of NH4MMTI, the 001 peak of NH4MMT2 shifted from 4.4 ' 

(corresponding to doo, = 2.0 nm) to two 20 positions after intercalation which are 

3.1 ' and 2.46 '. When the clay content was >, 37.4 wt. %, dool was 2.8 nin, 

otherwise dool was 3.6 nrn. These two values of doo, correspond to a planar bi-layer 

and a quad-layer of PCL molecules lying in the galleries of the treated clay as a 

planar monolayer is often taken as 0.4 nm. With less clay, many polymer molecules 

have to squeeze into the same clay galleries, thus creating a larger dool. The change 

in dool with clay loading for the PCL-NH4MMT2 nanocomposites supports the 

previous hypothesis that the change of doo, with clay loading follows a stepwise 

curve as shown in Figure 10 in the introduction. 

TEM images of selected microtomed PCL-clay composites are shown in Figure 88. 

Clay existed as particles or agglomerates in the PCL-MMT composite (PCL2A); 

clay layers were not seen even under higher magnifications, supporting the 

conclusion that the composite is conventional and clay neither exfoliates nor 

intercalates. By comparing Figure 88a with Figure 32 (for natural montmorillonite), 

the former does not show exfoliated clay platelets because ultrasonicating was not 

introduced and its TEM image showed the real morphology. Figure 88b for PCL2B 

clearly shows clay platelets, mainly as intercalated clay tactoids with occasional 

exfoliated single platelets. The average number of clay platelets per stack is S. The 

clay platelets were oriented due to the shear force applied during melt-processing. 

Figure 88c (PCL5B containing more clay) also shows orientation of clay tactoids 

and platelets. The thickness of the tactoids is different suggesting different numbers 

of platelets per stack. But the average thickness of clay tactoids seems very similar 

to that of samples with less clay, suggesting a similar average number of clay 

platelets per stack. On the other hand Figure 88d for PCL2C shows stacks of clay 

layers and a large amount of single platelets. The average number of clay platelets 

per stack (excluding single clay platelets) is also 5. Thus the average number of 

clay platelets per stack was taken as 5 for all the PCL-clay nanocomposites for later 

calculations. 
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(a) 

(b) 
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(c) 

(d) 

Figure 88. TEM iniagcs of (a) PCL-MMT (PCL2A); (b) PCL-NH4MMTI (PCL2B); 
(c) PCL, -Nfi. 4MMTI (PCL5B); and (d) PCL-NH4MMT2 (PCL2C) composites. 
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NMR spectra of PCL-clay composites are shown in Figure 89. The spectrum of 

PCL shows a carbonyl carbon resonance at 173.3 pprn and five methylene carbon 

resonances (64.9,33.4,28.5,25.8 and 25.0 ppm) numbered from I to V and 

assigned to the carbons designated in Scheme 14 [Clark et al. 1989; de Kesel et al. 

1999]. The last two resonances (25.8 ppm and 25.0 ppm) are very close, thus they 

were not able to be distinguished in the spectra. 

-0-CH2-CH2-CH2-CH2-CH2-Co- 
I III V IV 11 

Scheme 14 

Except for PCL2B (with 2 wt. % clay) having approximately I ppm shift, all the 

other composites have almost the same peak positions. The greatest chemical shift 

suggests that PCL and NH4MMT1 had the largest interaction, i. e. largest specific 

interfacial surface area between PCL and clay, among the test samples. This is 

co-incident with the XRD results showing a wide 001 peak for PCL2B. 

1: PCL v 
2: PCL-MMT 21.2 wt. % 
3: PCL-NH4MMTI 2 wL% 
4: PCL-NH4MMTI 26.2 wt% 
5: PCL-NH4MMT2 24.1 wt. % 

5 

4 

3 

2 

I 

200 160 120 - so 40 0 

Chemical shift / ppm 

Figure 89. NMR spectra of PCL-clay composites. 
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3.9.2 Crystallinity of composites 

DSC traces of PCL-clay composites are shown in Figure 90. Except for the 

conventional composite (PCL5A) which has the same peak location as that in the 

unfilled polymer, all the nanocomposites had the melting transition of PCL shifted 

to higher temperatures, suggesting better interaction between the two phases in the 

nanocomposites. Table 17 summarizes the melting temperatures and enthalpy 

changes during melting for PCL-clay composites. The enthalpy changes were 

calculated based on the mass of polymer. The conventional composite (PCL5A) 

had the same crystallinity as the unfilled polymer, namely 40 % [de Kesel et al. 

1999; Lepoittevin et al. 2002], suggesting no significant nucleating effects mainly 

due to the small interfacial area. Ray et al. [2003b] found that only exfoliated 

silicate platelets act as an effective nucleating agent causing smaller crystallite 

formation in PLA-organoclay nanocomposites. 
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Figure 90. DSC traces of PCL-clay composites. 
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Table 17. DSC data of PCL-clay composites. 

Sample ID Tonset 

/ OC 

Tpeak 

/ OC 

enthalpy change 

J g" PCL 

Crystallinity' 

/% 

PCL 48.5 54.8 54 40 

PCL5A 50.4 54.7 54 40 

PCL2B 49.2 55.5 59 43 

PCL3B 52.4 59.6 58 43 

PCL4B 52.3 57.6 57 42 

PCL5B 51.8 56.3 50 37 

PCL2C 53.5 57.8 61 45 

PCL5C 51.5 57.6 52 38 

a enthalpic change for 100 % crystalline PCL = 136 J g" [de Kesel et al. 1999; 
Lepoittevin et al. 2002] 

In the nanocomposites, the crystallinity of PCL first increased with increasing 

organoclay loading and then decreased. Clay acted as nucleating agent, increasing 

crystallinity but meanwhile some polymer intercalated into clay galleries and 

became amorphous thus decreasing crystallinity. The results suggest that at low 

organoclay loadings, the nucleating effect played the major role and at higher 

organoclay loadings, the intercalated polymer dominated the change of 

crystallinity. 

Comparing PCL-NH4MMT1 with PCL-NH4MMT2 nanocomposites, the later 

shows more increase in the crystallinity, indicating greater nucleating effects and 

larger interfacial area between the clay and PCL. This result is in agreement with 

the TEM images which show a greater exfoliation degree for the PCL-NH4MMT2 

nanocomposite at the low clay loading. 
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3.9.3 Mechanical properties of composites 

Figure 91 shows the longitudinal modulus versus the content of clay platelets for 

PCL-clay composites. The presence of clay increased the elastic modulus 

regardless of the types of clay. Both the ammonium-treated clays gave more 

increase in the modulus than the natural clay because they formed nanocomposites 

with PCL which had higher interfacial surface areas and greater true volume 

fractions as discussed in Section 3.9.4. The fitting curves for the two 

nanocomposites are inseparable and hence there is no differentiation between the 

longitudinal moduli of the nanocomposites. 
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Figure 91. Longitudinal modulus versus mass fraction of clay platelets curves for 
PCL-clay composites measured by ultrasonic testing. (The error bars refer to 5% 
measurement error as calibrated by steel step-wedge). 
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Because the sonic wave attenuated seriously during transmission in PCL, 

transverse sonic waves could not be received and hence the measurements of 

transverse velocities were not possible. Thus Young's modulus and shear modulus 

were not obtained from the ultrasonic testing. However the results for longitudinal 

modulus clearly show that the nanocomposites gave greater property enhancement 

than the conventional composites. The results from quasi-static mechanical testing, 

as discussed below, support this conclusion. 

Figure 92 shows the tensile stress-strain curves for some PCL-clay composites. At 

low clay loadings, PCL-clay composites underwent yielding behaviour during 

tension, similar to the pristine PCL. When the clay loading was high, typically 

greater than 20 wt. % clay platelets, the composites became brittle rather than 

ductile except for PCL6C, thus there was no yielding and necking stage in the 

stress-strain curve (Figure 92b, curve 2). 

The data from tensile testing are summarized in Table 18. As in the case for 

longitudinal modulus, the presence of clay increased the Young's modulus 

regardless of the types of clay. The tensile strength did not change monotonically 

with the mass fraction of clay platelets; it increased at low clay loadings and then 

decreased at higher loadings. This suggests that the external load could not be 

transferred effectively to the clay platelets when the clay was of high concentration. 

The elongation at break changed in the same way as that for the tensile strength. 

The increase in tensile strength without sacrificing elongation at break provides 

these composites with very attractive mechanical properties, which was also found 

by other workers in the nanocomposite field (e. g. Pinnavaia and Beall 2000; 

LeBaron et al. 2001; Park et al. 2003]. Generally the nanocomposites gave more 

increase in the tensile strength and Young's modulus at a given loading than does 

the conventional composite. Taking PCL3B, which has a clay loading (4.2 wt. % 

platelets) that was often reported in the literature, as an example, the tensile 
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Figure 92. Tensile Stress-strain curves for PCL-clay composites (a) PCL, PCLlA, 
PCLIB and PCLIC and (b) PCL5C and PCL7C showing ductile or brittle 

characteristic. 
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Table 18. Tensile strength, Young's modulus and elongation at break of PCL-clay 
composites". 

Sample Tensile strength 

/ MPa, 

Young's modulus 

/ MPa 

Elongation at break 

/% 

PCL 17(0.5) 439(43) 165(15) 

PCLIA 32(l. 5) 333(24) 493(25) 

PCL2A 22(0.4) 422(39) 334(27) 

PCL3A 17(1.2) 476(32) 249(25) 

PCL4A 15(l. 4) 623(51) 243(19) 

PCL5A 13(0.6) 838(79) 42(22) 

PCL6A 12(0.7) 1203(120) 7(1) 

PCL7A 11(0.9) 1752(113) 2(0.4) 

PCLIB 27(2.2) 478(41) 488(47) 

PCL2B 27(2.5) 523(35) 511(40) 

PCL3B 32(1.7) 541(47) 522(29) 

PCL4B 31(2.2) 655(56) 549(32) 

PCL5B 19(0.4) 1480(142) 298(22) 

PCL6B 15(0.7) 1726(119) 33(3) 

PCL7B 14(0.9) 2490(227) 5(0.4) 

PCLlC- 29(0.9) 519(13) 423(30) 

PCL2C 30(2.6) 575(51) 444(41) 

PCL3C 32(1.0) 700(32) 499(36) 

PCL4C 22(l. 2) 997(36) 483(42) 

PCL5C 21(1.9) 1002(50) 344(25) 

PCL6C 16(l. 0) 1280(102) 189(18) 

PCL7C 14(0.2) 1664(80) 27(8) 

" the numbers in parentheses refer to standard deviations. 
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strength, Young's modulus and elongation at break of PCL were increased from 17 

MPa to 31 MPa, 439 MPa to 655 MPa and 165 % to 549 % respectively. However 

the conventional composite with a similar clay loading (3.7 wt. %), namely PCL2A, 

only had a modest increase in tensile strength and no increase in Young's modulus. 

Figure 93 shows the Young's modulus versus mass fraction of bulk clay for 

PCL-clay composites. As expected, the curves for the nanocomposites stand above 

the one for the conventional composites, suggesting more increase in Young's 

modulus for a given clay loading. Thus if the same amount of bulk clay is added, 

the organoclay that makes a nanocomposite increases the Young's modulus more 

effectively than the natural clay that makes a conventional composite. At low clay 

loadings (bulk clay < 28 wt. %), NH4MMT2 gave more increase than NH4MMTI. 

Since NH4MMT2 contains more clay platelets than NH4MMT1, the Young's 

modulus versus mass fraction of clay platelets for the nanocomposites were also 

plotted and are shown in Figure 93 (b). At lower clay loadings (clay platelets < 12 

wt. %), NH4MMT2 still gave a higher modulus, suggesting that this clay enhances 

the property more effectively at these loadings. Since TEM images (Figure 88) 

show that the PCL-NH4N4MT2 nanocomposite containing 1.2 wt. % clay platelets 

has more single clay platelets than PCL-NH4MMT1, this result suggests that the 

clay platelets with more exfoliation give greater property enhancement. To 

understand the property-volume fraction relationships needs the calculation of true 

volume fraction of clay reinforcement, which is discussed in Section 3.9.4. 
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Figure 93. Young's modulus versus mass fraction of (a) bulk clay and (b) clay 

platelets curves for PCL-clay composites. The error bars refer to standard 
deviations. 
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Figure 94. Flexural strain-stress curves for PCL-clay composites at similar loadings 
of clay platelets (PCL2A, PCL3B and PCL2C) showing yielding during testing. No 
fracture occurred during the flexural testings. 

Figure 94 shows flexural stress-strain curves of PCL-clay composites at similar 

clay loadings. The PCL-clay composites did not break at the flexural strain of 5 %, 

thus yield strengths rather than fracture strengths were obtained here. Both the 

nanocomposites gave steeper stress-strain curves than the conventional composite, 

suggesting larger flexural modulus. The flexural yield strength and flexural 

modulus are given in Table 19. As with the results from tensile testing, the yield 

strength first increased with clay loading and then decreased, while the flexural 

modulus increased monotonically with increasing clay loadings. By comparing the 

results with a conventional nanocomposite at a similar clay loading, the 

nanocomposites had greater yield strength and flexural modulus. Again taking 

PCL3B (containing 4.2 wt. % clay platelets) as the example, its yield strength and 

flexural modulus were increased from 23 MPa to 30 MPa and from 625 MPa to 

1073 MPa respectively, demonstrating effective property enhancement. 
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Table 19. Yield strength and elastic modulus of PCL-clay composites measured 
from flexural and compressive testinga. 

Sample Flexural yield 

Strength / MPa 

Flexural 

Modulus / MPa 

Compressive yield 

StrengtIP / MPa 

Compressive 

Modulus / MPa 

PCL 23(l. 2) 625(18) 8(2.0) 324(41) 

PCLlA 26(l. 7) 721(63) 9(2.3) 338(21) 

PCL2A 21(l. 6) 544(55) 9(2.2) 360(10) 

PCL3A 27(0.8) 655(96) 10(1.1) 379(47) 

PCL4A 28(l. 7) 924(43) 7(1.7) 442(49) 

PCL5A 30(0.3) 1040(96) 13(0.7) 764(57) 

PCL6A 29(0.7) 2064(199) 13(1.3) 987(71) 

PCL7A 26(l. 3) 3154(456) - 

PCLIB 27(l. 6) 855(26) - 

PCL2B 27(2.6) 905(102) 9(2.1) 338(43) 

PCL3B 30(3.2) 1073(135) 11(l. 3) 408(37) 

PCL4B 30(l. 0) 1170(23) 10(0.6) 430(48) 

PCL5B 29(2.3) 1963(204) 6(l. 7) 475(59) 

PCL6B 28(l. 3) 2875(317) 7(0.9) 547(71) 

PCL7B 22(l. 6) 3479(101) - 

PCLlC 24(l. 9) 942(70) 10(0.8) 389(14) 

PCL2C 24(0.9) 1026(27) 11(0.8) 415(17) 

PCL3C 28(0.6) 1493(164) 10(0.6) 444(41) 

PCL4C 29(1.2) 2018(243) 9(0.6) 505(65) 

PCL5C 26(l. 7) 2141(225) 7(0.5) 613(63) 

PCL6C 24(2.1) 2970(95) 6(0.5) 768(84) 

PCL7C 23(1.2) 3282(102) 5(0.3) 918(94) 

' the numbers in parentheses refer to standard deviations. 
b It is unusual to obtain such a low compressive yield strength compared with the 
flexural yield strength. 
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Figure 95. Flexural modulus versus mass fraction of (a) bulk clay and (b) clay 

platelets curves for PCL-clay composites. The error bars refer to standard 
deviations. 
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Figure 95 shows the flexural modulus versus mass fraction of bulk clay for the 

PCL-clay composites. As with the results from tensile testing, the nanocomposites 

also gave greater flexural moduli than the conventional composite with a similar 

loading. Again NH4MMT2 gave more increase in the modulus after correction for 

clay platelets (Figure 95b), supporting the conclusion that the nanocomposite with 

more exfoliation has a higher modulus. 

Table 19 also shows the compressive yield strengths and compressive moduli for 

the PCL-clay composites. The samples did not fracture during the compressive 

testing and hence the compressive fracture strengths were not obtained. After 

yielding, the stress continuously increases with strain, which is as shown in Figure 

96. At a similar clay loading, the PCL-NH4MMT nanocomposites gave steeper 

curves before yielding and hence higher compressive moduli compared to 

conventional composites. 

Figure 97 shows the curves of compressive modulus versus mass fraction of bulk 

clay for the PCL-clay composites. The presence of clay increased the compressive 

modulus of PCL. At low clay loadings, the nanocomposites had higher modulus 

than the conventional composites. But when the loading was continuously 

increased, i. e. bulk clay > 21 wt. %, the PCL-NH4MMTI nanocomposite gave a 

smaller compressive modulus than the corresponding conventional composite even 

after correction for the mass fraction of clay platelets. The presence of 37.8 wt. % 

surfactant, 2 methyl, 2 hydrogenated tallow quaternary ammonium chloride in clay 

probably decreased the compressive modulus. 
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Figure 96. Compressive stress-strain curves for PCL-clay composites at similar 
loadings of clay platelets (PCL2A, PCL3B and PCL2C) showing yielding during 
testing. No fracture occurred during the flexural testings. 
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PCL-clay composites. 
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Figure 98. SEM iniages of fracture surfaces for (a) PCL-MMT conventional 
composite (PCL4A) and (b) PCL-NH4MMT2 nanocomposite (PCL5C). Arrows 
point to bulk clay particles. 
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SEM images of the fracture surfaces of PCL-MMT conventional composites 

(PCL4A) and PCL-NH4MMT2 nanocomposite (PCL5C) with similar platelets 

loadings are shown in Figure 98. In the conventional composite, bulk clay particles 

can be clearly seen in the micrograph, as indicated by the arrows. However these 

particles do not appear in the nanocomposites as they exist as smaller clay tactoids 

or clay platelets. SEM is unable to determine the dispersion of clay platelets in the 

PCL matrix and hence TEM still plays the major role for direct observation of clay 

dispersion in the continuous phase. 

3.9.4 Re-interpretation of elastic moduli 

Since natural montmorillonite retained its structure after melt-processing, its true 

volume fractions in the PCL-MMT conventional composites are the same as the 

nominal volume fractions presented in Table 16. However as discussed in Section 

3.8, the volume fraction of clay particles increases after the intercalation of 

polymer molecules and the idealised intercalated nanocomposite plays the role of 

reinforcement filler. Thus in the PCL-NH4MMT nanocomposites, the idealised 

PCL-NH4MMT nanocomposites are regarded as the reinforcement filler. Assuming 

PCL molecules occupy the increased gallery spacing of the organoclay based on 

the models proposed by LeBaron et al. [1999] and Okada et al. [1995], the true 

volume fractions for the nanocomposites can be calculated using equation (42) for 

interstitial polymer in Section 3.8. 

The average number of clay platelets per stack N was taken as 5 for all the 

composites as discussed previously. The density of polymer is 1140 kg m-3 and the 

density of both the ammonium-treated clays is 1700 kg m7 3. The thickness of clay 

platelets h=0.98 nrn. The saturation ratio of PCL in the intercalated clays was 

taken as 0.09 g g" clay for monolayer, 0.18 g g" clay for bilayer and 0.36 g g" for 
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quad-layer. For NH4MMTI, dool' = 3.1 nm; d2 = 3.5 nin, thus the true volume 

fractions of reinforcement for PCLXB are 0.014,0.015,0.05,0.10,0.21,0.33 and 

0.42, slightly greater than the nominal volume fractions shown in Table 16. Indeed, 

if the saturation ratio of PCL was taken as 0.15 g g'l clay for monolayer, the true 

volume fractions of reinforcement for PCLXB remained the same for the first five 

clay contents and slightly higher for the last two (0.34 and 0.45). Thus the variation 

in true volume fraction due to the saturation ratio is small and hence s=0.09 g g" 

was taken for PCLXB. For NH4MMT2, dOOj'= 2.0 mn, d2 = 3.6 nin or 2.8 nm (for 

PCL6C and PCL7Q, thus s=0.36 g g" was taken for PCLlC-PCL5C and s=0.18 

g g" for PCL6C and PCL7C according to their different increases in dool after 

intercalation. Therefore the true volume fractions of PCLXC are 0.03,0.04,0.10, 

0.18,0.28,0.37, and 0.42, significantly higher than the nominal volume fractions 

mainly due to the large increase in dool. 

In order to interpret the elastic moduli for the nanocomposites, the elastic modulus 

for the reinforcement filler must also be known. The reinforcement filler is made 

up of polymer and the bulk ammonium clays containing alkyl ammonium 

molecules and clay platelets. The elastic moduli of alkyl ammonium molecules are 

unknown, thus the moduli of the bulk organoclays are taken as those for the natural 

montmorillonite which contains water molecules in the galleries, by assuming the 

presence of alkyl ammonium molecules exerts the same decrease in the moduli as 

do water molecules. Thus the shear modulus and bulk modulus of the organoclays 

were 5.5 GPa and 11 GPa according to the literature values for natural 

montmorillonite [Prasad 2002]. The Young's modulus of PCL was 0.44 GPa as 

shown in Table 18. The longitudinal modulus of PCL was 2.96 GPa as measured by 

ultrasonic testing. Since L= E/3(1-2v) + 2E/3(1+v), the Poisson's ratio v of the 

unfilled PCL can be calculated as 0.47 which does not contradict the Poisson's 

ratios for the PCL7A, PCL7B and PCL7C, namely 0.36,0.42 and 0.40 obtained 

from ultrasonic testing. 
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Assuming PCL occupies the increased volume fraction in the clay galleries, the 

volume fraction for the clay platelets in the idealised PCL-NH4MMTI 

nanocomposite ý, j is equal to the ratio of the height of the clay platelets to the total 

height of the intercalated clay. Thus ý,, = 
3. lx(5-1)+0.98 

= 0.89. The volume 3.5 x (5 -1) + 0.98 

fractions of the idealised PCL-NH4MMT2 nanocomposites ýc2a7: 

2.0 x (5 -1) + 0.98 
_ 0.58 for low clay loadings and ýc2b- 2.0 x (5 -1) + 0.98 

= 0.74 
3.6 x (5 - 1) + 0.98 2.8 x (5 -1) + 0.98 

for high clay loadings. 

As discussed in Section 3.8, Christensen's equations for two-dimentional 

platelet-filled systems (cf. equations (48) and (49)) are the preferred method for 

calculating the idealised nanocomposite. By putting the data as described above, 

the elastic moduli and Poisson's ratio for the idealised nanocomposite can be 

calculated and the results are sbown in Table 20. 

Table 20. Elastic constants of the idealised nanocomposites as the reinforcement 
filler in the PCL-NI14MMT nanocomposites deduced using Christensen's method 
for Dlatelet-filled comDosites. 

Filler ID Young's 

modulus/ 

GPa 

Shear 

modulus/ 

GPa 

Bulk 

modulus 

GPa 

Poisson's 

ratio 

PCL-NH4NlMTI 12.5 4.9 9.5 0.28 

PCL-NH4MMT2e 8.3 3.3 6.2 0.26 

PCL-NH4MMT2b b 10.5 4.1 7.8 0.28 

"forPCLIC-PCL5C; 
b for PCL6C and PCL7C. 
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Before inserting the experimental data of the nanocomposites into the theory that 

was discussed in Section 3.8, the data for the conventional nanocomposites were 

first checked using the established equations for the composites with spherical 

inclusions. Since polymer did not enter into clay galleries, the near spherical bulk 

clay particles act as the reinforcement filler. Thus shear modulus and bulk modulus 

of the reinforcement filler remained the same as those for bulk montmorillonite, 

namely 5.5 GPa and 11 GPa, respectively. Christensen [1979a] developed equation 

(71) to calculate the bulk modulus for such systems. Based on the Mori-Tanaka 

theory, Benveniste [1987] gave the same equation for bulk modulus and developed 

equation (72) for shear modulus. 

K=K2+- 
(Kf-K2 

4 
(71) 

1+(Kf-K2 )*('-o, )I(K2+-G2) 
3 

G=G2 + 
(Gj-G2 )'Cl 

(72) 
1+ (Gf-G2 ). ('-c, )I(G2+ 4. G2(9K2+ 8G2) 

3 6(K2+2G2) 

where the subscript 1 refers to the reinforcement filler and 2 refers to the polymer. 

It is found that these two equations are the lower bounds of Hashin-Shtrikman 

bounds, as already noted by Christensen [1990]. As discussed in Section 3.8, the 

H-S-Lielens method fits the experimental data of fibrous composites and the 

POEGDA-clay nanocomposites reasonably well. Thus it is also used here and the 

results are shown in Figure 99. 

The experimental data fall between the Hashin-Shtrikman bounds, suggesting that 

these data are reasonable. Also the H-S-Lielens method that applies a coefficient, 

which is related to the volume fraction of the reinforcement filler, to the upper and 

lower Hashin-Shtrikman bounds and determines the values of the moduli for 

composites, agrees the experimental data very well. 
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Figure 99. Young's modulus versus volume fraction of clay curves for PCL-MMT 

conventional composites. 

Next, the PCL-NH4MMTI nanocomposites were tested using the H-S-Lielens, 

Christensen, H-S-average and Halpin-Tsai-van Es methods according to the results 

for POEGDA-clay nanocomposites (Section 3.8.2). The elastic moduli of the 

reinforcement for the predictive curves were taken as the values shown in Table 20. 

Young's modulus and Poisson's ratio of PCL were 0.44 GPa and 0.47 respectively 

as noted in Section 3.9.3. The aspect ratio of the reinforcement was taken as 12 

according to the TEM image. The Young's modulus against true volume fraction of 

the reinforcement for PCL-NH4MMTI nanocomposites and the predictive curves 

are shown in Figure 100. 

Again the experimental data fall between the H-S bounds, giving confidence for 

further investigation of the best predictive method. Christensen's method slightlY 
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Figure 100. Young's modulus versus true volume fraction of reinforcement curves 
for PCL-NH4MMTI nanocomposites. 

1.0 

over-predicted the results while H-S-Lielens method gave slightly lower results, 

which are in agreement with those for the POEGDA-clay nanocomposites. 

Interestingly the average H-S bound and Halpin-Tsai-van Es method fit the results 

very well; again the same findings as in POEGDA-clay nanocomposites. These 

suggest the validity of these methods and the calculation of true volume fractions. 

Since the elastic moduli of the ammonium-treated clay are assumed the same as 

those for the bulk clay, they could be under-estimated as the tallow can be stiffer 

than water molecules. Thus a range of elastic moduli for the reinforcement filler, 

one of which was the modulus for the bulk clay, were tried using the H-S-Lielens 
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method and the results are shown in Figure 101. It is found that the shear modulus 

of 6.9 GPa for the reinforcement filler fits the experimental data. Since one cannot 

be sure whether the H-S-Lielens method predicts exactly the same results as the 

experimental data, one should not assume that 6.9 GPa is the accurate shear 

modulus for the reinforcement filler and deduce the shear modulus for NH4MMTI. 
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Figure 101. Young's modulus versus true volume fraction of reinforcement curves 
for PCL-NH4MMTI nanocomposites using different moduli for the reinforcement 
filler. 

Figure 102 shows the Young's modulus versus true volume fraction of 

reinforcement curves for PCL-NH4MMT2 nanocomposites using different moduli 

for the reinforcement filler. All the predictive curves are based on the H-S-Lielens 

method. Curve I used the elastic moduli which were calculated from Christensen's 

equations and shown in Table 20. The critical volume fraction of NH4MMT2 for 

changing its basal plane spacing was taken as 0.32, a value between PCL5C and 
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PCL6C, as shown by the arrow in the inset. As calculated previously, the elastic 

moduli of the reinforcement filler varied with the volume fraction of NH4MMT2 in 

the filler, hence the predictive curves gave a step-wise increase at the critical 

volume fraction. Curve 2 directly used the elastic moduli of the bulk clay for the 

reinforcement filler. At low clay loadings (< 20 vol. %), the experimental data 

significantly stand above the predictive curves, which suggests that the volume 

fractions of the reinforcement filler at these loadings and/or the elastic moduli used 

for the calculation are lower than the real values. 
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Figure 102. Young's modulus versus true volume fraction of reinforcement curves 
for PCL-NH4MMT2 nanocomposites using different moduli for the reinforcement 
filler. The inset shows an enlarged figure and the arrow points to the imaginary step 
where the elastic modulus of the reinforcement changes. 

The TEM image (Figure 88) shows the presence of a large number of single clay 

platelets as well as intercalated clay stacks. When the clay platelets exfoliated, the 

ammonium molecules were adsorbed on the external surfaces of the clay platelets 
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rather than absorbed on the internal surfaces, increasing the true volume fraction of 

clay reinforcement. On the other hand, if these ammonium molecules exist within 

clay galleries, they behave similar to voids, which largely decrease the elastic 

moduli of the clay particles. Indeed the presence of interlayer water decreases the 

Young's modulus of clay platelets from 49 GPa to 6.2 GPa. However the molecules 

adsorbed outside did not decrease the moduli as significantly as did the voids 

because they can be treated as small molecules of low modulus and the modulus of 

the mixture would still tend to follow the composite rules. Thus as noted in Section 

3.8.2, a variation of 400 MPa in the Young's modulus of ammonium molecules 

does not affect the modulus of the clay platelets with adsorbed layers significantly; 

indeed it only results in a variation of 5% in the modulus if the volume fraction of 

ammonium molecules is 50 % and the modulus was taken as 40 or 440 MPa. Thus 

the effective elastic moduli of the reinforcement filler must be substantially higher 

than the ones used for the calculation. 
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Figure 103. Longitudinal modulus versus true volume fraction of reinforcement 
curves for PCL-NH4MMT2 nanocomposites. The arrow points to the imaginary 

step where the elastic modulus of the reinforcement changes. 

1: GTI=3.3 GPa; Gý274.1 GPa. 
Kj6.2 GPa; Kýý=7.8 GPa. 

2: G =5.5 GPa 
3: G =6.9 GPa 

f 4: G=10 GPa 
r Experimental data 

4 

0.0 0.2 0.4 0.6 0.8 1.0 

261 



PCL-claynanocomposites 

Figure 103 shows longitudinal modulus versus true volume fraction of 

reinforcement curves for PCL-NH4MMT2 nanocomposites using different moduli 

for the reinforcement filler. As with Figure 102, the experimental data for low clay 

loadings are substantially higher than the predictive curves, supporting the 

conclusion that the nanocomposite with more exfoliation gives a higher modulus. 

Thus if the true volume fractions of reinforcement in nanocomposites are 

calculated, the results of elastic modulus could be interpreted using the elastic 

modulus-volume fraction models for conventional composites provided that the 

elastic modulus of the reinforcement is known. At a given clay loading, the PCL 

nanocomposite had better mechanical properties than the conventional composite. 

Besides the elastic modulus and volume fraction of the reinforcement, other factors 

such as crystallinity, bridging molecules between clay tactoids, and degree of 

exfoliation, also affect the elastic modulus of nanocomposites. Thus the relatively 

high elastic modulus for the PCL-NH4MMT2 nanocomposites at low clay loadings 

could also be attributed to the greater crystallinity as shown in Table 17, as well as 

the high elastic modulus of the reinforcement as discussed above. Both are the 

results of the greater exfoliation degree in the PCL-NH4MMT2 nanocomposites, 

which suggests that the nanocomposite with more exfoliation leads to a higher 

elastic modulus than the one with more intercalation. 
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3.10 Thermoplastic starch-clay nanocomposites 

TPS-clay conventional composites and nanocomposites with four types of clay 

were prepared by melt-processing. The nominal mass fractions of the clays and 

composites were determined by loss on ignition and the results are shown in Table 

21. The mass losses of unmodified clays are in agreement with previous results 

shown in Section 3.2. During melt-processing, it was found that 10 vol. % untreated 

clay is approximately the maximum loading that the thermoplastic starch TPS can 

sustain. This loading is much lower than those poly(ethylene glycol) and 

poly(e-caprolatone) can sustain, which is because the unplasticised starch cannot 

melt to wet the clay and the plasticiser (glycerol) disrupted the crystalline structure 

of native starch during melting [Smits et al. 1998; Ma and Yu 2004]. 

Unlike the other TPS-clay composites, the TPS-kaolinite composites formed a 

foam during pyrolysis. A possible explanation for foarn-forming is that the 

composite became charred during the initial stage of heat-treatment and this 

prevented release of combustion products from the inner part of the composites. 

Unlike natural montmorillonite and hectorite, kaolinite is a non-swelling clay and 

should produce conventional composites with the starch. The char formation in the 

TPS-kaolinite composites rather than in TPS-smectite clay composites is opposite 

to what might be expected because smectite clays for the preparation of 

nanocomposites are often claimed to provide better fire retardance than 

conventional composites due to the formation of char during burning [Vaia et al. 

1999; Lepoittevian et al. 2002]. 

The fact that kaolinite formed conventional composites with TPS is confirmed by 

XRD. Figure 104 shows that the 001 peak of the kaolinite does not shift after 

mixing with TPS. doo, remained at 0.72 mn suggesting no intercalation. 
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Table 21. Comnositions of TPS-clav comir)osites deduced form loss on imition. 

Sample 

designation 

Average mass fraction 

of residue 

Mass fraction of 

clay 

Nominal volume 

fraction of clay 

TPS 0.004 

MMT 0.94 - - 

TPSIAa 0.05 0.06 0.029 

TPS2A 0.13 0.13 0.071 

TPS3A 0.17 0.18 0.098 

TPS4A 0.20 0.22 0.120 

hectorite 0.89 - - 

TPS flib 0.04 0.05 0.024 

TPS2H 0.12 0.13 0.070 

TPS3H 0.17 0.19 0.107 

TPS4H 0.18 0.20 0.108 

treated hectorite 0.60 - - 

TPSITH' 0.03 0.05 0.042 

TPS2TH 0.06 0.09 0.073 

TPS3TH 0.08 0.13 0.100 

TPS4TH 0.11 0.19 0.150 

kaolinite 0.87 - - 

TPSIKý 0.04 0.05 0.025 

TPS2K 0.09 0.11 0.055 

TPS3K 0.15 0.17 0.094 

TPS4K 0.16 0.18 0.098 

'TPSXA=TPS-montmorillonite composite; 'TPSXH=TPS-hectorite composite; 
cTPSXTH=TPS-treated hectorite composite; d TPSXK=TPS-kaolinite composite. 
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Figure 104. XRD traces of kaolinite and thermoplastic starch-kaolinite 
conventional composite. 
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Figure 105. XRD traces of thermoplastic starch-montmorillonite nanocomposites 
with different ratios and glycerol-montmorillonite mixture. 
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Figure 105 shows XRD traces for TPS-montmorillonite nanocomposites and 

glycerol-montmorillonite mixture. The 001 peak of the clay moved from 7.16 *20 

to 4.9 0 for each composition of TPS-clay nanocomposites, correspondingly to an 
increase of doo I from 1.23 run to 1.8 nm. The broad 001 peak suggests a wide range 

of interlayer spacings. This is further supported by TEM images showing 

co-existence of intercalation and exfoliation (as discussed below). In comparison, 

the 001 peak of montmorillonite was displaced to 20 of 50 after mixing with 

glycerol (curve 5), suggesting the uptake of glycerol into the clay galleries. The 

glycerol produced a sharper 001 peak indicating more uniform structure for the 

clay containing glycerol. 

Many polymers when taken up by montmorillonite produce an expanded structure 

with d =1.8 nm [Aranda and Ruiz-Hitzky 1992; Shen et al. 2002; Triantafillidis et 

al. 2002]. The fact that glycerol also produces this d-spacing, makes it difficult to 

assess, on the basis of Figure 105 whether starch and glycerol entered into the 

galleries or just glycerol. The differences are the peak width and the slightly larger 

doo, which suggest the former. This is supported by the fact that the untreated clay 

exfoliates in water-plasticised starch as shown in the literature [Wilhelm et al. 2003] 

and the discussion below. During plasticising, both water and glycerol formed 

hydrogen bonds with native starch [Trommsdorff and Tomka 1995], however the 

latter increased the interlayer spacing by 0.6 run in contrast to no increase for water. 
The large interlayer spacing (0.8 nm in total) provided starch molecules with a high 

possibility of being 'pulled' into clay galleries by the hydrogen bonding with 

glycerol. Some starch molecules remained outside the clay galleries but made some 

clay platelets exfoliate, creating partial intercalation and partial exfoliation which 
led to less layer coherence shown as the wide 001 peak. 

Figure 106 shows XRD traces for starch-untreated hectorite and glycerol-untreated 
hectorite mixtures. As with montmorillonite, the 001 peak of the hectorite moved 

from 7.16 * 20 to 4.9 ' for both the TPS-clay composites (TPSIH, TPS2H) 

suggesting successful intercalation. The hectorite has a slightly wider 001 peak 

compared with montmorillonite as discussed in Section 3.2. However both the 
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1: Untreated hectorite 
2: TPS-untreated hectorite 5 wt. % 
3: TPS-untreated hectorite 13 wt. % 
4: Glycerol-untreated hectorite 
5: Starch-untreated hectorite 

0 
0 

V 

4 

8 10 12 14 16 18 
20 /* 

Figure 106. XRD traces of then-noplastic starch-untreated hectorite nanocomposites; 
glycerol-untreated hectorite and water-plasticised starch-untreated hectorite 
mixtures. 
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Figure 107. XRD traces of thermoplastic starch-treated hectorite composites, and 
glycerol-treated hectorite mixture. 
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TPS-hectorite nanocomposites had sharper 001 peaks (width at half height of peak: 
20 of 1.1 ' versus 1.6 *) than the montmorillonite nanocomposites, indicating that 

the nanocomposites had more layer coherence. The intercalation of glycerol into 

the clay galleries increased doo, from 1.23 to 1.8 nm as it did with montmorillonite. 
However the 001 peak was not detected in the water-plasticised starch-hectorite 

mixture and this may be an indication of exfoliation; certainly it is not due to low 

clay content because the mixture contains 62.5 wt. % clay. This is the same case as 

that reported by Wilhelm et al. [2003] who attributed the loss of 001 peak to full 

exfoliation. The addition of glycerol as plasticiser inhibited exfoliation of clay 

platelets however its presence is essential for processing useful materials; without it 

the mixture of starch and clay powders cannot cohere after the evaporation of 

water. 

XRD traces of starch-treated hectorite mixtures are shown in Figure 107. As the 

diff-ractometer was used at its limit, it is difficult to determine the exact positions 
for the 001 peak in some cases. However it can be seen that 20 position of the 001 

peak for the treated hectorite almost remained the same after mixing with TPS. The 

mixture of glycerol-treated hectorite also gave a similar doo, to that of the untreated 

clay. Thus whether the TPS molecules enter into the clay galleries, make some clay 

platelets exfoliate, or just make conventional composites with the clay is still 

unknown. Other techniques are required to determine the type of these composites, 

which is discussed as below. 

Figure 108 shows the TEM image of the TPS-untreated hectorite nanocomposite. 
The silicate layers exist mostly as either single platelets (full exfoliation) or as 

stacks of two platelets. This is coincident with the relatively broad and small 001 

peak in Figure 106. The length of the single silicate platelet is between 10 and 50 

nm, shorter than that of montmorillonite. The smaller size of silicate platelet is 

consistent with the larger outer specific surface area (49.8 m2 g-1 versus 38.2 M2 

g"). 
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Figure 108. TEM micrograph of thermoplastic starch- Lintreated hectorite 

nanocomposite containt ng 4 wt. % clay platelets (TPS I H). 

Figure 109 shows the TEM micrographs of the treated hectorite and the 

TPS-hectorite composite. The treated hectorite (the hectorite Intercalated with 

ammonium alkyl chloride) itself includes both exfollated and intercalated structures; 

some single clay platelets and some clay tactolds are seen in the TEM image 

(Figure 109a). The TPS-treated hectorite composite (Figure 109b) also has these 

two structures, however it is not possible to compare the extents of intercalation 

and exfoliation with the unfilled treated hectorite under TEM because the numbers 

of clay platelet per stack look very similar. 

But in the images for the TPS-treated hectorite composite, large dark regions were 

often seen and they also appear in Figure 109b. These regions Could be attributed to 

thick large particles which suggest the formation of agglomerates in the composites. 

This indicates that the hydrophilic then-noplastic starch is not able to interact with 

the hydrophobic arn 1110 111 U in -treated clay strongly and the clay particles cannot 

disperse in the continuous phase well. Thus although some clay platelets were 
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Figure 109. TEM micrographs of (a) treated hectorite, and (b) TPS-treated hectorite 

composites containing 3 wt. % clay platelets (TPS I TH). 
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exfoliated, the composite is generally a conventional one rather than a 

nanocomposite and this is further supported by the mechanical properties which 

show that the TPS-treated clay composites had lower elastic moduli than the 

nanocomposites with a similar clay platelet loading. 

Figure 110a shows the NMR spectra of the starch and starch-montmorillonite 

nanocomposites. The chemical shifts at 60.8,71.9,80.9 and 101.1 ppm. represent 

the carbons of type VI, H (and III, V), IV and I as numbered in the following 

scheme [Smits et al. 1998; Tavares et al. 2003]. 

vi 
CH20H 

1-0 
1 

IV OH 
11 

111 OH 

Scheme 15 

The spectrum for the native starch remained nearly unchanged after the addition of 

montmorillonite, implying that the presence of montmorillonite did not affect the 

structure of starch although the inorganic montmorillonite itself experiences the 

exfoliation of platelets from the bulk particles. The new peak at 63.5 ppm in the 

spectrum for the plasticised starch (Curve 3) is attributed to the carbon in glycerol. 
Also the peak for Cl anomeric carbon at 101.1 ppm is wide and does not include 

the small peak at 93 ppm as happened for native starch, suggesting the starch has 

been completely de-structured during gelatinisation [Smits et al. 1998]. Smit et al. 

[1998] and Ma and Yu [2004] showed that the freshly-prepared TPS is completely 

amorphous compared to semi-crystalline native starch. 

At low clay contents (: 513 wt. %), the addition of montmorillonite to TPS did not 

alter the peak positions; only the intensity was changed (Figure 110b). At higher 

clay loadings, the peaks shifted by 0.6 ppm suggesting a larger interaction between 

clay and polymer. This is the opposite effect to that for PCL-clay nanocomposites 
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Figure 110. NMR spectra of starch and starch-clay composites. 
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Where the presence of less clay gave a larger interaction. One would speculate this 

effect to be attributed to the fact that clay exfoliates in glycerol-free starch at any 

amount rather than only at very low amounts in PCL-clay nanocomposites or other 

hydrophobic polymer nanocomposites. 

Elastic moduli of thermoplastic starch-clay composites are plotted against nominal 

clay volume fractions and they are shown in Figure 111. The nominal volume 

fractions of treated clay were corrected with the content of untreated hectorite and 

hence they are lower than those shown in Table 21. The measurement error was 

within 5 %. In all composites, the presence of clay increased both Young's and 

shear modulus, and the unmodified montmorillonite and hectorite had more 

increase than kaolinite which formed conventional composites with TPS. That the 

TPS-treated hectorite composites had similar elastic moduli to those for 

TPS-kaolinite conventional composites supports previous observation that they 

also formed conventional composites. Hectorite has a smaller aspect ratio and 

larger surface area than montomorillonite, the former factor giving a smaller 

modulus and the latter giving a greater modulus. Thus it is difficult to predict which 

clay will give better property enhancement without proper calculations. At low clay 

fractions, montmorillonite gave a higher Young's modulus and at higher clay 

fractions, the result was opposite. Nevertheless, it is clear that a nanocomposite 

provides a higher modulus than a conventional composite with the same clay 

content, supporting those results shown in Sections 3.8 and 3.9. 
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Figure I 11. Young's modulus and shear modulus of TPS-clay composites. 
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SEM images of the fracture surfaces of TPS-clay composites are shown in Figure 

112. Like unfilled TPS, all the TPS-clay composites show crazings on the fracture 

surfaces. The presence of clay platelets promoted the formation of this type of 

fracture surface. Except for TPS-treated hectorite composites, all the other samples 

including unfilled TPS samples exhibited cracking during storage, which probably 
is due to re-crystallisation during storage. Indeed Ma and Yu [2004] found that 

glycerol plasticising starch had greater crystallinity after storing at RH =0 and 50 

% for 25 days. Smits et al. [1998] found that retrogradation also occurred to water 

plasticising starch and they also attributed the embrittlement problem to 

re-crystallisation (retrogradation). The alkylammonium. salt as the modifier for 

hectorite probably inhibited the occurrence of re-crystallisation. However Calvert 

[ 1997] attributed the cracking problem to the evaporation of plasticiser. Ma and Yu 

[2004] recently reported that starch plasticised with urea did not have 

retrogradation problem. They found that the retrogradation of thermoplastic starch 

was greatly dependent on the capability of forming hydrogen bonds between the 

plasticiser and starch. The stronger the hydrogen bond, the more difficult it is for 

starch to re-crystallize during storage. The NH2- bond in an alkylammonium. salt is 

very likely to form a strong hydrogen bond with starch. 

The XRD trace of the thermoplastic starch after storage is shown in Figure 113. 

Two small peaks between 20 of 15 ' and 25 0 support the hypothesis of the 

occurrence of re-crystallisation. These peaks are the same as those reported by Ma 

and Yu [2004] who showed the freshly-prepared TPS was amorphous and only 

showed a wide and featureless peak between 20 of 15 and 25 * but after 25-day 

storage, two small peaks appeared at 16.96 * and 19.68 on the top of the original 

wide peak. 
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Figure 1] 2. SEM images on fractured Surfaces of (a) unfilled TPS disc after storage 
of 80 days; (b) TPS-hectorite nanocomposite disc after storage of 80 days; and (c) 
TPS-hectorite nanocomposite disc after storage of 15 days. 
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Figure 113. XRD trace of the thermoplastic starch after storage of 80 days showing 
re-crystallisation. 

Since the problem of embrittlement during storage causes these TPS-clay 

composites to be unsuitable for long-term use, it is essential to replace the 

commonly-used plasticiser of starch, namely glycerol, with others which easily 
form hydrogen bonds with starch. On the grounds that ammonium-treated hectorite 

inhibits the embrittlement problem of TPS, one would speculate that a plasticiser 

containing NH4+ ions or NH2- would not experience cracking problems. The added 

value to using this kind of plasticiser is that the plasticised starch would be 

compatible with ammonium-treated clays which provide more possibility of 
forming exfoliated nanocomposites. In this way, thermoplastic starch-clay 

nanocomposites with high elastic moduli could be produced. The 

ammonium-treated clay also increased the optical clarity of the unfilled TPS, thus 

these proposed thermoplastic starch-clay nanocomposites are expected to have 

good optical clarity as well. 
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3.11 Quantitative analysis of clay dispersion 

The information obtained from XRD of the qualitative analysis of clay dispersions 

is not sufficient for characterising nanocompositcs. Quantitative analysis methods 

are attracting more attention in this area. This section attempts to assess the degrees 

of intercalation and exfoliation in intercalated-exfoliated nanocomposites. The 

methods used include solid state NMR which has been reported in the literature 

[Bourbigot et al. 2003] but has not been replicated, and XRD with an internal 

standard which has not been reported in the literature. 

3.11.1 Solid state NMR 

As introduced in Section 1.5.1, the solid state NMR method is based on the effect 
of the paramagnetic Fe 3+ ions embedded in the clay platelets on the relaxation time. 
These Fe 3+ ions cause significant line broadening, partial signal loss, and a 
substantial shortening of both the longitudinal and the rotating frame nuclear 
relaxation times [VanderHart and Gilman 2001b]. It has been found 

semi-empirically that in the plot of recovered magnetization versus the square root 
of time, the initial slope corrected for the contribution from the intrinsic 

longitudinal relaxation time of the polymer is proportional to the total polymer-clay 
interfacial area [Bourbigot et al. 2003]. By using the interfacial area from a fully 

exfoliated sample as the reference, the ratio of the interfacial area for a given 

sample to the reference value, f, can be determined and follows equation (73). 

sxP,, 
p 

0 

se 

xp 
(73) 

where S and Se are the initial slopes (corrected point by point, for the intrinsic 

relaxation of pure polymer) of a given sample and fully exfoliated sample 
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respectively; and Itcp and pp' are the mass fractions of clay platelets in the given 

sample and the exfoliated sample respectively. 

The starch-montmorillonite composites were first examined. The fully exfoliated 

starch-montmorillonite composite prepared in aqueous dispersion was selected for 

use as the reference specimen in order to determine the clay dispersion for 

intercalated-exfoliated TPS-montmorillonite nanocomposites. Figure 114 shows the 

curves of magnetization versus time for CH2-OH in starch samples, which were 

recovered using the Torchia method [1978]. This method differs from the 

inversion-recovery method, which was used in the article from Bourbigot et al. 

[2003], in that the former is quicker and can suppress artifacts but the relaxation 

times measured remain the same [Torchia 1978]. The magnetization recovered 

using the Torchia method follows equation (74), which is the same case as in the 

inversion-recovery method based on the Bloch equation [Harris 1986]. 

l[t]=I[O]+ k. exp(-t/Tl) (74) 

Where 1[0] and I[t] are the intensities of recovered magnetization at time =0 and t 

respectively. k is the coefficient. The magnetizations I[t] recovered using these two 

methods follow a relationship shown in equation (75) [Torchia, 1978; Harris 1986; 

Claridge 1999]. 

INIR -"": -I[t]B +C (75) 

where the subscripts IR and B refer to the inversion-recovery method and the 

Borchia method. C is a positive constant. Hence if INIR forms a linear relationship 

with t 112, then -l[t] will also form a linear relationship with t 1/2 with the same slope. 

Thus for later discussion, negative magnetization is used. The plots for starch and 

TPS nearly overlap in Figure 114, thus giving very similar relaxation times for 

CH2-OH in these two materials. Also the plots show good correlation between each 

other. 
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Figure 114. NMR curves of recovered magnetization versus time for starch, TPS 
and starch-clay mixture. 

The longitudinal relaxation times T, of CH2-OH (at 60.8 ppm) calculated from 

equation (74) are nearly the same, 1.75 s versus 1.73 s, for native starch powder 

and glycerol-plasticised starch TPS. Bourbigot et al. [2003) used an exfoliated 

PS-clay nanocomposite as the reference sample for PS-clay composites containing 

different surfactants and it is believed that glycerol can be treated in a similar way 

to the surfactant on the basis that the relaxation times of native starch and TPS 

remain the same. Unfortunately it is found that the exfoliated 

starch-montmorillonite composite had a higher T, for CH2-OH, being opposite to 

what is expected; the presence of clay should decrease T, as stated by Bourbigot et 

al. [2003] and Vandefflart and Gilman [2001a, 2001b]. Thus this composite cannot 

be used as the reference sample. 

DSC on the native starch and the exfoliated starch-clay composite gave the same 

traces which are shown in Figure 115. Both had a wide endotherm ranging from 60 

"C to 120'C. Mano et al. [2003] found a similar wide endotherm for the native com 
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starch and attributed it to water loss. This seems reasonable because the glass 

transition temperature for native starch is higher than 180 'C [Trommsdorff and 

Tomka 1995]. Although the presence of water decreases the glass transition 

temperature [Lourdin et al. 1997], this starch approximately only contained 52 J g-I 

/ 2257 J g" being 2 wt. % water [Kaye and Laby 1995] and hence its T. must be 

higher than 135 'C; With the presence of 8.2 wt. % water, Tg of the starch was 135 

T [Trommsdorff and Tomka 1995]. Hence the presence of clay did not alter the 

structure of the native starch, which is supported by the NMR spectra (Figure 110 

in Section 3.10) showing no difference for native starch and the starch-clay 

composite. Even so, the fact that the presence of exfoliated clay gives a longer 

relaxation time still suggests that the starch-clay composite should not be an 

appropriate reference sample to determine the degree of clay dispersion. 
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Figure 115. DSC traces of native starch and starch-clay composite showing no 
difference in the heating endotherm. 
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Then TPS-clay nanocomposites with different clay loadings were measured and the 

longitudinal relaxation times for CH-OH at 71.9 pprn were 5.9 s, 2.5 s, 2.9 s and 
4.3 s for TPS and TPS-montmorillonite nanocomposites containing 13 wt. %, 17 

wt. % and 20 wt. % clay platelets, respectively. 

According to the semi-empirical method of Bourbigot et al. [2003], the curves of 

the negative value of recovered magnetization versus the square root of time for the 

TPS-montmorillonite nanocomposites were plotted and are shown in Figure 116. 

Assuming the plots form linear curves with good correlation, the initial slopes of 
these curves were found as 0.162,0.138 and 0.136 for the clay platelet loadings of 
13 wt. %, 17 wt. % and 20 wt. %, respectively. Since there is no suitable exfoliated 

nanocomposite available, the nanocomposite containing 13 wt. % was taken as the 

reference sample and hence the results calculated from equation (73) are the 

relative dispersion degrees based on this sample. Values of f for the 

nanocomposites containing 17 wt. % and 20 wt. % were determined as 0.65 and 0.55, 

which means that the polymer-clay interfacial areas for these two nanocomposites 

are 65 % and 55 % of that for the nanocomposite containing 13 wt. % clay platelets. 
The interfacial area is strongly dependent on the exfoliation degree. These two 

values do not contradict the results from the XRD traces for these nanocomposites 
(Figure 105) which show that the peak width at half intensity decreases with clay 
loading. 

Although the calculation replicated from the literature method was done, it is found 

that the plots deviate rather seriously even though the original curves of 

magnetization versus time are in good correlation. This may imply that the 

semi-empirical method only fits PS-clay composites but not these TPS-clay 

composites. As discussed previously, the exfoliated starch-clay composite cannot 

act as the reference samples for other starch-clay composites, which supports this 

hypothesis. The literature in polymer-clay nanocomposites updates in an extremely 
fast way but this simple method has not been replicated since published according 

to the open literature, somehow also implying that there could be some issues tol be 

addressed in this method. 
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Figure 116. The curves of negative magnetization after correction with the 
contribution from TPS versus t 1/2 to calculate their initial slopes. 

The clay dispersion in PCL-clay nanocomposites was also studied using solid state 

NMR. Unlike amorphous TPS, PCL is semi-crystalline and hence the full 

quantitative analysis using the Bourrigot et al. 's method is not possible because the 

presence of clay affects the crystallinity, which is one of the factors influencing 

relaxation time. Thus the method from Vandefflart and Gilman [2002b] should be 

used for determining the dispersion degree. This is however a rather 

semi-quantitative method. By measuring the relaxation time, this method compares 

the dispersion degree for the nanocomposites prepared from the same processing, 

same content of clay platelets and same polymer and clay platelets. 

Figure 117 shows NMR curves of recovered magnetization at 33.4 ppm versus time 

for PCL-clay composites. The magnetization intensity decreased with time and 

slowly formed a plateau. Thus according to equation (74), the longitudinal 

relaxation times for the carbon at 33.4 ppm were determined as 0.736 s, 0.553 s, 

0.667 s for the PCL composites containing approximately 20 wt. % montmorillonite 
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Figure 117. NMR curves of recovered magnetization versus time for PCL-clay 
composites. 

platelets (i. e. PCL4A, PCL5B and PCL5C) respectively. Longer relaxation time 

means worse dispersion as explained by Vandefflart and Gilman [2001a, 2001b], 

hence the PCL conventional composite had the worst clay dispersion among the 

three samples. In addition, as shown in Table 16 the PCL containing 1.2 wt. % clay 

platelets (PCL2B) gave higher crystallinity than the one containing 16.3 wt. % clay 

platelets (PCL5B). But it still gave a shorter relaxation time, 0.346 s, suggesting 
better clay dispersion which is in agreement with the results from NMR spectra. 

As a summary, solid state NMR could be used in determining the degree of clay 

dispersion in a semi-quantitative way. If full quantitative analysis is required, a 

proper fully exfoliated nanocomposite must be sought for the reference sample. 

This reference sample should contain essentially the same chemical compounds as 

with other test samples. Also more detailed fundamental work with solid state 

NMR is required in order to fully establish the current literature method [Bourbigot 
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et al. 2003]. It should be noted that the fully quantitative method is only valid for 

amorphous polymers in which the presence of clay does not affect the crystallinity. 

3.11.2 X-ray diffraction 

The internal standard method is the most commonly-used method for quantitative 

phase analysis by X-ray powder diffraction [Jenkins and Snyder 1996]. It is based 

on elimination of the adsorption factor and gives equation as follows: 

l(bkl)a 

. =kPa (76) 
1 (bkl)', 6 

P, 8 

where I is the peak intensity, ji is the mass fraction, ct and refer to two phases and 

k is the coefficient. If I(hkl)ot / I(hk1)'O is plotted against tt,, jig, namely the internal 

standard calibration curve, k can be obtained as the slope of the curve [Jenkins and 

Snyder 1996; Snyder 1999]. 

Thus before measurements take place, a calibration curve between the internal 

standard and the clay must be established to obtain the ratio in the specified peak 

intensity or peak area of the standard and clay. Silicon is one of the primary internal 

standards which have been certified by the National Institute of Standards 

Technology [Jenkins and Snyder 1996] in the U. S. A. Unlike potassium bromide 

which contains potassium cations that may affect the nanocomposite structure 

during processing, silicon does not contain any cations and hence it is selected for 

this study. Figure 118 shows the XRD traces of the polyethylene-clay-silicon 

mixtures with different ratios of clay to silicon. Polyethylene is a non-polar 

polymer and cannot intercalate into clay galleries [Jeon et al. 1998; Wang et al. 
2001; Gopakumar et al. 2002], thus providing a medium for homogeneous mixing 
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Figure 118. XRD traces of PE-clay-silicon mixtures to establish a calibration curve 
for quantitative analysis. 
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of these clay and silicon powders on a heated twin-roll mill. Direct mixing of the 

two particles may cause heavier particles to settle to the bottom after mixing 

because the densities are different, being 2600 kg M73 for clay compared to 2800 kg 

M, 3 for silicon but in melt-processing, the fluid medium is of high viscosity and 

solidifies quickly. The I 11 peak, i. e. the first peak, for silicon is located at 20 of 
28.44 ' according to the JCPDS standard, and the XRD traces show a measurement 

error for this peak was within ± 0.04 '. Thus the ratio of the 001 peak of the clay to 

the IIl peak of silicon was taken to draw the calibration curve. Figure 118b shows 
that with increasing silicon content, its I 11 peak intensity increases. 

Figure 119 shows the calibration curves based on both peak intensity and peak area. 
In standard XRD texts [e. g. Jenkins and Snyder 1996; Snyder 1999], only the ratio 
in peak intensity is determined as shown in equation (76). However the equation is 

based on sharp peaks. The clay gives a very wide 001 peak and hence the peak area 
is considered as a more reasonable parameter than the peak intensity for the 

calculation. The values of k were determined from Figure 119 as 0.39 with a 
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Figure 119. Calibration curves to detennine the intercalation degree using silicon as 
intemal standard for XRD. 
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correlation coefficient of 0.99984 and 0.11 with a correlation coefficient of 0.99946 

based on peak area and peak intensity respectively. Both methods gave very good 

calibration curves. It is noted that a proper calibration curve requires at least four 

points, however because of inaccessibility to the X-ray diffractometer in the later 

stage of this work, further measurements on the other samples in order to give more 

plots for Figure 118 are not possible. Nevertheless it is clear that XRD with an 
internal standard opens a way for determining the degree of clay dispersion. 

Since the values of k are obtained, the degree of intercalation or exfoliation can be 

calculated. The exfoliated clay does not give an 001 peak and hence the peak area 
or peak intensity should be attributed to the intercalated clay. The retained fraction 

of the 001 peak compared to the original peak is the degree of intercalation. As the 
001 peak for clay is often wide, the calculation based on the ratio of peak area is 

preferred. If a nanocomposite containing natural montmorillonite is mixed with 
silicon powders in the same way as that for calibration, then its intercalation degree 

can be calculated as follows: 

A001., up 
. 100% (77) 41'j. k'Pa 

where Aooi and Aills' refer to the peak area of the 001 peak of clay and the III 

peak of silicon. k=0.39. / g# is the mass ratio of clay to silicon which should be 

within the calibration region, i. e. between 2.3 and 9. The exfoliation degree is equal 
to I-fj provided that agglomerates of clay are not formed. 

If other clays such as ammonium-treated montmorillonite or hcctorite are used to 

make nanocomposites, then the calibration curves need to be re-done but in the 

same way, because the value of k varies with different clays. The calculation 

methods remain the same. 

In contrast to NMR or TEM, XRD with an internal standard is a much more 

convenient and straightforward method because the degree of exfoliation or 
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intercalation can be directly calculated. Compared with the NMR method, it does 

not rely on a fully exfoliated nanocomposite containing similar components, nor 

does it need to consider all the factors affecting the relaxation time. Also it can be 

applied to both amorphous and semi-crystalline polymer-clay nanocomposites. As 

previously discussed in the introduction, TEM requires the specimen to be 

absolutely uniform and of a thickness of around 1 mn, which is not possible for 

current technology. In contrast, the XRD method is much simpler. 

It should be noted when using this XRD method, the samples must be ground into 

fine powders. Discs with flat surfaces should not be used because clay platelets 

easily orient during mixing or pressing and the orientation affects the peak intensity. 

indeed preliminary experiments using the samples in disc-forrn gave correct values 

of 20 for the XRD peaks but the peak intensity went astray. Morgan and Gilman 

[2003] even found that the 001 peak was lost in an intercalated nanocomposite 

when the sample was in disc-form but the peak appeared in the powdered sample. 

Although almost all scientific articles in polymer-clay nanocomposites employ 

XRD as one of the characterisation techniques, there is, to the author's knowledge, 

only one article (Eckel et al. 2004] using it as a quantitative tool to analyse the 

degree of dispersion; but without success. The authors discarded the XRD method 

for quantification and claimed that XRD traces are affected by preferred orientation, 

mixed-layering and residual stress. The preferred orientation and residual stress are 

resolved by grinding the discs into powders. For sampling and instrumental errors, 

the use of an internal standard can overcome them. Thus the discussion in the paper 

by Echel et al. [2004] does not seem convincing; indeed no standard was used in 

that work and the difference between some XRD traces could be attributed to the 

different degrees of exfoliation rather than uncertainty about the techniques. 

Also the mixed-layer problem (some peaks of clay may overlap) does not occur to 

the natural montmorillonite of which doot usually increases to 1.8 Mn after 

intercalation. Indeed when doo, is less than 2.8 nm, the gap between 001 and 002 

peaks is greater than 20 of 3.2 0 and hence there is no mixed-layer problem. 
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However when an organoclay with a greater doo, is used, the 002 peak of the 

intercalated clay could overlap part of the 001 peak and cause difficulty in using 

XRD with an internal standard. But if this happens, the 001 peak does not appear 

complete in the XRD traces because of the limitation of the X-ray diffractometers 

(e. g. Figure 87). It should be noted that XRD with an internal standard can only be 

applied to the pattems where a full trace of the 001 peak is obtained. 

It could be pointed out that during mixing with silicon powders, the nanocomposite 

structure might be changed. That is to say, the degree of exfoliation may be 

increased because of the additional mixing. This may be possible. However it 

should be noted that a 'good' nanocomposite should have achieved its equilibrium 

during mixing under the processing conditions. Further mixing the nanocomposite 

with silicon under the same processing conditions should not affect its structure. 

Thus it is reasonable that XRD with an internal standard can be used to determine 

the degree of clay dispersion in the absence of other techniques. In comparison to 

the current NMR and TEM methods, the XRD method is more convenient, simpler 

and reliable and can be applied in any nanocomposite that can be ground into a fine 

powder and is composed of an intercalated clay having a complete 001 peak higher 

than 20 of 2 '. 
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4. CONCLUSIONS 

4.1 X-ray diffraction studies for nanocomposites 

With due regard to the limitations for XRD of clay-polymer systems and with 

appropriate instrument settings, dool for montmorillonite was accurate to ±0.005 Mn 

for three different instruments. Variations of 0.007 run were typical for instrument 

misalignment and sample displacement. With the stated diff-ractometer using 

CuKcil this experiment cannot establish dool above 2.9 m-n or indicate the extent of 

exfoliation without the use of calibration standards. This is a general limitation on 

standard diffractometers in nanocomposite characterisation. Ideally the upper limit 

on dool should be stated in quoting such results. 

4.2 Poly(ethylene glycol)-clay nanocomposites 

PEG-montmorillonite nanocomposites spanning a very wide range of molecular 

weights (300 to 100,000) and a range of loadings (17 to 69 wt. %) were prepared by 

two solution methods and by melt-processing and in each case, doo, of the clay 

increased from 1.23 nin to 1.82 nm regardless of molecular weight and preparation 

method. TEM imaging confirms the formation of nanocomposites revealing both 

intercalated and exfoliated regions. The maximum uptake of PEG 15 00 by clay with 

5h treatment time, a period that is normally used for making nanocomposites but 

insufficient to achieve equilibrium, was 19 wt. %. The uptake followed an L-type 

curve. In melt processing, PEG with higher molecular weight sustained greater 

loadings of clay, namely 57 wt. %, 63 wt. % and 64 wt. % clay for PEG1500,20000, 

and 10000 respectively. These data can be used for the determination of 

nanocomposite formulations and the calculation of effective volume fractions. The 
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clay containing higher molecular weight PEG was more stable in water. 

4.3 Decomposition of poly(ethylene glycol) in nanocomposites 

With the conditions that are often used for nanocomposite preparation, 
decomposition of PEG occurred to the same extent in the presence or absence of 

clay. The degradation rate increased with molecular weight probably due to the 

different polymerisation methods and caused more acidity in the PEG solution with 

greater MWt. A non-swelling clay, kaolinite, was selected to avoid the confounding 
factor of differential molecular weight segregation into the galleries. 

The experiments presented highlight the difficulties in research on PEG-based 

nanocomposites because of the decomposition problem, which could lead to 

ambiguous assessments of composite properties but would not affect dool, the usual 
indicator of composite formation. Experiments should be carefully designed to 

prevent polymer degradation even at temperatures below 100 'C. 

4.4 Preferential intercalation of high molecular weight polymer in 

clay 

A smectite clay presented with a polymer solution in a good solvent containing 
different molecular weight fractions of an intercalating polymer, poly(ethylene 

glycol), preferentially absorbs the high molecular weight fractions. This preference 
helps to explain the considerable reinforcement of intercalated clay particles in a 

polymer, focuses on the importance of the tie-chain network and raises questions 

about the effect of lower molecular weights excluded which may provide lower 

toughness if not removed. The montmorillonite heat-treated at 800 OC did not 

expand but only adsorbed polymer on its outer surfaces, thus providing an 
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experimental control that allowed adsorption and absorption to be distinguished. 

Sodium-saturated montmorillonite also prefers to intercalate the high molecular 

weight fractions. 

4.5 Thermodynamic driving force for polymer intercalation in 

smectite clays 

Dehydrated smectite clays with collapsed layers were hosts to intercalated 

poly(ethylene glycol), taking up polymer from the melt in I ks or from aqueous 
solution in 5h and re-establishing the basal plane spacing to that for intercalation 
in untreated clay (1.8 nm). These findings are contrary to the prevailing view that 
the intercalation of a polymer in smectite clay is driven by the entropic increase 

that results from displacement of adsorbed water. DSC showed that the 
intercalation of PEG into montmorillonite is exothermic with AHj = -153 1 g7l and 
the heat of wetting for the internal surfaces of montmorillonite by PEG is -0.08 J 

M, 2 for intercalation from the melt assuming the surfaces are filled. These results 
confirm the observation of re-e xpansion of the clays heat-treated at 600 *C and 700 
'C. Thus for the heat-treated clays where there is no entropic, change due to water, 
the enthalpy change plays the decisive r6le as thermodynamic driving force for 

intercalation. For the intercalation of PEG into as-received clay during melting, the 

enthalpy change (-49 J g") makes a comparable contribution as entropy change 
(-45 J g") to the free energy change. The results establish these values for melt 
intercalation and imply that they are similar for solution methods. 

4.6 Poly [oligo(ethylene glycol) acrylatel-clay nanocomposites 

Thermosetting POEGDA-sodium. montmorillonite nanocomposites with a range of 
ýIay volume fractions were prepared by in situ polymerisation. XRD and TEM 
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analysis confirmed the formation of intercalated nanocomposites. The presence of 

clay substantially increased both the Young's modulus and shear modulus of the 

polymer. The increase in modulus without sacrificing optical clarity provides 

opportunities for these nanocomposites with small amounts of clay in applications 

such as coatings. When the nominal clay volume fraction was increased to 0.26, 

cracks appeared in the nanocomposite and decreased the elastic moduli, possibly as 

a result of excalated water indicating an upper limit to clay addition for this 

preparation method. 

The presence of initiator during nanocomposite preparation speeded up the in situ 

polymerisation but inhibited the occurrence of exfoliation. The type of cations in 

clay galleries also affected nanocomposite structure. The capability of the 

montmorillonite to be intercalated with POEGDA follows a sequence: KMMT > 
NaMMT > CsMMT. The presence of 1.7 vol. % potassium montmorillonite 

produced a nearly fully exfoliated nanocomposite, in comparison to intercalated 

nanocomposites for sodium montmorillonite. OEGDA cannot be intercalated into 
kaolinite, suggesting that kaolinite can only form conventional composites with 
POEGDA. 

Attempts to make thermoplastic POEG acrylate-clay nanocomposites were 

unsuccessful mainly due to the impurity of the commercial monomer. The 

polymers prepared from various OEG acrylates were found to be thermosetting. 

Thus a comparison between thermosetting diacrylate nanocomposites and 
thermoplastic acrylate, nanocomposites was not possible. 

4.7 Calculation of true volume fractions of clay in nanocomposites 

The reinforcement for various types of nanocomposite, namely idealised 

intercalated nanocomposites, intercalated nanocomposites, exfoliated 

nanocomposites and intercalated-exfoliated nanocomposites, was discussed. 
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Systematic equations were presented for calculations of the effective volume 

fractions of the reinforcement in these nanocomposites. 

For intercalated nanocomposites, the volume fraction of the true reinforcement 
filler is significantly greater than the volume fraction of the clay particles. The 

elastic modulus of the reinforcement filler is also increased because the 

intercalating polymer has replaced the interlayer water which largely decreases the 

stiffness of the clay platelets. Similarly for exfoliated nanocomposites, clay 

platelets with high elastic modulus act as the reinforcement rather than the bulk 

clay particles. Also the polymer layer adsorbed on the platelet surfaces is 

considerably large due to the large surface area, which increases the effective 
volume fraction of the reinforcement. These explain the remarkable property 

enhancement in polymer-clay nanocomposites but meanwhile pointed out that the 

nanocomposites can actually be treated as a sub-set of conventional composites 

provided that the reinforcement is found correctly and the effective volume 
fractions are properly calculated. 

Various well-established models regarding elastic modulus-volume fraction 

relationships for composites were checked with the experimental data of 
POEGDA-clay nanocomposites. Except for the original Halpin-Tsai equations, all 

the other models, namely Christensen's equations, the Mori-Tanaka theory based 

Tandon-Weng method and Benveniste's method, the average Halshin-Shtrikman 

bounds, the H-S-Lielens method and the Halpin-Tsai-van Es method, fit the 

experimental data reasonably well, and the Christensen and H-S-Lielens methods 

are the preferred ones as they can be used in general cases. 

4.8 Poly(c-caprolactone)-clay nanocomposites 

PCL-clay composites with three types of montmorillonite and clay loadings 

ranging from 1.7 wt. % to 59 wt. % were prepared by melt-processing. The natural 
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montmorillonite only formed conventional composites with PCL as evidenced by 

XRD and TEM. Both ammonium-treated montmorillonite formed nanocomposites 
but with different microstructures. dool of NH4MMTI increased from 3.1 mn 

consistently to 3.5 nrn regardless of clay loadings and it formed a relatively ordered 
intercalated structure even at a low clay loading (2 wt. %). In contrast, dool of 
NH4MMT2 increased from 2.0 mn to 3.6 nm when the clay loading was lower than 

approximately 37 wt. % and to 2.8 nm when the loading was greater than 37 wt. %. 

Also at a low clay loading, part of the clay platelets tended to exfoliate. NMR 

spectra suggest that the interaction between the clay and PCL was greater in the 

nanocomposites than that in the conventional composites and the low clay loading 

provided a greater interaction in the nanocomposites. 

DSC results show that the crystallinity of PCL was increased when the organoclay 
loading was low and it was decreased with higher clay loadings. These are the 

results of the balancing between the nucleating effects which increase the 

crystallinity, and the intercalation effect which causes part of the polymer to lose its 

crystallinity. NH4MMT2 led to a greater crystallinity in PCL than NH4MMTI 

which is coincident with its greater exfoliation degree. The crystallinity of PCL in 

the conventional composites was not changed by the presence of natural 
montmorillonite. 

The presence of clay in PCL increased the longitudinal modulus, tensile strength, 
tensile modulus, flexural yield strength, flexural modulus, compressive yield 

strength and compressive modulus as well as elongation at break. When the clay 
loading was typically lower than 30 wt. %, the PCL-clay composites were ductile 

and experienced yielding during mechanical testing. Generally the nanocomposites 
had a higher strength or modulus than the conventional composites with similar 

clay loadings for in the latter case, clay exists as bulk clay particles as observed by 

SEM. Also at low clay loadings (< 30 wt. %), NH4MMT2 provided more effective 

property enhancement than NH4MMTI and this was opposite when the loading 

was higher, which results from the different micro structures. 
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The results of elastic modulus were interpreted using the true volume fractions of 

reinforcements and Christensen's equations, the Hashin-Shtrikman bounds and the 

Halpin-Tsai-van Es method. All the experimental data fall between the H-S bounds. 

The predictive curve based on H-S-Lielen method fits the Young's moduli for 

PCL-clay conventional composites very well. The average H-S bound and 

Halpin-Tsai-van Es model agree with the Young's moduli of PCL-NH4MMT1 

nanocomposites quite well, with Christensen's equations slightly over-estimating 

and the H-S-Lielens method slightly under-estimating the results. The Young's 

modulus and longitudinal modulus of PCL-NH4MMT2 nanocomposites at low clay 
loadings are much higher than the predictive curves based on the H-S-Lielens 

method, which suggests that the nanocomposite with more exfoliation has higher 

elastic moduli than the one mainly intercalated. 

4.9 Thermoplastic starch-clay nanocomoposites 

TPS-clay composites with various types of clay and clay loadings were prepared by 

melt-processing. The natural smectite clays, namely montmorillonite and hectorite, 
formed nanocomposites with TPS as characterised by XRD which showed wide 
001 peaks and large dool for the intercalated clay. The same dool of kaolinite 

suggests that kaolinite formed conventional composites with TPS. TEM showed 
the nanocomposites are partially exfoliated and there are 

'agglomerates 
in 

TPS-treated hectorite composites. NMR suggests that the interaction between TPS 

and montmorillonite increases with increasing clay content, which could be 

explained by the fact that the clay exfoliates in the starch without glycerol. The 

presence of clay increased the elastic modulus of TPS. The modulus of the 

TPS-treated hectorite composites was very similar to that of TPS-kaolinite 

composites with similar clay loadings, indicating that the TPS-hectorite composites 

behave more as conventional composites which is in agreement with TEM 

observations. Within the measurement range, montmorillonite provided a greater 

improvement in the modulus than untreated hectorite but this could change if the 
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clay loading was higher because the smaller aspect ratio of hectorite can provide a 

larger interfacial surface area. It was observed that TPS with and without natural 

clay experienced cracking problems during storage, which are due to 

re-crystallisation of TPS as evidenced by XRD. TPS-treated hectorite did not have 

the cracking problem. 

4.10 Quantitative analysis of clay dispersion 

Solid state NMR and XRD with an internal standard were assessed in order to 

obtain a quantitative discrimination of intercalation and exfoliation. The NMR 

results show that the semi-empirical equation for determining the clay dispersion in 

polystyrene-clay nanocomposites in the literature could not be applied into the 

TPS-clay nanocomposites and special caution must be taken when selecting the 

fully exfoliated nanocomposites as the reference sample for calculating the fraction 

of exfoliation. 

XRD with silicon as the internal standard was initially established for the 

calculation of the degree of intercalation and/or exfoliation. Compared to TEM and 

NMR, this method is more convenient, inexpensive and more reliable. The 

limitations of this method are that the nanocomposites should be capable of being 

ground into fine powders and the 001 peak of the intercalated clay must not start at 

a 20 below 2 '. 
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5. SUGGESTIONS FOR FUTURE WORK 

Polymer-clay nanocomposites are an exploding area in which there has been 

extensive work appearing in the literature in the last few years. Unfortunately most 

of them lack full understanding and contradict each other. It might be advisable that 

researchers should pay more attention to addressing the fundamental issues in this 
field. In this way, the understanding of interaction between clay and polymer could 
be more comprehensive, the property enhancement of polymer by clay could be 

explained in a more reasonable way and the multiplicity of current hypotheses for 

deducing results could be reduced. This perhaps would slow down the exploration 

of nanocomposites at the beginning but would provide a good opportunity of 

speeding up the applications of nanocomposites in the long term. 

Since conventional composites have been developed for a much longer period, 
most aspects are understood very well. If more methods or theory for investigating 

and understanding conventional composites can be referred to the field of 

nanocomposites, those results that are currently considered as 'magie might be 

explained and hence to tailor a nanocomposite will not be so difficult. 

The following are some suggestions for future work: 

The preferential intercalation of polymer into clay could be extended to investigate 

the effect of end group on the intercalation. Polymers with the same backbone but 

different end groups could be used for competitive intercalation into clay galleries. 
Also natural montmorillonite could be extended to organoclays. By doing so, the 

interaction between polymer and clay of different natures may be understood in a 
better way. 

The effects of bridging molecules and crystallinity on the properties of 

nanocomposites could be explored. For the former, an amorphous polymer with 

299 



Suggestions for futum work 

different molecular weights such as atactic polystyrene could be used as the matrix. 
For the latter, a semi-crystalline polymer, such as syndiotactic polymer, with 
different crystallinities can be used. 

Simulations could be introduced to investigate the kinetic process of the 

intercalation of polymer into clay galleries and the exfoliation of clay in polymer 

matrix in order to fully understand the thermodynamic driving force for the 
formation of polymer-clay nanocomposites. They could also be introduced to 

calculate the accurate volume of the intercalated polymer and the polymer adsorbed 

on the external surfaces. Synchronous techniques such as synchronous XRD with 
heating could be introduced to investigate the intercalation and/or exfoliation 

process. 

Poly(c-caprolactone)-clay nanocomposites and thermoplastic starch-clay 

nanocomposite could be ftirther explored for biomedical or biodegradable 

packaging applications on the basis of the significant improvement in mechanical 
properties. Biodegradable polymer blends could also be used. A plasticiser 
containing ammonium groups could be used to make native starch thermoplastic in 

order to replace glycerol. This kind of plasticiser is also expected to play a role as a 
compatibiliser between the thermoplastic starch and the ammonium-treated clay. In 

this way a transparent nanocomposite with high stifffiess and low gas permeation 

could be produced, which may meet the requirements of biodegradable packaging 

materials. 
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Appendix 

APPENDIX I- CALCULATION OF RADIUS OF GYRATION 

The calculation of radius of gyration for polymer molecules is based on the method 

described in standard texts [e. g. Tanford 1961]. 

Taking poly(ethylene glycol) as examples: 

Let the degree of polymerisation be DP, then the structure of PEG is as follows: 

H-O-(CH2-CH2-O)DP-H 

The total bond length of PEG is: 

1= 2x lo-H+DPx (k, + 2x Ic-o) 

where lo-H = 0.096 nm, k-c= 0.154 ran and Ico= 0.142 nm. 

The number of bonds is: n= 3DP +1 

So the average bond length is: I'V= I 

n 

91, Square of end-to-end distance is: h' = n., 8' = n. (3.1, )' = 
n 

Where 6' is a constant characteristic of the nature of the polymer. Typical 

synthetic organic polymers are found to have 
jg;:: ý31,,. 

The radius of gyration of polymer in the ideal situation where there is no physical 
interference is: 

F33 
6= 

FT,, 
T(-3D +2)* 

Let the molecular weight of PEG be M, then: 

DP- 
M-18 

44 
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For PEG3 00, M=3 00, therefore DP = 6.4 

1= 2x0.096 + 6.4 x (0.154 + 2x0.142) = 2.995 mn 

Rg = 0.8 nm. 

For PEG20000, M=20,000, therefore DP = 454 

1= 199 nm 
Rg = 6.6 mn 

For PE0100000 which have end groups of ethylene oxide rather than OH, its 

molecular weight is high enough to neglect the difference between the end groups 

and repeating unit, thus: 

DP = 100000/44 = 2273 

1= (0.154 + 0.142x2) x DP = 996 mn 

n= 3DP-1 = 6818 

So Rg = 14.8 mn 
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APPENDIX 11 - CALCULATION OF ELASTIC MODULI FROM 

TANDON-NýTNG METHOD 

The equations for the calculations of elastic moduli are shown in Section 3.8. This 

appendix shows the equations for determining those unknown parameters in 

equations (58) - (61) [Tandon and Weng 19841. 

AI=D, (B4+B5)-2B2. 

Af--(I+Dj)B2-(B4+B5), 

A3=BI-DIB3. 

A4=(l+D, )BI-2B3. 

A5=(l-Dl)/(B4-B5), 

A=2B2B3-BI(B4+B5) 

Bl=c, D, +D2+C2(DISIIII+2S2211), 

B2--'--CI+D3+C2(D, SI 122+S2222+S2233)) 

I33=4 cl+D3+C2[Slill+(I+DI)S22111, 

B4=CIDI+D2+C2(SI122+DIS2222+S2233). 

B5=c, +D3+C2(SI122+S2222+ DIS2233)- 

I= I +2(GI -G2)/(XI -NA 

D2=(X2+2G2)/(xl-x2)i 

D3ýX2/(XI -X2). 

Eshelby's tensors are given by: 

SIM (1-2U2 + -[l- 
2V2 + 

3a 2 
_I 

2(1-V2) 
a2 _I 
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3a29 S3333 =2-2 S2222 
80 

- V2)a'-l 4(1-v, ) 
[1 - 2v 

4(a _1)19' 

1a23 S3322 S2233 =- {7, 
-2.,, [1 - 

2V2 
2 1g, 

4(l-V2) 2(a 1) 4(a 1) 

-IaI-3- 
(1-2V2)19 

31 
S2211 S3311 

2(1- V2) (a 2 
_1) 4(1- V2)[Caý-I) 

2 
Sl 

122 = sl 
133 [1 - 2v, + a-, + 

1 [1-2V2 +3 1g, 77 2(1- V2) Ta '1") 2 (1- V2) 2(a2 -1) 

S1213 = S1313 
1- 

(I 
- 2V2 - (a2 -1 [1-2V2 +3 1g) TO 

- V2 )- 1) 2 2(a 2 
_1) 

where g-a 2)3/2 [1-cos-'a-a(l-a')"2] and a= w/h. (1-a 
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