
CHAPTER II 
LITERATURE REVIEW

Polymer/layered inorganic nanocomposites (PLNs) generally refer to a 
particle-filled material where nanoparticles have at least one dimension in the 
nanometer range. These fillers usually exist in the form of sheets of one to a few 
(1-3) nanometres thick, and hundreds and even several thousand nanometres long, 
thus with very high aspect ratios. Layered inorganic materials can be considered as 
active fillers able to swell the interlayer spaces (under specific conditions) and to 
modify their structure from microsized particles to nanodispersed particles owing to 
the intercalation/exfoliation processes by polymer chains (supported by using an 
intercalating agent). The characteristic properties of nanocomposites thus formed are 
generally reported as remarkably improved when compared to those of pristine 
polymers or traditionally microfilled composites. Improvements include higher 
modulus, increased strength and heat resistance and decreased gas permeability and 
flammability, all properties significantly depending on the degree of nanodispersion 
of layered inorganic substrates modulated by tuning the interfacial interaction with 
the polymer matrix. The use of these particular fillers overcomes the limited 
commercial availability of anisotropic nanofillers and the potential health hazards 
related to their handling and inhalation. A wide range of natural and synthetic 
inorganic fillers can be used and are susceptible to intercalation by macromolecules 
(Alexandre and Dubois, 2000) among them layered silicates are really the most 
employed (particularly with polyolefin matrices) due probably to their availability 
(as natural clay) and ease of surface treatment, and they have been studied for a long 
time (Okawa and Kuroda, 1997) and recently reviewed (Paul et al. 2005). Other 
interesting inorganic layered materials are layered double hydroxides, often synthetic 
substrates characterized by similar shape and structure to natural clay that have more 
recently appeared in the field of polymer nanocomposites (Constantino and 
Pinnavaia, 1995).
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2.1 Layered Silicates Based Nanocomposites

2.1.1 Background
The generic term layered silicates can be referred not only to natural 

clays but also to synthesized layered silicates such as magadiite, mica, laponite 
(Munzy e t al. 1996), and fluorohectorite (Lan and Pinnavaia, 1996). Both natural 
clays and synthetic layered silicates have been successfully used in the synthesis of 
polymer nanocomposites. In this present study, we focus on the use of natural clay 
from the smectite family: montmorillonite. Because of its suitable layer charge 
density and disc-like structure with a very high aspect ratio that can serves as an 
effective reinforcing material, montmorillonite is nowadays the most widely used 
clay as nanofiller. Montmorillonite is a common clay mineral with numerous .'world­
wide localities. It has, in most cases, been formed by the weathering of eruptive rock 
material, usually tuffs and volcanic ash, known as bentonite (Deer and Howie,-1962). 
Depending on their genesis, bentonite may contain a variety of accessory minerals 
such as crystobalite, zeolites, biotite quartz, feldspar, calcite, gypsum and other metal 
oxides found in volcanic rocks. The presence of these minerals influences the grade 
and some properties. Therefore, a purification (Earley e t a l. 1953) of the clay is 
required prior to nanocomposite synthesis.

2.1.2 Structure and Characteristics of Layered Silicates
The silicate clays commonly used in nanocomposites belong to the 

structural family known as the 2:1 phyllosilicates. Their crystal lattice, proposed by 
Hoffmann et al. (1933), consists of two-dimensional layers where a central 
octahedral sheet of alumina or magnesia is fused to two external silica tetrahedron 
(the oxygen from the octahedral sheet also belong to the silica tetrahedral). The layer 
thickness is around 1 nm and the lateral dimensions of these layers may vary from 
300 Â to several microns or larger depending on the particular clay, the source of the 
clay and the method of preparation. Therefore, the aspect ratio of these layers (ratio 
length/thickness) is particularly high, with values greater than 1000 (Alexandre and 
Dubois, 2000). These layers stack with a regular van der Walls gap in between them 
called the interlayer or the gallery. Isomorphic substitution within the layers (for
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example, Al3+ replaced by Mg2+ or by Fe2+ in montmorillonite, or Mg2+ replaced by 
Li+ in hectorite) generates negative charges that are counterbalanced by alkali or 
alkaline earth cations (such as Na+, Li+, Ca2+) situated in the interlayer. As the forces 
that hold the stacks together are relatively weak, the intercalation of small molecules 
between the layers is easy.

Montmorillonite, hectorite and saponite are the most commonly used 
silicate clays. Their structures are given in Figure 2.1 and their chemical formulas are 
shown in Table 2.1. This type of clay is characterized by a moderate negative surface 
charge (known as the cation exchange capacity, CEC and expressed in meq/100 g). 
The charge of the layer is not locally constant as it varies from layer to layer and 
must rather be considered as an average value over the whole crystal. Proportionally, 
even if a small part of the charge balancing cations is located on the external 
crystallite surface, the majority of these exchangeable cations are located inside the 
galleries. When the hydrated cations are ion-exchanged with organic cations such as 
more bulky alkylammoniums, it usually results in a larger interlayer spacing.

Tetrahedral

A ----- Octahedral

Figure 2.1 Structure of 2:1 phyllosilicates (Hoffmann e t a l. 1933).
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Table 2.1 Chemical formula and characteristic parameter of commonly used 2:1 
phyllosilicates (Alexandre and Dubois, 2000)

2:1  p h y l l o s i l i c a t e s C h e m ic a l  fo r m u la CEC
( m e q u i v /1 0 0  g )

P a r t ic le  le n g th  
(n m )

M o n t m o r i l lo n i t e Mx(Al4.xMgx)Si802o(OH)4 1 1 0 .0 100-150
H e c t o r i t e M x( M g6 .xL ix) S i 8O 20(O H )4 1 2 0 .0 200-300
S a p o n i t e M xM g 6 (S i8 -xA l x) S i 80 2 o (O H )4 86.6 50-60

M: monovalent cation; x: degree of isomorphous substitution (between 0.5 and 1.3)

The sum of the single layer thickness (9.6 Â) and the interlayer 
represents the repeat unit of the multilayer material, so called ^-spacing or basal 
spacing, and is calculated from the (001) harmonics obtained from X-ray diffraction 
patterns. The d-spacing between the silica-alumina-silica units for a Na- 
ทาontmorillonite varies from 9.6 Â (for the clay, in the collapsed state) to 20 Â when 
the clay is dispersed in water solution (Mering, 1946).

The crystallographic structure of montmorillonite can be characterized 
by X-ray diffraction (XRD) as shown in Figure 3. The XRD patterns of clay show 
basically two categories of information on the crystallographic structure (Brindley 
and Brown, 1980). One class consists of the basal (001) reflections which depend on 
the nature of the interlayer cations, the state of hydration of the mineral such as the 
thickness and regularity of the water layers between the silica sheets - and the 
presence of other intercalated molecules, i.e. ammonium salts. The second class 
consists of the two-dimensional hk diffraction bands which are characteristic of the 
structure of the smectite layers themselves and are independent from the basal 
spacing. These hk diffraction bands are the same in all smectites. They are not very 
useful in structural determination because of the nature of the diffraction process and 
the fact that each observed band is the summation of several hk index pairs.
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Figure 2.2 X-ray diffraction pattern of Na-montmorillonite showing the (001) basal 
reflections (in bold) and the (hkO) diffraction bands. In some cases, both reflections 
are overlapping (Brown, 1972).

2.1.3 Organic Modification of Layered Silicates
As the hydrophilic of layered silicates are generally compatible only 

with polymers containing hydrophilic parts, such as polyethylene oxide) (PEO), or 
poly(vinyl alcohol) (PVA). To render these clays more miscible with other polymer 
matrices like polyolefins, the hydrophilic surfaces of silicate clays have to be 
modified to an organophilic one (Kommann e t a l. 2001). This challenge can be 
achieved by exchange the cations of the interlayer (such as Na+, Li+, Ca2+) with 
cationic surfactants including primary, secondary, tertiary and quaternary 
alkylammonium or alkylphosphonium cations (onium) (Figure 2.3). These 
surfactants are not only lower the surface energy of the silicate clays but improve 
also the wetting characteristics of polymer matrix (Giannelis, 1996). Moreover, the 
long organic chains of such surfactants, with positively charged ends, are tethered to 
the negatively charged surface of silicate layers, resulting in an increase of the basal 
spacing which is suitable for the intercalation of the polymer molecules (Giannelis, 
1996 and Usuki, 1997).



10

alkylammonium ions clay organophilic clay

Figure 2.3 Schematic represents the cation-exchange process between 
alkylammonium ions and cations (i.e. Na+, Li+, Ca2+) situated in the intercalated 
between the silicate layers.

It is evidence that the structure of cationic surfactants has a strong 
influence on basal spacing and the nanocomposite structures. For example, Usuki e t 
a l. (1993) showed that swelling of montmorillonite modified with co-amino acids by 
£-caprolactam increased significantly when the carbon number of the amino acid was 
greater than 8 as shown in Figure 2.4 (A). This ultimately led to the selection of the 
proper amino acid needed to form the exfoliated nanocomposite. Lan e t al. (1995) 
also found that alkylammonium ions with shorter chains lead to the formation of 
intercalated nanocomposites whereas alkylammonium ions with chain length larger 
than eight carbon atoms result to the formation of exfoliated in epoxy 
nanocomposites. Reichert e t a l. (2000) investigated also how the length of the alkyl 
group on the amine used to modify sodium fluoromica and addition of maleated 
polypropylene (PP-g-MA) affected the morphology and mechanical properties of pp 
nanocomposites prepared by melt processing. A suitable alkyl length of 12 carbons 
or more was found necessary for promoting exfoliation in conjunction with PP-g- 
MA. Increasing the anhydride functionality of PP-g-MA also promoted exfoliation.

Moreover, Fomes e t a l. (2002) found from a comparison of different 
types of inorganic silicates that clays having higher CEC lead to more efficient 
exfoliation of the silicate platelets as shown in Figure 2.4 (B). For the case of 
quaternary ammonium salt modified MMT, Wang e t al. (2001) prepared the 
organoclays with different alkylammonium chain lengths and also used the 
organophilic clay, Cloisite 20A, which has two long alkyl chains. They found that



the interlayer spacing increases with the increase in size of alkylamine chain length. 
The interlayer spacings of C12M, C l6 M, C18M (with 12, 16 and 18 carbon atoms 
in the alkylammonium chain) and 20A were 1.36, 1.79, 1.85 and 2.47 nm, 
respectively. In summary, both the physical and chemical properties of the layered 
silicate are important factors that affect the morphology and properties of 
nanocomposites.

Figure 2.4 (A) X-ray diffraction patterns of Na-MMT as the length of the 
alkylammonium chain increases (Usuki et al. 1993), (B) TEM images of injection 
molded HMW nylon 6 nanocomposites as different silicate clays; (a) (HE)2M]Ri- 
WY (higher CEC) and (b) (HE)2M iRi-YM (lower CEC) (Fomes e t a l. 2002).

Depending on the charge density of layered silicate and alkyl chain 
length of the cationic surfactants, the alkyl chains may organize in different ways 
between the silicate layers: monolayers, bilayers, pseudo-trilayers, and paraffin-type 
structure. In general, at lower charge densities, the surfactant packs in monolayers 
and, as the charge density increases, the surfactant can arrange either bilayers or
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trilayers as shown in Figure 2.5 (Lagaly, 1986). Moreover, it was found that at very 
high CECs (>120 meq/100 g) and long chain surfactants (>15 carbons), the paraffin- 
type structure usually obtain. This is due to the fact that positively charged heads of 
the alkylammonium molecules preferentially adopt close to the surface of layered 
silicate, while the organic tails tend to fill at the middle.

5
Monolayer Bilayer

Figure 2.5 Schematic of the orientations of alkylammonium ions in the galleries of 
layered silicates with different layer charge densities (Lagaly, 1986).

2.1.4 Structure of Polymer Layered Silicate Nanocomposites
In general, the dispersion of silicate particles in a polymer matrix can 

result in the formation of three different types of polymer/layered silicate 
nanocomposites as shown in Figure 2.6 (Alexandre and Dubois, 2000). C o n v e n tio n a l  
c o m p o s ite s  contain clay tactoids with the layers aggregated in the unintercalated 
face-face form. The clay tactiods are simply dispersed as a segregated phase. 
In te rc a la te d  n a n o c o m p o s ite s  are formed when polymer chains reside between the 
host silicate layers with more or less fixed interlayer distances, generally less than 
2-3 nm separation between the layers (Alexandre, 2000; Chin, 2001; Kim, 2001). 
Intercalation results in a well-ordered multilayered structure and the properties 
usually resemble those of the host layers. E x fo lia te d  n a n o c o m p o s ite s  are formed 
when silicate layers are delaminated and dispersed in the polymer matrix. In this 
case, the polymer expands the clay layers to 8-10 nm or more (Alexandre, 2000;
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C h in , 2 0 0 1 ;  K im , 2 0 0 1 ) .  T h e  e x f o l ia t e d  s ta te  i s  o f  p a r t ic u la r  in te r e s t  d u e  t o  it  

m a x im i z e s  th e  p o l y m e r - c l a y  in t e r a c t io n s  p r o v id in g  th e  e n t ir e  s u r f a c e  o f  th e  la y e r s  

a v a i la b le  fo r  th e  p o ly m e r .  T h is  l e a d s  t o  th e  s ig n i f i c a n t  c h a n g e s  in  th e  m e c h a n ic a l  a n d  

o th e r  p e r f o r m a n c e  p r o p e r t ie s  ( D e n i s  et al. 2 0 0 1 ) .  B e s i d e s  t h e s e  t w o  w e l l  d e f in e d  

s tr u c tu r e s ,  o th e r  in t e r m e d ia t e  o r g a n iz a t io n s  c a n  e x i s t  p r e s e n t in g  b o t h  in t e r c a la t io n  

a n d  e x f o l ia t i o n  ( G ia n n e l i s ,  1 9 9 8 ;  A le x a n d r e ,  2 0 0 0 ;  C h in ,  2 0 0 1 ) .

Conventional
Composite

Intercalated
Nanocom posite

Exfoliated
Nanocom posite

Figure 2.6 S c h e m a t ic  o f  d i f f e r e n t  t y p e s  o f  c o m p o s i t e  a r is in g  f r o m  th e  in t e r a c t io n  o f  

la y e r e d  s i l i c a t e s  a n d  p o ly m e r s :  C o n v e n t io n a l  c o m p o s i t e ,  I n te r c a la te d  n a n o c o m p o s i t e  

a n d  E x f o l ia t e d  n a n o c o m p o s i t e  ( A le x a n d r e  a n d  D u b o i s ,  2 0 0 0 ) .
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2 .1 .5  C h a r a c t e r iz a t io n  o f  P o ly m e r  L a y e r e d  S i l i c a t e  N a n o c o m p o s i t e s
I d e n t i f ic a t io n  o f  th e  s i l i c a t e  m o r p h o lo g y  w i t h in  a  P L S N s  c a n  b e  

a c c o m p l i s h e d  u s i n g  a  n u m b e r  o f  a n a ly t ic a l  t e c h n iq u e s .  T h e  m o s t  c o m m o n  a n a ly s i s  

t e c h n iq u e  i s  w i d e  a n g le  X - r a y  d i f f r a c t io n  ( W A X D ) .  G a l le r y  s p a c in g  v a lu e s  o f  th e  

la y e r e d  s i l i c a t e s  c a n  b e  d e t e r m in e d  f r o m  d i f f r a c t io n  p e a k s  a n d  e v i d e n c e  o f  s i l i c a t e  

e x f o l ia t i o n  c a n  b e  c h a r a c t e r iz e d  fr o m  p e a k  in t e n s i t i e s .  In  a d d it io n  t o  W A X D ,  a n  

o p t ic a l  im a g e  o f  th e  s i l i c a t e  m o r p h o lo g y  c a n  b e  p r o d u c e d  u s i n g  t r a n s m is s io n  e le c t r o n  

m i c r o s c o p y  ( T E M ) .  M o r e o v e r ,  m u l t ip le  s t u d ie s  o n  th e  r h e o lo g i c a l  p r o p e r t ie s  o f  

P L S N s  h a v e  a t t e m p te d  to  f in d  q u a l i t a t iv e  r e la t io n s h ip s  b e t w e e n  s i l i c a t e  m o r p h o lo g y  

a n d  r h e o lo g y  w i t h  l im i t e d  s u c c e s s .
2.1.5.1 Wide Angle X-ray Diffraction (W AXD)

X - r a y  d i f f r a c t io n  is  a  p o w e r f u l  t o o l  fo r  i d e n t i f y in g  c r y s t a l l in e  

s tr u c tu r e s  o n  th e  n a n o s c a le .  W A X D  i n v o l v e s  th e  u s e  o f  X - r a y  d i f f r a c t io n  a t l o w  

a n g le s  b e t w e e n  1 a n d  1 0  d e g r e e s  w h e r e  r e f l e c t io n s  a r e  th e  r e s u lt  o f  c r y s t a l l in e  

s tr u c tu r e s  h a v in g  le n g t h  d i m e n s io n  o n  th e  o r d e r  o f  t e n s  o f  n a n o m e t e r .  T h i s  t e c h n iq u e  

a l l o w s  th e  d e t e r m in a t io n  o f  th e  la y e r  s p a c in g  o f  s i l i c a t e  a c c o r d in g  to  B r a g g  e q u a t io n :  

2dsm 6~  nA., w h e r e  d  i s  t h e  a v e r a g e  b a s a l  s p a c in g  o f  t h e  s i l i c a t e  t a c t o i d s ,  6  i s  o n e  

h a l f  o f  th e  26 l o c a t io n  o f  t h e  ( 0 0 1 )  d i f f r a c t io n  p e a k ,  ท i s  t h e  w a v e  n u m b e r  n o r m a l ly  

ta k e n  to  b e  1 a n d  X i s  th e  w a v e  le n g t h  o f  t h e  X - r a y  r a d ia t io n  u s e d  in  t h e  d i f f r a c t io n  

e x p e r im e n t  ( A le x a n d r e  a n d  D u b o i s ,  2 0 0 0 ) .  B y  m o n i t o r in g  t h e  p o s i t i o n ,  s h a p e  a n d  

in t e n s i t y  o f  t h e  ( 0 0 1 )  b a s a l  d i f f r a c t io n  f r o m  th e  d is t r ib u t e d  s i l i c a t e  la y e r s ,  th e  

n a n o c o m p o s i t e  s tr u c tu r e  c a n  b e  id e n t i f i e d  ( R a y  a n d  O k a m o t o ,  2 0 0 3 ) .  F o r  

c o n v e n t io n a l  c o m p o s i t e s  d u e  t o  th e  s tr u c tu r e  o f  la y e r e d  s i l i c a t e  i s  n o t  c h a n g e d  s o  th a t  

th e  b a s a l  d i f f r a c t io n  d o  n o t  c h a n g e .  H o w e v e r ,  fo r  in te r c a la te d  n a n o c o m p o s i t e s  d u e  to  

th e  c h a n g e  o f  la y e r e d  s tr u c tu r e  b y  th e  in t e r c a la t io n  o f  p o ly m e r  m o l e c u l e s ,  t h e  ( 0 0 1 )  

d if f r a c t io n  p e a k  s h i f t s  to w a r d  lo w e r  a n g le  a n d  th u s  in c r e a s in g  o f  b a s a l  s p a c in g .  In  

s u c h  in te r c a la te d  n a n o c o m p o s i t e s ,  th e  r e p e t i t iv e  m u l t i la y e r  s t r u c tu r e  i s  w e l l  

p r e s e r v e d ,  a l l o w i n g  th e  in te r la y e r  s p a c in g  c a n  b e  o b s e r v e d .  In c o n t r a s t ,  fo r  e x f o l ia t e d  

n a n o c o m p o s i t e s ,  n o  ( 0 0 1 )  d i f f r a c t io n  p e a k s  a re  s e e n  in  th e  W A X D  p a t t e r n s  b e c a u s e  

o f  a  m u c h  t o o  la r g e  s p a c in g  b e t w e e n  th e  la y e r s  ( i . e .  e x c e e d i n g  8  n m  in  th e  c a s e  o f
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o r d e r e d  e x f o l ia t e d  s t a t e )  o r  th e  l o s s  o r d e r in g  s tr u c tu r e  o f  la y e r e d  s i l i c a t e  ( V a ia  1 9 9 7 ;  

A le x a n d r e  2 0 0 0 ;  B e y e r ,  2 0 0 2 ) .
2.1.5.2 Transmission Electron M icroscopy (TEM )

T E M  im a g e s  c a n  b e  u s e d  to  c o n f ir m  r e s u l t s  o b t a in e d  f r o m  

W A X D . T h e  p r im a r y  a d v a n t a g e  o f  T E M  o v e r  W A X D  is  t h e  a b i l i t y  t o  c o n f ir m  th e  

p r e s e n c e  o f  e x f o l i a t i o n  in  a  P L S N  s a m p le s .  W A X D  c a n  b e  s t r o n g ly  a f f e c t e d  b y  

p a r t ic le  s i z e ,  s a m p le  p r e p a r a t io n , s i l i c a t e  c o n c e n t r a t io n  a n d  s a m p le  o r ie n t a t io n .  
W A X D  c u r v e s  in d ic a t in g  e x f o l ia t i o n  c a n  b e  th e  r e s u lt  o f  l o w  s i l i c a t e  c o n c e n t r a t io n  

o r  p o o r  s a m p le  p r e p a r a t io n . In  th e  c a s e  o f  a  W A X D  c u r v e  i n d ic a t in g  e x f o l ia t i o n ,  
T E M  c a n  b e  u s e d  t o  c o n f ir m  th e  p r e s e n c e  o f  e x f o l ia t i o n .  A  s e v e r e  l im i t a t io n  t o  th e  

u s e  o f  T E M  is  th e  h ig h l y  l o c a l i z e d  n a tu r e  o f  th e  i m a g e s  th a t  a re  o b t a in e d .  T h e  

e x t r e m e ly  h ig h  m a g n i f i c a t io n  o f  T E M  m e a n s  th e  o p e r a t o r  m u s t  c h o o s e  a  

r e p r e s e n t a t iv e  im a g e  fo r  th e  e n t ir e  s a m p le  fr o m  o n l y  a  v e r y  s m a l l  p o r t io n  o f  th e  

a c tu a l  s a m p le .  F o r  t h is  r e a s o n ,  l e v e l s  o f  in t e r c a la t io n  a n d  e x f o l i a t i o n  c a n  b e  h ig h ly  

v a r ia b le  i f  o b t a in e d  f r o m  T E M  im a g e s .
2.1.5.3 Rheology

T h e  r h e o lo g y  o f  P L S N s  h a s  b e e n  s t u d ie d  fo r  a  w i d e  v a r ie ty  

p o ly m e r  a n d  f i l l e r  t y p e s .  T h e  p r im a r y  c h a r a c t e r is t ic  o f  in te r e s t  in  r h e o lo g ic a l  s t u d ie s  

i s  th e  f o r m a t io n  o f  y i e ld  s t r e s s  b e h a v io u r  d u r in g  d y n a m ic  o s c i l l a t o r y  r h e o lo g ic a l  

t e s t in g .  K r is h n a m o o r t i  et al. ( 1 9 9 6 )  f o u n d  in c r e a s in g  y ie ld  s t r e s s  b e h a v io u r  in  

p o l y a m id e - 6  P L S N s  w i t h  in c r e a s in g  s i l i c a t e  lo a d in g .  T h is  b e h a v io u r  w a s  a t tr ib u te d  

p r im a r i ly  t o  t h e  t e t h e r in g  o f  p o ly a m id e  c h a in s  t o  th e  s u r f a c e  o f  t h e  la y e r e d  s i l i c a t e .  
L im  a n d  P a r k  ( 2 0 0 1 )  u s e d  d y n a m ic  o s c i l l a t o r y  s h e a r  in  th e  l in e a r  v i s c o e l a s t i c  r e g im e  

o f  th r e e  d i f f e r e n t  p o ly m e r  s y s t e m s  in  a n  a t t e m p t  t o  id e n t i f y  th e  b e h a v io u r  o f  

e x f o l ia t e d  a n d  in te r c a la te d  P L S N s .  In  a g r e e m e n t  w i t h  p r e v io u s  s t u d ie s  t h e  a u th o r s  

f o u n d  a n  in c r e a s e  in  y i e ld  b e h a v io u r  w i t h  c la y  lo a d in g .  It w a s  a l s o  f o u n d  th a t  fo r  

e x f o l ia t e d  s i l i c a t e  m o r p h o lo g i e s  y i e ld  s t r e s s  b e h a v io u r  w a s  c a u s e d  b y  th e  f o r m a t io n  

o f  a  p e r c o la t e d  n e t w o r k  s tr u c tu r e . I n te r c a la te d  P L S N s  s h o w e d  y ie ld  l ik e  b e h a v io u r  a t  

l o w  f r e q u e n c ie s  o n l y  w h e n  s t r o n g  in t e r a c t io n s  b e t w e e n  th e  p o ly m e r  a n d  s i l i c a t e  

e x i s t e d .
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2 . 1 .6  P r e p a r a t io n  o f  P o ly m e r  L a y e r e d  S i l i c a t e  N a n o c o m p o s i t e s
T h e  m e t h o d s  u s e d  in  s y n t h e s i s  o f  n a n o c o m p o s i t e s  h a v e  a  s ig n i f ic a n t  

e f f e c t  o n  th e  d i s p e r s io n  o f  s i l i c a t e  la y e r s  a n d  t h e  r e s u l t in g  c o m p o s i t e  p r o p e r t ie s .  
T h r e e  m e t h o d s  th a t  h a v e  b e e n  u s e d  s u c c e s s f u l l y  in  p r o d u c in g  n a n o c o m p o s i t e s  a r e  in -  

s itu  p o ly m e r iz a t io n ,  s o lu t io n  m i x i n g  a n d  m e l t  in t e r c a la t io n .  E a c h  m e t h o d  h a s  

a d v a n t a g e s  a s  w e l l  a s  d i s a d v a n t a g e s  a n d  m u c h  r e s e a r c h  h a s  b e e n  d e v o t e d  to  

u n d e r s ta n d in g  e a c h  o f  th e m .

c o m m o n  s o lv e n t  ( c h lo r o f o r m ,  t o l u e n e )  o r  s o lv e n t  m ix t u r e  i s  u s e d  t o  d i s p e r s e  th e  

la y e r e d  s i l i c a t e  a n d  a t th e  s a m e  t im e ,  d i s s o l v e  th e  p o ly m e r ic  m a tr ix .  A  s c h e m a t i c  o f  

th is  t e c h n iq u e  i s  s h o w n  in  F ig u r e  2 .7 .  D e p e n d in g  o n  th e  in t e r a c t io n  o f  t h e  s o lv e n t  

a n d  th e  la y e r e d  s i l i c a t e ,  th e  c r y s t a l l i t e  m a y  b e  d e la m in a t e d  in  a n  a d e q u a t e  s o lv e n t  

d u e  t o  th e  w e a k  v a n  d e r  W a l l s  f o r c e  t o  s ta c k  t h e  la y e r  t o g e t h e r .  P o ly m e r  c h a in s  th e n  

c a n  b e  a d s o r b e d  o n  th e  d e la m in a t e d  in d iv id u a l  la y e r . H o w e v e r ,  u p o n  s o lv e n t  

r e m o v a l ,  th e  la y e r s  c a n  r e a s s e m b le  to  r e fo r m  th e  s t a c k  w i t h  p o ly m e r  c h a in s  

s a n d w ic h e d  in  b e t w e e n ,  f o r m in g  a  w e l l  o r d e r e d  in te r c a la te d  n a n o c o m p o s i t e s .  F e w  

e x f o l ia t e d  n a n o c o m p o s i t e s  w e r e  p r e p a r e d  v ia  t h i s  m e t h o d .  H o w e v e r ,  t h is  m e t h o d  is  

r e q u ir e d  la r g e  a m o u n t  o f  s o lv e n t ,  r e s u lt in g  in  a  h ig h e r  c o s t .  A l s o  t h e  t y p e s  o f  

p o ly m e r s  th a t  c a n  b e  u s e d  t o  p r e p a r e  n a n o c o m p o s i t e  u l t im a t e ly  d e p e n d  o n  th e  

s e l e c t i o n  o f  p r o p e r  s o lv e n t ,  l im i t in g  th e  a p p l i c a b i l i t y  o f  th is  m e t h o d .

2.1.6.1 Intercalation o f  Polymer or Pre-Polym er from  Solution

In  i n t e r c a la t i o n  o f  p o l y m e r  o r  p r e - p o l y m e r  f r o m  s o l u t i o n ,  a

solvated solvated
organophilic clay polymer Intercalation

solvent
molecules Evaporation

Figure 2.7 S c h e m a t i c  i l lu s t r a t e s  t h e  in t e r c a la t io n  o f  p o l y m e r  o r  p r e - p o ly m e r  fr o m  

s o lu t io n .
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2.1.6.2 In-Situ In te rc a la te  Polym erization

In in - s i t u  p o ly m e r iz a t io n ,  m o n o m e r  i s  f ir s t  m i x e d  w i t h  la y e r e d  

s i l i c a t e s  a n d  th e n  p o ly m e r iz a t io n  t a k e s  p la c e  l e a d in g  t o  th e  d e la m in a t io n  o f  th e  c la y  

la y e r s .  A  s c h e m a t ic  o f  th is  t e c h n iq u e  is  s h o w n  in  F ig u r e  2 .8 .  B e c a u s e  o f  th e  l o w  

v i s c o s i t y  o f  a  m o n o m e r  in  c o m p a r in g  to  a  p o ly m e r ,  i t  i s  m u c h  e a s ie r  t o  b r e a k  u p  

p a r t ic le  a g g lo m e r a t e s  u s in g  a  h ig h  s h e a r  d e v i c e ,  a n d  a c h i e v e  m o r e  u n i f o r m  m i x i n g  o f  

p a r t ic l e s  in  th e  m o n o m e r .  In  a d d it io n ,  th e  l o w  v i s c o s i t y  a n d  h ig h  d i f f u s iv i t y  r e s u lt s  a  

h ig h e r  ra te  o f  m o n o m e r  d i f f u s io n  in to  t h e  in te r la y e r  r e g io n  o f  la y e r e d  s i l i c a t e .  
F u r th e r m o r e , i t  i s  p o s s i b l e  t o  c o n t r o l  n a n o c o m p o s i t e  m o r p h o lo g y  t h r o u g h  th e  

c o m b in a t io n  o f  r e a c t io n  c o n d i t io n s  a n d  c l a y  s u r f a c e  m o d i f i c a t io n .  T h e  g r e a t e s t  

d is a d v a n t a g e  t o  t h i s  t e c h n iq u e  i s  th e  e x t e n d e d  p r o c e s s i n g  t im e  a s  w e l l  a s  th e  

n e c e s s i t y  fo r  s o l v e n t  w h i l e  p o ly m e r iz a t io n  c e r t a in  t y p e s  o f  p o ly m e r .

Figure 2 .8  S c h e m a t ic  i l lu s t r a t e s  th e  in - s i t u  in t e r c a la t iv e  p o ly m e r iz a t io n .

2.1.6.3 Melt Intercalation

In  m e l t  in t e r c a la t io n ,  th e  la y e r e d  s i l i c a t e  i s  m i x e d  w i t h  th e  

p o ly m e r  m a tr ix  in  th e  m o l t e n  s ta te .  M o r e  o f t e n  th is  t e c h n iq u e  i s  c a r r ie d  o u t  in  a  

m ix e r  o r  a n  e x tr u d e r  w h e r e  s h e a r  f o r c e s  a r e  im p a r te d  in t o  th e  c o m p o s i t e  m a te r ia l .  
T h e  c o m b in a t io n  o f  m o b i l e  p o ly m e r  c h a in s  a n d  s h e a r  f o r c e  f a c i l i t a t e s  e i t h e r  a n  

in t e r c a la t io n  o r  s o m e t i m e  a n  e x f o l ia t e d  n a n o c o m p o s i t e  w h e n  s u i t a b le  l e v e l s  o f  

p o ly m e r - c la y  c o m p a t ib i l i t y  e x i s t .  F ig u r e  2 . 9  s h o w s  a  s im p l e  s c h e m a t ic  o f  m e l t  

in t e r c a la t io n .  A m o n g  th r e e  m e t h o d s ,  m e l t  in t e r c a la t io n  h a s  th e  a d v a n t a g e  o f  b e in g  

s im p l e ,  fa s t  a n d  c o m p a t ib le  w i t h  c u r r e n t  in d u s tr ia l  t e c h n iq u e s .
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t h e r m o p la s t ic
p o l y m e r Intercalation

Figure 2 .9  S c h e m a t ic  i l lu s tr a t e s  th e  m e l t  in te r c a la t io n .

2.2 Polypropylene Layered Silicate Nanocomposites (PPLSNs)

P o ly p r o p y l e n e  (P P )  i s  o n e  o f  th e  w i d e l y  u s e d  p o ly m e r s  d u e  t o  i t s  a t t r a c t iv e  

c o m b in a t io n  o f  g o o d  p r o c e s s a b i l i t y ,  p h y s ic a l  p r o p e r t ie s  a n d  c h e m ic a l  r e s i s t a n c e ,  a n d  

th e r e fo r e  f in d s  h i g h - v o l u m e  a p p l ic a t io n s  in  m a n y  s e c t o r s  s u c h  a s  a u t o m o t i v e ,  
p a c k a g in g  a n d  a p p l ia n c e s  ( G a l l i  a n d  V e c e l l i o ,  2 0 0 3 ) .  P P L S N s  a re  o f  h ig h  

c o m m e r c ia l  s ig n i f ic a n c e :  in c o r p o r a t io n  o f  n a n o c la y  in t o  P P  i s  e x p e c t e d  to  fu r th e r  

im p r o v e  s t i f f n e s s ,  s t r e n g th  a n d  b a rr ier  p e r f o r m a n c e .  A s  a  r e s u lt ,  d i f f e r e n t  p r o c e s s i n g  

t e c h n iq u e s  h a v e  b e e n  d e v e lo p e d  in  a n  a t t e m p t  to  a c h i e v e  P P L S N s  s y s t e m s  w i t h  

d e s ir e d  m o r p h o lo g i e s  a n d  p r o p e r t ie s .

2 .2 .1  P r e p a r a t io n  b y  S o lu t io n  M i x i n g  a n d  I n - S i t u  P o ly m e r iz a t io n
R e g a r d in g  t o  t h e  p r o p e r t ie s  o f  P P  w h i c h  i s  d i f f i c u l t  t o  d i s s o l v e  in  

c o m m o n  s o l v e n t s ,  f o r  e x a m p l e  c h lo r o f o r m ,  t o l u e n e ,  o r  e v e n  o th e r  e x p e n s i v e  o n e ,  i . e .  
d ic h lo r o b e n z e n e ,  x y le n e .  T h e r e f o r e  th e  s o lu t i o n  m i x i n g  i s  n o t  c o m m o n l y  u s e d .  
H o w e v e r ,  th e r e  a r e  f e w  w o r k s  r e p o r te d  a b o u t  p r e p a r in g  P P L S N s  v ia  t h i s  t e c h n iq u e ,  
f o r  e x a m p l e ,  A v e l l a  et al. ( 2 0 0 5 )  p r e p a r e d  t h e  P P L S N s  w i t h  d i f f e r e n t
o r g a n o m o d i f i e d  c la y s  ( C 16- C 18 m o d i f i e d  M M T )  a n d  c la y  l o a d in g s  u s i n g  o -

d i c h lo r o b e n z e n e  a s  a n  e f f e c t i v e  s o lv e n t  a t 180°c. T h e y  f o u n d  th a t  th e  e x f o l ia t e d
n a n o c o m p o s i t e  w a s  o b t a in e d  a t lo w e r  c l a y  c o n t e n t ,  i . e .  < 3  w t% , w h i l e  a t h ig h e r  c la y  

l o a d in g  i . e .  5  w t% , a  p a r t ia l ly  c o l la p s e d  s tr u c tu r e  w a s  o b t a in e d .  M e c h a n ic a l  t e s t s  

s h o w e d  th a t  t h e  e la s t ic  m o d u lu s  in c r e a s e s  o f  a b o u t  2 0 %  c o m p a r e d  t o  th e  n e a t  

p o ly m e r ic  m a tr ix  v a lu e  w h e n  1 a n d  3 %  o f  n a n o f i l l e r  w a s  a d d e d . R e c e n t ly ,
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D i n g  et al. ( 2 0 0 6 )  a l s o  p r e p a r e d  P P /M M T  n a n o c o m p o s i t e  b y  d ir e c t ly  d i s s o l v i n g  o f  

p p  in  th e  m o d i f i e d  M M T  in  x y le n e  s y s t e m  a t 1 3 0 ° c .
T h e  in - s i t u  p o ly m e r iz a t io n  h a s  b e e n  u s e d  t o  p r e p a r e  P P L S N s .  

T u d o r  et al. ( 1 9 9 6 )  f ir s t  p r e p a r e d  a  s y n t h e t ic  h e c t o r i t e  w i t h  m e t h y la lu m in o x a n e  

( M A O )  t o  r e m o v e  th e  a c id ic  p r o t o n s  a n d  t o  p r e p a r e  th e  in t e r la y e r  s p a c in g  fo r  

r e c e iv i n g  th e  t r a n s i t io n  m e ta l  c a t a ly s t .  U s i n g  a  s y n t h e t ic  f lu o r in a t e d  m i c a - t y p e  

la y e r e d  s i l i c a t e  d e p r iv e d  o f  p r o t o n s  in  t h e  g a l l e r i e s ,  t h e  m e t a l lo c e n e  c a t a ly s t  ( [ Z r ( ๆ -  

C 5H 5) M e ( T H F ) ] +)  w a s  in te r c a la te d  d ir e c t ly  w i t h in  th e  s i l i c a t e  la y e r s ,  w i t h o u t  th e  

n e e d  o f  M A O  tr e a tm e n t . L a te r , รนท a n d  G a r c e s  ( 2 0 0 2 )  r e p o r te d  t h e  p r e p a r a t io n  o f  

P P L S N s  b y  t h is  t e c h n iq u e  u s i n g  th e  m e t a l lo c e n e / c l a y  a s  c a t a ly s t s .

2 .2 .2  P r e p a r a t io n  b y  M e l t  I n te r c a la t io n
S i n c e  th e  p o s s i b i l i t y  o f  d ir e c t  m e l t  in t e r c a la t io n  w a s  d e m o n s t r a t e d  b y  

G i a n n e l i s  ( 1 9 9 6 )  a n d  V a ia  ( 1 9 9 3 ) ,  t h i s  t e c h n iq u e  h a s  b e c o m e  th e  s ta n d a r d  fo r  

p r e p a r in g  p o ly m e r / la y e r e d  n a n o c o m p o s i t e s ,  a s  w e l l  a s  P P L S N s .  T h i s  i s  d u e  t o  it s  

e n v ir o n m e n t a l ly  a n d  e c o n o m i c a l ly  f a v o r a b le  m e t h o d  th a t s u i t a b le  fo r  c u r r e n t  

p r o c e s s i n g ,  i .e .  e x t r u s io n  o r  in j e c t io n  p r o c e s s i n g .  In  g e n e r a l ,  a n  in t e r p la y  o f  e n t r o p ie  

a n d  e n t h a lp ic  fa c t o r s  d e t e r m in e s  th e  o u t c o m e  o f  w h e t h e r  a n  o r g a n ic a l ly  m o d i f i e d  

m o n t m o r i l lo n i t e  ( O M M T )  w i l l  b e  d i s p e r s e d  in t e r c a la t e d  o r  e x f o l i a t e d  in  a  p o ly m e r .  
D i s p e r s i o n  o f  la y e r e d  s i l i c a t e s  in  a  p o l y m e r  r e q u ir e s  s u f f i c i e n t ly  f a v o r a b le  e n t h a lp ic  

c o n t r ib u t io n s  t o  o v e r c o m e  a n y  e n t r o p ie  p e n a l t ie s .  F a v o r a b le  e n t h a lp y  o f  m i x i n g  fo r  

th e  p o ly m e r /O M M T  is  a c h ie v e d  w h e n  th e  p o l y m e r / M M T  in t e r a c t io n s  a re  m o r e  

f a v o r a b le  c o m p a r e d  to  th e  s u r f a c t a n t /M M T  in t e r a c t io n s  ( V a ia ,  1 9 9 7  a n d  B a l a z s ,  
1 9 9 8 ) .  F o r  m o s t  p o la r  p o ly m e r s ,  a n  a lk y l - a m m o n iu m  s u r fa c ta n t  ( t h e  m o s t  c o m m o n l y  

u s e d  o r g a n ic  m o d i f i c a t i o n )  i s  a d e q u a t e  to  o f f e r  s u f f ic i e n t  e x c e s s  e n t h a lp y  a n d  

p r o m o t e  th e  n a n o c o m p o s i t e  f o r m a t io n ,  in  th e  c a s e  o f  o l e f in i c  p o l y m e r s  ( P E , P P ) ,  th e  

p o ly m e r /s u r f a c t a n t  s y s t e m s  a re  a t t h e  th e ta  c o n d i t io n s ,  a n d  th e r e  i s  n o  f a v o r a b le  

e x c e s s  e n t h a lp y  to  p r o m o t e  n a n o c o m p o s i t e  fo r m a t io n .  T h u s ,  t h e  c h a l l e n g e  w i t h  

p o l y o l e f i n s  i s  to  d e s i g n  s y s t e m s  w h e r e  th e  p o l y m e r / M M T  in t e r a c t io n s  a re  m o r e  

f a v o r a b le  th a n  th e  s u r f a c t a n t /M M T  in t e r a c t io n s .
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Figure 2.10 S c h e m a t ic  d e p ic t in g  th e  in t e r c a la t io n  p r o c e s s  b e t w e e n  a  p o ly m e r  m e l t  

a n d  a n  O M L S  ( V a i a  a n d  G ia n n e l i s ,  1 9 9 7 ) .

2.2.2.1 The Role o f  Com patibilizer

F o r  m o s t  p o la r  p o ly m e r s ,  a n  a lk y la m m o n iu m  s u r f a c ta n t  ( th e  

m o s t  c o m m o n l y  u s e d  o r g a n ic  m o d i f i c a t i o n )  i s  a d e q u a t e  t o  o f f e r  s u f f i c i e n t  e x c e s s  

e n t h a lp y  a n d  p r o m o t e  th e  n a n o c o m p o s i t e  fo r m a t io n .  H o w e v e r  in  th e  c a s e  o f  p p ,  
th e r e  i s  n o  fa v o r a b le  e x c e s s  e n th a lp y  t o  p r o m o t e  n a n o c o m p o s i t e  f o r m a t io n .  T h u s ,  th e  

c h a l l e n g e  w i t h  p p  i s  to  d e s i g n  s y s t e m s  w h e r e  t h e  p o ly m e r / la y e r e d  c l a y  in t e r a c t io n s  

a re  s t r o n g e r  th a n  th e  s u r f a c t a n t / la y e r e d  c l a y  in t e r a c t io n s .  M a n y  e f f o r t s  w e r e  m a d e  to  

im p r o v e  th e  m i x i n g  o f  la y e r e d  c l a y  in  p p  b y  u s in g  f u n c t io n a l  o l i g o m e r s  a s  

c o m p a t ib i l i z e r s .  M o s t  a u th o r s  u s e d  l o w  m o le c u la r  w e i g h t  p p  o l i g o m e r s  t o  e n h a n c e  

th e  d i f f u s io n  o f  o l i g o m e r s  in to  c l a y  g a l l e r i e s  (K u r o k a w a , 1 9 9 7 ;  K a t o ,  1 9 9 7 ;  

K a w a s u m i ,  1 9 9 7 ;  H a s e g a w a ,  1 9 9 8 ) .  U s u k i  et al. ( 1 9 9 7 )  f ir s t  r e p o r te d  a  n o v e l  

a p p r o a c h  t o  p r e p a r e  p p  b a s e d  n a n o c o m p o s i t e s  u s i n g  a  f u n c t io n a l  o l i g o m e r  ( P P - O H )  

w it h  p o la r  t e l e c h e l i c  O H  g r o u p s  a s  a  c o m p a t ib i l i z e r .  In  t h is  a p p r o a c h , P P - O H  w a s  

in te r c a la te d  b e t w e e n  th e  la y e r s  o f  2 C 1 8 - M M T , a n d  th e n  th e  P P - O H / 2 C 1 8 - M M T  w a s  

m e l t  m i x e d  w i t h  p p  t o  o b ta in  t h e  n a n o c o m p o s i t e  w i t h  in te r c a la te d  s tr u c tu r e . F u r th e r  

s tu d y  b y  t h e  s a m e  g r o u p , K a w a s u m i  et al. ( 1 9 9 7 )  p r e p a r e d  P P - c l a y  h y b r id s  b y  s im p le  

m e l t - m i x i n g  o f  th r e e  c o m p o n e n t s :  p p ,  m a le i c  a n h y d r id e  m o d i f i e d  p p  o l i g o m e r s  (P P -  

M A ) ,  a n d  o r g a n o c la y  ( c l a y  in te r c a la te d  w i t h  s t e a r y la m m o n iu m ) .  T h e y  f o u n d  t w o  

im p o r ta n t  fa c to r s  to  a c h i e v e  th e  e x f o l ia t e d  a n d  h o m o g e n e o u s  d i s p e r s io n  o f  t h e  c la y  

in  t h e  h y b r id s :  ( i )  th e  o l i g o m e r s  s h o u ld  in c lu d e  a  c e r ta in  a m o u n t  o f  p o la r  g r o u p s  to  

b e  in te r c a la te d  b e t w e e n  t h e  c la y  la y e r s  th r o u g h  h y d r o g e n  b o n d in g ,  ( i i )  th e  o l i g o m e r s
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s h o u ld  b e  w e l l  m i s c i b l e  w i t h  p p .  S i n c e  th e  c o n t e n t  o f  p o la r  f u n c t io n a l  g r o u p s  in  th e  

o l i g o m e r s  s h o u ld  a f f e c t  th e  m i s c ib i l i t y  o f  i t  w i t h  p p .  T h e  d r iv in g  f o r c e  o f  th e  

in t e r c a la t io n  o r ig in a t e d  fr o m  t h e  s t r o n g  h y d r o g e n  b o n d in g  b e t w e e n  t h e  m a le ic  

a n h y d r id e  g r o u p  (o r  - C O O H  g r o u p  g e n e r a t e d  fr o m  th e  h y d r o ly s i s  o f  th e  m a le ic  

a n h y d r id e  g r o u p )  a n d  t h e  o x y g e n  g r o u p s  o f  t h e  s i l i c a t e s .  T h e  in te r la y e r  s p a c in g  o f  

t h e  c la y  in c r e a s e s  a n d  th e  in t e r a c t io n  o f  t h e  la y e r s  s h o u ld  b e  w e a k e n e d .  T h e  

in te r c a la te d  c l a y s  w i t h  th e  o l i g o m e r s  c o n t a c t  p p  u n d e r  a  s t r o n g  s h e a r  f i e ld .  I f  th e  

m i s c ib i l i t y  o f  P P - M A  w it h  p p  i s  g o o d  e n o u g h  to  d i s p e r s e  a t t h e  m o le c u la r  l e v e l ,  th e  

e x f o l ia t i o n  o f  t h e  in te r c a la te d  c l a y  s h o u ld  t a k e  p la c e  s m o o t h l y ,  a s  i l lu s t r a t e d  in  

F ig u r e  2 .1 1 .  L a te r , H a s e g a w a  et al. ( 1 9 9 8 )  a l s o  p r e p a r e d  p p  b a s e d  n a n o c o m p o s i t e s  

b y  u s in g  a  m a le i c  a n h y d r id e - m o d i f ie d  p p  o l i g o m e r  ( P P - M A )  a s  a  c o m p a t ib i l i z e r .  p p  

w a s  m e l t  b l e n d e d  w i t h  o r g a n o p h i l i c  c la y  ( C 1 8 - M M T )  w h i c h  w a s  in te r c a la te d  w i t h  

P P - M A  b y  t w i n - s c r e w  e x tr u d e r  a t 200°c. In  t h is  s y s t e m ,  t h e  s i l i c a t e  la y e r s  b e c a m e  

s m a l l e r  a n d  w e r e  d i s p e r s e d  m o r e  u n i f o r m ly  a s  th e  r a t io  o f  P P - M A  t o  t h e  c la y  

in c r e a s e d .

Figure 2.11 S c h e m a t ic  d e p ic t in g  th e  d i s p e r s io n  p r o c e s s  o f  th e  o r g a n iz e d  c l a y  in  th e  

P P  m a tr ix  w i t h  t h e  a id  o f  c o m p a t ib i l i z e r ,  P P - M A  ( K a w a s u m i  et al. 1 9 9 7 ) .
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It w a s  f o u n d  th e  u s e  o f  c o m p a t ib i l i z e r  m a in ly  b a s e d  o n  P P - g - M A  h a s  

b e e n  s h o w n  t o  s ig n i f ic a n t ly  im p r o v e  c l a y  in te r c a la t io n  d e p e n d in g  o n  th e ir  

c h a r a c t e r is t ic s  a s  m o le c u la r  w e i g h t  a n d  g r a f t in g  c o n t e n t  a n d  o n  th e  c o u p l in g  a g e n t -  

t o - c l a y  r a tio . H ig h  m a le ic  a n h y d r id e  ( M A )  c o n t e n t  g e n e r a l ly  e n h a n c e s  th e  m e l t  

in t e r c a la t io n  o f  p p  o l i g o m e r s  in t o  c la y  la y e r s ;  h o w e v e r ,  it  m a y  le a d  to  i m m is c i b i l i t y  

w i t h  th e  P P  m a tr ix  a n d  h a r m  t h e  m e c h a n ic a l  p r o p e r t ie s  o f  th e  c o m p o s i t e s  ( K a t o  et al. 

1 9 9 7 ) .  O n  t h e  o th e r  h a n d , th e  e f f e c t  o f  m o le c u la r  w e i g h t  i s  l e s s  c le a r .  H o w e v e r ,  h ig h  

m o le c u la r  w e i g h t  p p  o l i g o m e r s  g a v e  r is e  to  b e t te r  im p r o v e m e n t  in  m e c h a n ic a l  

p r o p e r t ie s  ( R e ic h e r t  et al. 2000). In  f a c t ,  th e r e  i s  a  c r i t ic a l  l e v e l  fo r  in d iv id u a l  

m a le a t e d  p p  t o  b e  in c o r p o r a te d  in t o  t h e  n a n o c o m p o s i t e .  M o r e o v e r ,  W a n g  et al. 

( 2 0 0 4 )  f o u n d  th a t  l o w  m o le c u la r  m a s s ,  a n d  h ig h  m a le i c  a n h y d r id e  c o n t e n t  o f  

m a le a t e d  p p  p r o v id e d  g o o d  c la y  d i s p e r s io n .
2.2.2.2 The E ffe ct o f Processing Conditions

M e lt  p r o c e s s i n g  c o n d i t io n s  p la y  a  k e y  r o le  in  a c h i e v i n g  h ig h  

l e v e l s  o f  e x f o l ia t i o n .  I n d e e d , n a n o c o m p o s i t e s  h a v e  b e e n  f o r m e d  u s in g  a  v a r ie ty  o f  

s h e a r  d e v i c e s  ( e .g .  e x tr u d e r s ,  m ix e r s ,  u lt r a s o n ic a t o r s ,  e t c . ) ,  a m o n g  w h i c h  t w i n  s c r e w  

e x tr u d e r s  h a v e  p r o v e n  to  b e  m o s t  e f f e c t i v e  fo r  th e  e x f o l ia t i o n  a n d  d i s p e r s io n  o f  

s i l i c a t e  la y e r s . It w a s  f o u n d  th a t  m o s t  o f  th e  P L S N s  p r o d u c e d  u s i n g  t h e  t w i n  s c r e w  

e x tr u d e r  s h o w e d  c o m p l e t e  e x f o l ia t i o n  ( C h o  et al. 2005). F o r  t h e  c a s e  o f  p p  b a s e d  

n a n o c o m p o s i t e s ,  K a w a s u m i  et al. ( 1 9 9 7  a n d  1 9 9 8 )  p r e p a r e d  P P L S N s  b y  m e l t  

c o m p o u n d in g  o f  th e  th r e e  c o m p o n e n t s  ( P P ,P P - g - M A H  a n d  m o d i f i e d  c l a y )  in  a  t w in -  

s c r e w  e x tr u d e r . W o l f  et al. ( 1 9 9 9 )  d e s c r ib e d  th a t  th e  s w o l l e n  o r g a n o c la y  w a s  

c o m p o u n d e d  w i t h  p p  in  a  t w i n - s c r e w  e x tr u d e r  a t 250°c t o  p r e p a r e  p p / o r g a n o c la y  

n a n o c o m p o s i t e s .  In  a d d it io n ,  K a e m p f e r  et al. (2002) p r e p a r e d  n e w  n a n o c o m p o s i t e s  

v i a  m e l t  c o m p o u n d in g  o f  s y n d io t a c t i c  p o l y p r o p y le n e  ( s P P )  c o n t a in in g  O M L S  a n d  in  

s i t u  f o r m e d  c o r e / s h e l l  n a n o p a r t ic le s .  M e l t  c o m p o u n d in g  o f  s P P  w i t h  

o c t a d e c y la m m o n iu m  m o d i f i e d  f lu o r o h e c t o r i t e  in  a  c o - r o t a t in g  t w i n - s c r e w  e x tr u d e r  

r e p r e s e n t s  a n  a t t r a c t iv e  n e w  r o u t e  to  r e in f o r c e d  s P P  w i t h  c o n s id e r a b ly  g r e a te r  

s t i f f n e s s .  M a tr ix  r e in f o r c e m e n t  i s  a c h i e v e d  b y  in  s i t u  f o r m a t io n  o f  s i l i c a t e  

n a n o p a r t ic le s  th r o u g h  e x f o l ia t i o n  c o m b in e d  w i t h  s im u l t a n e o u s  in  s it u  e n c a p s u la t io n  

o f  th e  r e s u lt in g  n a n o s i l i c a t e s  in  a  th in  s h e l l  o f  iP P - g - M A .  T h e  r e s u lt in g  a n is o t r o p ic  

c o r e / s h e l l  t y p e  n a n o p a r t ic le s ,  c o n t a in in g  s t a c k s  o f  o r g a n o h e c t o r i t e  la y e r s  a s  th e  c o r e
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a n d  i P P - g - M A  a s  th e  s h e l l ,  r e p r e s e n t  a  v e r y  e f f e c t i v e  c l a s s  o f  n u c le a t in g  a g e n t s  fo r  

s P P  c r y s t a l l i z a t io n .  R e c e n t ly ,  P e l t o la  et al. (2006) e x a m in e d  th e  e f f e c t  o f  r o ta t io n a l  
s c r e w  s p e e d  o n  p p  la y e r e d  s i l i c a t e  n a n o c o m p o s i t e s .  A  t w in  s c r e w  e x tr u d e r  w a s  u s e d  

t o  p r o d u c e  P P L S N s  a t s c r e w  s p e e d s  o f  200, 500 a n d  1000 r p m s . R e s u l t s  s h o w e d  a n  

in c r e a s e  in  in t e r c a la t io n  a n d  a  m o d e s t  in c r e a s e  in  e x f o l ia t i o n  w i t h  in c r e a s in g  s c r e w  

s p e e d  b u t  n o  i m p r o v e m e n t  in  n a n o c o m p o s i t e  m e c h a n ic a l  p r o p e r t ie s  w e r e  s e e n .  
M o d e s t i  et al. (2006) c a r r ie d  o u t  a n  e x t e n s i v e  s tu d y  o f  th e  e f f e c t  o f  b o t h  te m p e r a tu r e  

a n d  s c r e w  s p e e d  o n  th e  m o r p h o lo g y  a n d  m e c h a n ic a l  p r o p e r t ie s  o f  P P L S N s .  S c r e w  

s p e e d s  o f  200 a n d  350 r p m s  w e r e  u s e d  in  a n  in t e r m e s h in g ,  c o - r o t a t in g  t w in  s c r e w  

e x tr u d e r . T h e  t w o  d i f f e r e n t  m e l t  t e m p e r a tu r e s  e m p lo y e d  w e r e  a p p r o x im a t e ly  170°c 
a n d  200°c. T h e  r e s u lt s  o f  b o th  th e  s i l i c a t e  m o r p h o lo g y  t e s t s  a n d  t h e  m e c h a n ic a l  

p r o p e r t ie s  t e s t  w e r e  c o n c l u s i v e  in  s h o w i n g  th a t  th e  m o s t  e f f e c t i v e  m e l t  c o m p o u n d in g  

c o n d i t io n  w a s  th a t  o f  l o w  te m p e r a tu r e  a n d  h ig h  s c r e w  s p e e d .  T h e  a u th o r s  c o n c lu d e d  

th a t  c o n d i t io n s  w h i c h  m a x im i z e  th e  s h e a r  s t r e s s  e x e r t e d  o n  th e  p o ly m e r  a r e  th e  m o s t  

e f f e c t i v e  a t f o r m in g  h ig h ly  d i s p e r s e d  a n d  e x f o l ia t e d  P P L S N s .  In  a d d it io n  to  th e  e f f e c t  

o f  t e m p e r a tu r e  a n d  s c r e w  s p e e d  o n  s i l i c a t e  m o r p h o lo g y ,  th e  a u th o r s  s h o w e d  a l s o  th a t  

th e  e f f e c t  o f  r e s id e n c e  t im e  w a s  fa r  l e s s  in f lu e n t ia l  in  a c h i e v i n g  s i l i c a t e  e x f o l ia t i o n  

th a n  s h e a r  s t r e s s  d u r in g  p r o c e s s in g .  T h i s  c o n c lu s io n  m ig h t  b e  e x p e c t e d  s in c e  th e  r a te  

o f  p o ly m e r  d i f f u s io n  in to  s i l i c a t e  g a l l e r i e s  i s  o n  th e  s a m e  o r d e r  a s  t h e  r a te  o f  p o ly m e r  

s e l f  d i f f u s io n .  Z h u  a n d  X a n t h o s  (2004) in v e s t ig a t e d  th e  e f f e c t s  o f  c la y  c h e m ic a l  

m o d i f i e r s ,  m i x i n g  p r o t o c o l s ,  a n d  o p e r a t in g  c o n d i t io n s  u p o n  th e  c la y  s tr u c tu r e  in  p p  

b a s e d  n a n o c o m p o s i t e s  p r e p a r e d  w i t h  a  c o r o t a t in g  t w i n - s c r e w  e x tr u d e r . T w o  m i x i n g  

m e t h o d s  w e r e  u s e d  f o r  th e  n a n o c o m p o s i t e  p r e p a r a tio n :  t w o - s t e p  m i x i n g  a n d  o n e - s t e p  

m ix in g .  E x p e r im e n t a l  r e s u lt s  o f  M F I  s h o w e d  th a t  C15A c o m p o s i t e s  h a v e  h ig h e r  

v i s c o s i t y  ( l o w e r  M F I )  th a n  C30B c o m p o s i t e s .  T h is  in d ic a t e s  th a t  C30B w a s  l e s s  

e x f o l ia t e d .  T h e  m i x i n g  p r o t o c o l s  h a v e  s o m e  e f f e c t s  o n  th e  M F I  o f  t h e  c o m p o s i t e s .  
G e n e r a l ly ,  in  a  t w o - s t e p  m i x i n g  m e t h o d ,  n a n o c o m p o s i t e s  h a v e  l o w e r  M F I . T h a t  i s ,  
th e  c o m p o s i t e s  p r e p a r e d  b y  th e  t w o - s t e p  m i x i n g  m e t h o d  h a v e  b e t t e r  e x f o l ia t i o n  fo r  

th e  n a n o f i l l e r s  th a n  o n e - s t e p  m i x i n g  m e t h o d .
In  s u m m a r y ,  m e l t  in t e r c a la t io n  o f f e r s  a  s im p l e  w a y  o f  p r e p a r in g  

n a n o c o m p o s i t e s .  H o w e v e r ,  v e r y  c a r e fu l  a t t e n t io n  h a s  t o  b e  p a id  t o  f i n e l y  m o d i f y  th e
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la y e r e d  s i l i c a t e  s u r f a c e  c h e m is t r y  to  in c r e a s e  th e  c o m p a t ib i l i t y  w i t h  p o ly m e r  m a tr ix .  
P r o c e s s in g  c o n d i t io n s  h a v e  c o n s id e r a b le  e f f e c t s  o n  th e  s tr u c tu r e  e v o lu t i o n  o f  

p o ly m e r  n a n o c o m p o s i t e s  b y  m e l t  in te r c a la t io n .

2 .2 .3  M o r p h o lo g ic a l  C h a r a c te r is t ic  o f  P P L S N s
A s  m e n t io n e d  b e f o r e ,  m o r p h o lo g y  a n d  d e g r e e  o f  e x f o l ia t e d  s i l i c a t e  

la y e r s  a r e  g e n e r a l ly  c h a r a c t e r iz e d  b y  a  c o m b in a t io n  o f  X - r a y  d i f f r a c t io n  ( X R D )  a n d  

t r a n s m is s io n  e l e c t r o n  m i c r o s c o p y  ( T E M ) . It h a s  b e e n  w e l l  e s t a b l i s h e d  th a t  a n  

in t e r c a la t e d /e x f o l ia t e d  m i x e d  m o r p h o lo g y  i s  u s u a l ly  f o r m e d  in  m o s t  p o ly m e r  la y e r e d  

s i l i c a t e  n a n o c o m p o s i t e s  ( G ia n n e l i s ,  1 9 9 8 ;  A le x a n d r e ,  2 0 0 0 ;  R a y ,  2 0 0 3 ) .  S im i la r  

e v i d e n c e  w a s  c o m m o n l y  f o u n d  in  th e  c a s e  o f  P P L S N s  s y s t e m  e s p e c i a l l y  u s i n g  P P - g -  

M A  a s  a  c o m p a t ib i l i z e r  ( K a w a s u m i ,  1 9 9 7 ;  N a m , 2 0 0 1 ;  Y u ,  2 0 0 4 ) .  F o r  e x a m p l e ,  
F ig u r e  2 . 1 1 ( A )  s h o w s  th e  X R D  p a tte r n s  o f  th r e e  t y p e s  o f  f u n c t i o n a l i z e d - P P / 2 C 1 8 -  

M M T  n a n o c o m p o s i t e s :  (a )  m e t h y ls t y r e n e  1 m o l% , (b )  m a le i c  a n h y d r id e  0 .5  m o l% ,  
a n d  ( c )  h y d r o x y l - c o n t a in in g  s ty r e n e  0 .5  m o l% ) . T h e  d i f f r a c t io n  p e a k s  a t th e  l o w  

a n g le  r e g io n  w h ic h  in d ic a t e s  th e  d - s p a c in g  o f  o r d e r e d  in te r c a la te d  a n d  o r d e r e d  

e x f o l ia t e d  n a n o c o m p o s i t e s .  T h e  a u th o r  a ls o  o b s e r v e d  t h e  la r g e  n u m b e r  o f  e x f o l i a t e d  

la y e r s  e x i s t i n g  fo r  a l l  n a n o c o m p o s i t e s ,  w h ic h  s h o w  n o  p e a k s  in  t h is  r e g io n  d u e  t o  th e  

l o s s  o f  s tr u c tu r a l r e g is t r y  o f  th e  la y e r s  a n d  th e  la r g e  d - s p a c in g  ( >  1 0 0  n m ) .  T h e r e f o r e ,  
T E M  im a g e  w a s  e m p lo y e d  to  c o n f ir m  s u c h  a  s tr u c tu r e , a s  s h o w n  in  F ig u r e  2 . 1 1 ( B ) .  
It i s  c le a r  fr o m  T E M  th a t  t h e  in te r c a la te d  t a c t o id s  ( in d ic a t e d  a s  A )  a n d  

d i s o r d e r e d /e x f o l ia t e d  s t a c k s  o f  la y e r s  ( in d ic a t e d  a s  B )  c o e x i s t  in  t h e  s tr u c tu r e . T h e  

a u th o r  s u g g e s t e d  t h is  p h e n o m e n o n  m ig h t  o r ig in a t e  fr o m  th e  c h e m ic a l  a n d  s i z e  

in h o m o g e n e i t i e s  o f  th e  s i l i c a t e  la y e r s  ( M a n ia s  et al. 2 0 0 0 ) .
It w o r th  n o t in g  th a t  t h e  c h a r a c te r is t ic  a n d  th e  c o m p a t i b i l i z e r  ( P P - g -  

M A )  c o n t e n t  a s  w e l l  a s  th e  c o n c e n t r a t io n  o f  c la y  h a v e  s t r o n g  a f f e c t s  t o  th e  s t r u c tu r e  

o f  p p  n a n o c o m p o s i t e .  P P - g - M A  w a s  f o u n d  t o  im p r o v e  th e  d i s p e r s ib i l i t y  o f  th e  

s i l i c a t e  la y e r  ( H a s s e g a w a  et al. 1 9 9 8 ) .  L e r t w im o ln u n  a n d  V e r g n e s ,  ( 2 0 0 5 )  s t u d ie d  

th e  e f f e c t  o f  P P - g - M A  c o n t e n t  ( 0 ,  5 ,  1 5 , a n d  3 0  w t% ) o n  th e  p p  n a n o c o m p o s i t e  

m o r p h o lo g y .  It w a s  f o u n d  th a t  th e  d e g r e e  o f  d i s p e r s io n  i s  im p r o v e d  b y  in c o r p o r a t in g  

a  m a le ic  a n h y d r id e  g r a f te d , th e  m o r p h o lo g y  w a s  o b s e r v e d  b y  T E M , a s  s h o w n  in  

F ig u r e  2 .1 2 .  It i s  c le a r  th a t  w it h o u t  P P - g -  M A , t h e  c l a y  a g g r e g a t e s  a t  a  m ic r o m e t e r
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l e v e l  a r e  s e e n .  P r a c t ic a l ly ,  n o  in d iv id u a l  s i l i c a t e  la y e r  is  d i s p e r s e d .  F o r  th e  h y b r id s  

c o n t a in in g  P P - g - M A ,  t h e  s iz e  o f  a g g r e g a t e s  i s  g r e a t ly  r e d u c e d ,  a l t h o u g h  s o m e  

a g g r e g a t e s  s t i l l  e x i s t .  In  b e s t  c o n d i t io n s  ( 3 0  w t% ), th e  in d iv id u a l  s i l i c a t e  la y e r s  a re  

r e a l ly  o b s e r v e d ,  c o r r e s p o n d in g  to  t h e  p a r t ia l e x f o l ia t i o n  o f  th e  c l a y  (J a y a r a m a n  et al. 

2 0 0 2 ) .  M o r e o v e r ,  W a n g  et al. ( 2 0 0 4 )  s u p p o r te d  th a t l o w  m o le c u la r  m a s s  a n d  h ig h  

m a le ic  a n h y d r id e  c o n t e n t  o f  P P - g - M A  p r o v id e d  g o o d  c l a y  d i s p e r s io n .  A  s u i t a b le  

s i l i c a t e  c l a y  c o n t e n t  ( < 3  w t% ), a  c o n s id e r a b le  w e l l  d i s p e r s io n  a n d  e x f o l i a t i o n  o f  th e  

c la y  in  p p  n a n o c o m p o s i t e s  i s  o b s e r v e d .  O n  th e  o th e r  h a n d , a n  a g g r e g a t io n  ( t a c t o id s  

a n d  m a c r o - a g g r e g a t e s )  w a s  o b t a in e d  a t h ig h  c o n t e n t  o f  la y e r e d  c l a y  a s  s h o w n  in  

F ig u r e  2 .1 2  ( T a n g  et al. 2 0 0 3 ) .

Figure 2.12 ( A )  X R D  p a tte r n s  o f  a  d i m e t h y ld io c t a d e c y l a m m o n iu m - m o d i f i e d  

m o n t m o r i l lo n i t e  ( 2 C 1 8 - M M T )  a n d  a ll  o f  th e  f u n c t io n a l iz e d - P P /2 C  1 8 - M M T  

n a n o c o m p o s i t e s  a t d i f f e r e n t  fu n c t io n a l  g r o u p s :  (a )  m e t h y ls t y r e n e  1 m o l  % , ( b )  m a le ic  

a n h y d r id e  0 .5  m o l  %  a n d  ( c )  h y d r o x y l - c o n t a in in g  s ty r e n e  0 .5  m o l  %  a n d  ( B )  T E M  

im a g e  o f  t h e  f u n c t i o n a l i z e d - P P / 2 C l  8 - M M T  n a n o c o m p o s i t e  s tr u c tu r e  ( P P r - M A / 6  w t  

%  O M M T ) .

2 0  (degrees)

( A ) ( B )
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(cl 15% PP-g-MA (d) 30% PP-g-MA

Figure 2.13 T E M  m ic r o g r a p h s  ( X I 0 ,0 0 0 )  o f  P P / P P - g - M A / C l o i s i t e ® 2 0 A  

c o m p o s i t e s  w i t h  d i f f e r e n t  P P - g - M A  c o n t e n t .

Figure 2.14 T E M  i m a g e s  o f  p p / c l a y  h y b r id s :  ( a )  P P /M A P P /O M T 1 ,  ( b )  

P P /M A P P /O M T 2  a n d  ( c )  P P /M A P P /O M T 3 .
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2 . 2 .4  P r o p e r t ie s  o f  P P L S N s
T h e  p r e s e n c e  o f  la y e r e d  s i l i c a t e s  h a s  p r o v id e d  t r e m e n d o u s  p r o p e r ty  

e n h a n c e m e n t  o f  th e  p p  m a tr ix  a s  w e l l  a s  t h e  p r e s e n c e  o f  p o la r  g r o u p s  o f  P P - g - M A H  

a f f e c t in g  th e  d i s p e r s io n  o f  c la y  la y e r s  in  th e  c o m p o s i t e  a n d  t h e r e b y  e n h a n c e s  th e  

p r o p e r t ie s .  A  n u m b e r  o f  m a te r ia l  p r o p e r t ie s  w h e r e  e n h a n c e m e n t s  h a v e  b e e n  r e p o r te d  

in  th e  l i te r a tu r e  in c lu d e  t e n s i l e  s tr e n g th  a n d  m o d u lu s ,  f l e x u r a l  m o d u lu s ,  g la s s  

tr a n s i t io n  t e m p e r a tu r e ,  h e a t  d i s t o r t io n  t e m p e r a tu r e ,  th e r m a l  s t a b i l i t y ,  f la m e  r e ta r d a n t  

a n d  b a rr ier  a b i l i t y  e tc .
2.2.4.1 M echanical Properties

In  g e n e r a l ,  th e  a d d it io n  o f  a n  o r g a n ic a l ly  m o d i f i e d  la y e r e d  

s i l i c a t e  in  a  p o ly m e r  m a tr ix  r e s u lt s  in  a  r e m a r k a b le  im p r o v e m e n t  o f  m e c h a n ic a l  

p r o p e r t ie s ,  i .e .  t e n s i l e  s tr e n g th , Y o u n g ’s  m o d u lu s ,  b u t  s ig n i f i c a n t ly  r e d u c e d  

e lo n g a t io n  a n d  im p a c t  s tr e n g th . T h e  im p r o v e m e n t  in  m e c h a n ic a l  p r o p e r t ie s  r e q u ir e s  

g o o d  e x f o l ia t i o n  a n d  d i s p e r s io n  o f  th e  s i l i c a t e  la y e r s  in  th e  p o ly m e r  m a tr ix .  M o s t  o f  

P P  la y e r e d  s i l i c a t e  n a n o c o m p o s i t e s  r e p o r te d  in  l i te r a tu r e  s t u d ie d  th e  t e n s i l e  

p r o p e r t ie s  a s  a  f u n c t io n  o f  t h e  la y e r e d  s i l i c a t e  c o n t e n t  ( F ig u r e  2 .1 5 ) .  A  s h a r p  in c r e a s e  

o f  th e  Y o u n g ’s  m o d u lu s  w a s  o b s e r v e d  a t v e r y  s m a ll  la y e r e d  s i l i c a t e  l o a d in g s  ( < 4  

w t% ) , f o l l o w e d  b y  a  m u c h  s lo w e r  in c r e a s e  b e y o n d  la y e r e d  s i l i c a t e  l o a d in g s  a b o u t  

5 w t% . W ith  in c r e a s in g  la y e r e d  s i l i c a t e  c o n t e n t ,  th e  y i e ld  s t r e s s  d o e s  n o t  c h a n g e  

m a r k e d ly  c o m p a r e d  t o  th e  n e a t  p o ly m e r  ( M a n ia s  et al. 2 0 0 0 ) .  S im i la r  b e h a v io r  w a s  

f o u n d  b y  S v o b o d a  et al. ( 2 0 0 2 ) .  T h e r e  w a s  a  s h a r p  in c r e a s e  o f  t e n s i l e  s t r e n g th  f r o m  0  

t o  1 w t%  o f  c la y .  F u r th e r  a d d it io n  o f  c l a y  im p r o v e d  th e  t e n s i l e  s t r e n g th  o n l y  

m o d e r a t e ly .  A f t e r  r e a c h in g  th e  m a x im u m  v a lu e  (a b o u t  3  w t% ), t h e  fu r th e r  a d d it io n  

o f  c la y  d e c r e a s e s  th e  t e n s i l e  s tr e n g th . In  a d d it io n  t o  c la y  c o n t e n t ,  th e  p r e s e n t  o f  

c o m p a t ib i l i z e r s  in  p o ly m e r  m a tr ix  a l s o  p la y s  a  c r u c ia l  r o le  in  im p r o v e m e n t  o f  

m e c h a n ic a l  p r o p e r t ie s .  It w a s  f o u n d  th a t  th e  p p  c o n t a in in g  c o m p a t i b i l i z e r  ( P P - g -  

M A H )  s h o w s  la r g e  im p r o v e m e n t  o f  m o d u lu s  w h i l e  t h e  u n c o m p a t ib l i z e d  p p  s h o w e d  

n o  im p r o v e m e n t .  M a n ia s  et al. ( 2 0 0 0 )  s u g g e s t e d  th a t  w h e n  th e  p o ly m e r / in o r g a n ic  

in te r a c t io n  i s  im p r o v e d ,  i .e .  w h e n  M A  f u n c t io n a l  g r o u p s  a re  a d d e d  t o  th e  p o ly m e r ,  
th e  s t r e s s e s  a r e  m u c h  m o r e  e f f e c t i v e l y  tr a n s fe r r e d  fr o m  th e  p o l y m e r  m a tr ix  to  th e  

in o r g a n ic  c la y ,  a n d  th u s  a n  e n h a n c e m e n t  in  Y o u n g ’s  m o d u lu s  i s  a c h ie v e d .  S im i la r  

r e s u lt  w a s  o b s e r v e d  b y  G a lg a l i  et al. ( 2 0 0 4 ) .  T h e  s a m e  r e s u l t  w a s  f o u n d  b y
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C h e u n g  et al. ( 2 0 0 2 )  fo r  i P P /O M M T  h y b r id s ,  b o t h  t e n s i l e  y i e ld  s tr e n g th  a n d  th e  

t e n s i l e  m o d u lu s  in c r e a s e d ,  b u t  th e  e l o n g a t i o n  a t b r e a k  a n d  t h e  n o t c h e d  I z o d  im p a c t  

d id  n o t  c h a n g e  s ig n i f ic a n t ly .  In  a d d it io n ,  O k a m o t o  et al. ( 2 0 0 1 )  s h o w e d  th a t  th e  

d e g r e e  o f  in t e r c a la t io n  o f  th e  P P - g - M A  c h a in s  a n d  th e  a s p e c t  r a t io  o f  th e  d i s p e r s e d  

c la y  p a r t ic le s  s t r o n g ly  a f f e c t e d  th e  f in a l  m e c h a n ic a l  p r o p e r t ie s  o f  th e  P P L S N s ,  in  

th e ir  s tu d y ;  th e  in te r c a la te d  P P L S N s  e x h ib i t e d  a n  e n h a n c e m e n t  o f  th e  m o d u li  

c o m p a r e d  w i t h  p u r e  p p  m a tr ix .
F o r  f l e x u r a l  m o d u lu s ,  fo r  e x a m p l e ,  M o d e s t i  et al. ( 2 0 0 5 )  f o u n d  th a t  

th e  in c r e a s e  in  f l e x u r a l  m o d u lu s  w a s  s t r o n g ly  d e p e n d e d  o n  th e  c o m p a t ib i l i z e r .  U s i n g  

a  c o m p a t ib l i z e d  p p ,  a b o u t  3 5 %  in c r e a s e  in  th e  f le x u r a l  m o d u lu s  w a s  r e a l i z e d  o v e r  

th e  n e a t  p p  m a tr ix . U n c o m p a t ib l iz e d  p p  b a s e d  c o m p o s i t e  s h o w e d  a  m a x im u m  

in c r e a s e  o f  2 6 %  o v e r  th e  n e a t  p p  m a tr ix .  T h i s  d i f f e r e n c e  in  f le x u r a l  m o d u lu s  

b e t w e e n  t w o  s a m p le s  w a s  a t tr ib u te d  p r im a r i ly  to  a n  im p r o v e m e n t  in  p o ly m e r / c l a y  

c o m p a t ib i l i t y .  T h e  a u th o r s  p r o p o s e d  th a t  i m p r o v e m e n t  in  p o l y m e r / c l a y  in t e r a c t io n  

s h o u ld  d e c r e a s e  p o ly m e r  c h a in  m o b i l i t y  a n d  in c r e a s e  th e  s t i f f n e s s  o f  th e  m a te r ia l .
In  c o n t r a s t  to  t e n s i l e  s tr e n g th  a n d  m o d u lu s ,  th e  %  e l o n g a t i o n  o f  

n a n o c o m p o s i t e s  w a s  r e d u c e d  w i t h  in c r e a s in g  t h e  c la y  c o n t e n t .  T h e  r e d u c t io n  o f  

e lo n g a t io n  m a y  b e  d u e  to  th e  g r e a te r  in t e r a c t io n  b e t w e e n  f i l l e r  a n d  p o ly m e r  m a tr ix ,  
w h ic h  p r o b a b ly  l e a d s  t o  lo w e r  p o ly m e r ic  c h a in  m o b i l i t y ,  m a k in g  th e  m a te r ia l  m o r e  

r ig id  ( M o d e s t i  et al. 2 0 0 5 ) .
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Figure 2.15 M e c h a n ic a l  p r o p e r t ie s  o f  P P L S N a  a s  a  f u n c t io n  o f  c la y  c o n t e n t .

2.2.4.2 Dynam ic M echanical Analysis

D y n a m ic  m e c h a n ic a l  a n a ly s i s  ( D M A )  m e a s u r e s  t h e  r e s p o n s e  

o f  a  g i v e n  m a te r ia l  to  a n  o s c i l l a t o r y  d e f o r m a t io n  ( u s u a l ly  t e n s io n  o r  t h r e e - p o in t  

b e n d in g  t y p e  d e f o r m a t io n )  a s  a  f u n c t io n  o f  t e m p e r a tu r e .  D M A  r e s u lt s  a re  e x p r e s s e d  

b y  th e  th r e e  p a r a m e te r s :  ( i )  th e  s t o r a g e  m o d u lu s  ( E );  ( i i )  th e  l o s s  m o d u lu s  ( £ " ) ;  a n d  

( i i i )  ta n  8 ,  w h i c h  i s  th e  r a t io  o f  E"/E', u s e f u l  f o r  d e t e r m in in g  th e  o c c u r r e n c e  o f  

m o le c u la r  m o b i l i t y  t r a n s i t io n s ,  s u c h  a s  th e  g la s s  t r a n s i t io n  t e m p e r a tu r e  (T g ). It i s  w e l l  

k n o w n  th a t  b o th  s t o r a g e  a n d  l o s s  m o d u lu s  a re  im p r o v e d  b y  th e  a d d it io n  o f  la y e r e d  

s i l i c a t e  in  a  p o ly m e r ,  in  p a r t ic u la r  a t t e m p e r a tu r e  a b o v e  t h e  Tg. F o r  t h e  e x f o l ia t e d  

n a n o c o m p o s i t e ,  th e  in c r e a s e  in  E ' i s  d u e  t o  t h e  c r e a t io n  o f  a  t h r e e - d im e n s io n a l  

n e t w o r k  o f  in t e r c o n n e c t e d  lo n g  s i l i c a t e  la y e r s ,  s t r e n g t h e n in g  th e  m a te r ia l  th r o u g h  

m e c h a n ic a l  p e r c o la t io n  ( A le x a n d r e  a n d  D u b o i s ,  2 0 0 0 ) .  A b o v e  t h e  Tg, w h e n  m a t e r ia ls  

b e c o m e  s o f t ,  th e  r e in f o r c e m e n t  e f f e c t  o f  th e  c l a y  p a r t ic le s  b e c o m e s  m o r e  p r o m in e n t ,  

d u e  to  th e  r e s tr ic t e d  m o t io n  o f  t h e  p o ly m e r  c h a in s  a n d  th u s  t h e  e n h a n c e m e n t  o f  E ' 

w a s  o b s e r v e d  ( R a y  a n d  O k a m o t o ,  2 0 0 3 ) .  F o r  t h e  c a s e  o f  p p  b a s e d  n a n o c o m p o s i t e ,  

N a m  et al. ( 2 0 0 1 )  o b s e r v e d  a  la r g e  i m p r o v e  o f  E '  f o r  a ll  P P C N s  th a t  in f lu e n c e d  fr o m  

th e  p r e s e n c e  o f  la y e r e d  s i l i c a t e .  T h e y  fo u n d  th a t  b e l o w  Tg, th e  e n h a n c e m e n t  o f  E '
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w a s  c le a r  in  th e  in te r c a la te d  P P C N s  n a n o c o m p o s i t e .  P P C N s  s h o w e d  a  s h i f t  o f  ta n  8  

c u r v e s  to  h ig h e r  te m p e r a tu r e s  a t 25°c a n d  a n o th e r  b r o a d  p e a k  b e t w e e n  50°c a n d  

90°c. S im i la r  r e s u lt  w a s  r e p o r te d  b y  L iu  a n d  พ น  (2001), w h o  p r e p a r e d  P P C N s  w i t h  

E M - M M T  a s  a n  o r g a n o c la y .  T h e  r e s u lt s  s h o w  th a t  t h e  in c o r p o r a t io n  o f  E M - M M T  

in to  t h e  p p  m a tr ix  r e s u lt s  in  a  r e m a r k a b le  in c r e a s e  in  s t i f f n e s s  ( F ig u r e  2.15). In  

g e n e r a l ,  a  s h i f t  o f  Tg to  h ig h e r  t e m p e r a tu r e s  h a s  b e e n  o b s e r v e d  fo r  P L S N s .  It w a s  

e s t a b l i s h e d  th a t  Tg i s  s t r o n g ly  a f f e c t e d  b y  th e  a d d it io n  o f  n a n o p a r t ic le s  a n d  

p a r t ic u la r ly  w h e n  th e r e  i s  a  g o o d  p o l y m e r - f i l l e r  in t e r a c t io n ,  Tg o f  t h e  a m o r p h o u s  

p o ly m e r  t e n d s  t o  in c r e a s e  b y  d e c r e a s in g  th e  s i z e  o f  th e  p a r t ic le s  o r  b y  in c r e a s in g  th e  

f i l l e r  c o n t e n t ;  t h i s  b e h a v io u r  i s  g e n e r a l ly  a s s o c i a t e d  t o  t h e  c o n f in e m e n t  e f f e c t  

g e n e r a t in g  a  r e d u c t io n  in  c h a in  m o b i l i t y  u n t i l  s u p p r e s s io n  o f  c o o p e r a t iv e  s e g m e n t a l  

m o t i o n s  o f  th e  c o n f in e d  m a c r o m o le c u l e s .  H o w e v e r ,  th e  o p p o s i t e  e f f e c t  w a s  r e p o r te d  

in  th e  c a s e  o f  P P - b a s e d  n a n o c o m p o s i t e s  ( N a m  et al., 2001). T h e  a u th o r s  s u g g e s t e d  a  

d e c r e a s e  o f  ta n  8  p e a k s  w a s  p r o b a b ly  d u e  t o  th e  s u p p r e s s io n  o f  p o ly m e r  c h a in  b y  th e  

p r e s e n c e  o f  th e  c la y .  A n o t h e r  in t e r e s t in g  p h e n o m e n o n  i s  th a t  th e  To v a lu e s  o f  P P C N s  

d o  n o t  fu r th e r  d e c r e a s e  a b o v e  a n  E M - M M T  c o n t e n t  o f  3  w t% .
In  s u m m a r y , th e  s t o r a g e  e l a s t ic  m o d u lu s  a p p e a r s  t o  b e  

s u b s t a n t ia l ly  e n h a n c e d  a t t e m p e r a tu r e s  a b o v e  Tg fo r  e x f o l i a t e d  n a n o c o m p o s i t e s  f i l l e d  

w it h  la y e r e d  s i l i c a t e s  o f  h ig h  a s p e c t  r a t io . A  p o s s i b l e  e x p la n a t io n  f o r  s u c h  a n  

i m p r o v e m e n t  c o u l d  b e  t h e  c r e a t io n  o f  a  t h r e e - d im e n s io n a l  n e t w o r k  o f  in t e r c o n n e c t e d  

l o n g  s i l i c a t e  la y e r s ,  s t r e n g t h e n in g  t h e  m a te r ia l  th r o u g h  m e c h a n ic a l  p e r c o la t io n .
2.2.4.3 Thermal Stability

T h e  th e r m a l  s t a b i l i t y  o f  a  m a te r ia l  i s  u s u a l ly  a s s e s s e d  b y  

th e r m o g r a v im e t r ic  a n a ly s i s  ( T G A ) .  T h e  w e i g h t  l o s s  d u e  t o  th e  f o r m a t io n  o f  v o la t i l e  

p r o d u c t s  a f te r  d e g r a d a t io n  a t h ig h  t e m p e r a tu r e  i s  m o n i t o r e d  a s  a  f u n c t io n  o f  

t e m p e r a tu r e  ( a n d /o r  t im e ) .  W h e n  h e a t in g  o c c u r s  u n d e r  a n  in e r t  g a s  f l o w ,  a  n o n -  

o x id a t iv e  d e g r a d a t io n  o c c u r s ,  w h i l e  th e  u s e  o f  a ir  o r  o x y g e n  a l l o w s  o x id a t iv e  

d e g r a d a t io n  o f  t h e  s a m p le s  ( R a y  a n d  O k a m o t o ,  2 0 0 3 ) .  G e n e r a l ly ,  th e  in c o r p o r a t io n  

o f  c l a y  in to  th e  p o ly m e r  m a tr ix  w a s  f o u n d  to  e n h a n c e  th e r m a l  s t a b i l i t y  b y  a c t in g  a s  a  

s u p e r io r  in s u la t o r  a n d  m a s s  tr a n sp o r t  b a rr ier  t o  th e  v o la t i l e  p r o d u c t s  g e n e r a t e d  d u r in g  

d e c o m p o s i t i o n ,  a s  w e l l  a s  b y  a s s i s t i n g  in  th e  f o r m a t io n  o f  c h a r  a f te r  th e r m a l
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d e c o m p o s i t i o n  (Z h u , 2 0 0 1  a n d  B e c k e r ,  2 0 0 4 ) .  Z a n e t t i  et al. ( 2 0 0 2 )  s t u d ie d  t h e  

th e r m a l b e h a v io r  o f  p p  b a s e d  n a n o c o m p o s i t e s .  T h e y  f o u n d  th a t  b o t h  o n s e t  

t e m p e r a tu r e  (Tonset) a n d  th e  te m p e r a tu r e  o f  m a x im u m  d e g r a d a t io n  (7d ) w e r e  s h i f t e d  t o  

h ig h e r  te m p e r a tu r e  (u n d e r  o x id a t io n  o r  n o n  o x id a t io n  p r o c e s s ) .  A t  1 0  w t°/o  o f  c la y  

lo a d in g ,  th e  / ’onset s ig n i f ic a n t ly  in c r e a s e d ,  w h i c h  w a s  a b o u t  50°c h ig h e r  th a n  th e  p u r e  

P P . T h e y  e x p l a i n e d  t h is  in c r e a s e  in  th e  th e r m a l  s t a b i l i t y  w a s  d u e  t o  t h e  b a r r ie r  e f f e c t  

o f  th e  s i l i c a t e  la y e r s .  T h e  b a r r ie r  e f f e c t  c o n c e r n s  th e  d i f f u s io n  o f  t h e  v o l a t i l e  th e r m a l  
o x id a t io n  p r o d u c t s  t o  t h e  g a s  p h a s e  a n d , a t t h e  s a m e  t i m e ,  o f  th e  o x y g e n  fr o m  th e  g a s  

p h a s e  to  th e  p o ly m e r  m a tr ix .  In  fa c t ,  t h is  b e h a v io r  i s  a t tr ib u te d  t o  t h e  f o r m a t io n  o f  

c h a r  o n  th e  s u r f a c e  o f  th e  P L S N s  d u r in g  e x p o s u r e  t o  h ig h  te m p e r a tu r e  a ir . T h e  

in o r g a n ic  c h a r  i s  s a id  t o  b e  r e s p o n s ib le  f o r  d e c r e a s in g  d e g r a d a t io n  b y  in s u la t in g  th e  

m a te r ia l  b e n e a t h  it . In  a d d it io n  t o  h a v in g  in s u la t in g  p r o p e r t ie s ,  t h e  u n i f o r m  c h a r  

f o r m a t io n  m a k e s  th e  d i f f u s io n  o f  v o la t i l e  d e g r a d a t io n  p r o d u c t s  o u t  o f  t h e  s a m p le  

m o r e  d i f f i c u l t  b y  in c r e a s in g  th e  t o r t u o s i t y  o f  th e  s a m p le .
It w a s  f o u n d  th a t  t h e  d e g r a d a t io n  te m p e r a tu r e  i s  im p r o v e d  w i t h  

th e  l e v e l  o f  th e  e x f o l ia t e d  la y e r e d  s i l i c a t e .  Z h a n g  a n d  W ik ie  ( 2 0 0 6 ) ,  fo r  e x a m p l e ,  
f o u n d  th a t  p p  b a s e d  n a n o c o m p o s i t e  c o n t a in in g  l w t %  o r g a n o c la y  s ig n i f ic a n t ly  

in c r e a s e d  in  7d, w h i c h  w a s  45°c h ig h e r  th a n  p u r e  p p .  A s  th e  o r g a n o c la y  c o n t e n t  

e x c e e d e d  t o  3 w t%  a n d  th e  5 w t% , w h ic h  in  tu rn , th e  7d v a lu e  n o t  m u c h  in c r e a s e d .  
F r o m  th e  T E M  im a g e s ,  i t  w a s  s e e n  th a t  a t l w t %  r e v e a le d  th e  e x f o l ia t e d  s ta te .  W h i le  

a t  3 w t%  a n d  5 w t%  o f  o r g a n o c la y  c o n t e n t ,  th e  in te r c a la te d  a n d  a g g lo m e r a t e d  

m o r p h o lo g y ,  in  s t e a d ,  w a s  o b s e r v e d .  In  c o n t r a s t ,  W a n g  et al. ( 2 0 0 6 )  f o u n d  th a t  t h e  7d  

a t l o w e r  O M M T  c o n t e n t  ( i . e .  0 .5  a n d  1 w t° /o )  a re  lo w e r  th a n  th a t  o f  p u r e  p p ,  a f te r  

O M M T  c o n t e n t  is  in c r e a s e d  u p  to  2  w t% , th e  th e r m a l  s t a b i l i t y  i s  o b v i o u s l y  

r e in f o r c e d  ( F ig u r e  2 .1 6 ) .  T h e  r e a s o n  i s  th a t  a s  O M M T  c o n t e n t  e x c e e d s  1 w t% , th e  

n a n o d is p e r s e d  c la y  t a c t o id s / s h e e t s  p r o g r e s s iv e ly  e s t a b l i s h  a n d  c o m p l e t e  th e  

m e s o s c o p i c  n e t w o r k  s tr u c tu r e . It i s  c o n c e iv a b le  th a t  t h e  m o b i l i t y  a n d  r e la x a t io n  o f  

iP P  c h a in s  w i l l  b e  c o n f in e d  b y  th e  p h y s ic a l l y  c o r r e la t e d  c a g e  c o m p r is in g  la y e r e d  

O M M T  t a c t o id s  a n d  la y e r s ,  r e s u l t in g  in  th e  o p p o s i t e  e v o lu t i o n  o f  m a c r o s c o p ic  

p r o p e r t ie s  a f te r  th e  t h r e s h o ld  (1 w t% ) o f  f i l l e r  c o n t e n t .  S o ,  in  c o n t r a s t  t o  th e  c a s e s  o f  

l o w  O M M T  c o n t e n t ,  th e  r o le  o f  a  p e r c o la t e d  f i l l e r  n e t w o r k  c r e a te d  a t h ig h  O M M T



content is dominant in determining the macroscopic properties, resulting in low melt
fluidity, retarded crystallization capability, but an enhanced thermal stability and
modulus.

Figure 2 .16 ( A )  T G A  c u r v e s  o f  i P P /O M M T  h y b r id s  c o n t a in in g  v a r io u s  O M M T  

c o n t e n t s  a n d  ( B )  th e r m a l  d e g r a d a t io n  te m p e r a tu r e s  (7 d )  a s  a  f u n c t io n  o f  O M M T  

c o n t e n t .  T h e  d a tu m  in  ( B )  w a s  e x tr a c te d  f r o m  ( A )  a n d  c o r r e s p o n d e d  t o  t h e  v a lu e s  a t  

la r g e s t  s lo p e  o f  T G A  c u r v e s  ( W a n g  et al. 2 0 0 6 ) .

2.2.4.4 Crystallinity

C r y s t a l l i z a t io n  i s  o n e  o f  t h e  m o s t  e f f e c t i v e  p r o c e s s e s  u s e d  to  

c o n t r o l  t h e  e x t e n t  o f  in t e r c a la t io n  o f  p o ly m e r  c h a in s  in t o  s i l i c a t e  g a l l e r i e s ,  a n d  h e n c e  

to  c o n t r o l  t h e  m e c h a n ic a l  a n d  v a r io u s  o th e r  p r o p e r t ie s  o f  th e  n a n o c o m p o s i t e s .  T h e  

e f f e c t s  o f  th e  s i l i c a t e  la y e r s  o n  th e  c r y s ta l  s tr u c tu r e  o f  th e  p p  b a s e d  n a n o c o m p o s i t e s  

h a v e  b e e n  o f  in te r e s t .  F o r  e x a m p l e ,  M a it i  et al. ( 2 0 0 2 )  f o u n d  th a t  a l t h o u g h  c la y  

p a r t ic le s  a c t  a s  n u c le a t in g  a g e n t s  fo r  t h e  c r y s t a l l i z a t io n  o f  a  P P - M A  m a t r ix ,  th e  l in e a r  

g r o w t h  r a te  a n d  th e  o v e r a l l  c r y s t a l l i z a t io n  ra te  w e r e  n o t  s ig n i f i c a n t ly  i n f l u e n c e d  b y  

th e  p r e s e n c e  o f  c la y .  In  c o n t r a s t ,  L i et al. ( 2 0 0 3 )  s t u d ie d  th e  n o n is o t h e r m a l  

c r y s t a l l i z a t io n  b e h a v io r  o f  P P - g - M A /M M T  s y s t e m  a n d  f o u n d  th a t  t h e  p r e s e n c e  o f  

M M T  c l a y  r e s u lt e d  in  th e  in c r e a s e  o f  c r y s t a l l i z a t io n  ra te  a n d  th e  d e c r e a s e  o f  

s u p e r c o o l in g  d e g r e e  r e q u ir e d  fo r  c r y s t a l l i z in g  n u c lé a t io n .  T h e  a c t iv a t io n  e n e r g y  fo r
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th e  n a n o c o m p o s i t e s  w a s  f o u n d  t o  b e  h ig h e r  th a n  th e  m a t r ix ,  in d ic a t in g  a n  a c t iv e  

h e t e r o g e n e o u s  n u c lé a t io n  o f  th e  c la y .  S im i la r ly ,  M o d e s t i  et al. (2006) r e p o r te d  a  

r e m a r k a b le  in c r e a s e  o f  c r y s t a l l in i t y  a n d  c r y s t a l l i z a t io n  r a te  f o r  p p  b a s e d  

n a n o c o m p o s i t e s  e x p la in e d  b y  c o n s id e r in g  th a t  th e  n a n o c la y  p la t e l e t s  d i s p e r s e d  in  th e  

m a tr ix  p r o m o t e  h e t e r o g e n e o u s  n u c lé a t io n .  In  a d d it io n ,  K r u m p  et al. (2006) fo u n d  

th a t  w i t h  in c r e a s in g  o r g a n o c la y  c o n t e n t ,  th e  m e l t i n g  t e m p e r a tu r e  w a s  in c r e a s e d .  T h e  

a u th o r  e x p la in e d  t h is  b e h a v io r  b y  c o n s id e r in g  a n  in c r e a s e  in  p p  la m e l la r  t h ic k n e s s ,  a t  

th e  s a m e  t im e  th e  v e r y  s m a l l  d e c r e a s e  o f  th e  a s s o c ia t e d  e n t h a lp y  w a s  a ttr ib u te d , t o  th e  

l o w e r in g  o f  t h e  to ta l  a m o u n t  o f  t h ic k e r  l a m e l la e  p r e s e n t  in  t h e  m a t e r ia l ,  s u g g e s t i n g  

fo r  t h is  n a n o c o m p o s i t e  a  la r g e r  a m o r p h o u s  p a r t  a n d  m o r e  s p a c e  fo r  c h a in  m o v e m e n t .  
H o w e v e r ,  W a n g  et al. (2006) f o u n d  th a t  th e  c r y s t a l l i z a t io n  te m p e r a tu r e  o f  

i P P /O M M T  h y b r id  f ir s t  in c r e a s e d  w i t h  th e  a d d it io n  o f  O M M T , b u t  th e n  d e c r e a s e d  a s  

t h e  c la y  c o n t e n t  e x c e e d s  1 w t% , a l t h o u g h  in  s u c h  c a s e  t h e  c r y s t a l l i z a t io n  

t e m p e r a tu r e s  o f  n a n o c o m p o s i t e s  w e r e  s t i l l  h ig h e r  th a n  th a t  o f  b a s a l  m a tr ix .  T h e  

a u th o r  s u g g e s t e d  s u c h  a  p h e n o m e n o n  w a s  a t tr ib u te d  to  th e  c o n f in e d  m o t i o n  o f  p p  

c h a in s  w i t h in  c la y  n e t w o r k ,  h in d e r in g  th e  s e g m e n t a l  r e a r r a n g e m e n t  d u r in g  

c r y s t a l l i z a t io n  a n d  r e s tr ic t in g  th e  fo r m a t io n  o f  p e r f e c t  c r y s t a ls  in  th e  p o l y m e r  m a tr ix  

s im i la r  w i t h  t h e  p r e v io u s  r e s u lt e d  r e p o r te d  b y  L u  a n d  N u t t  (2003).
2.2.4.5 Heat Deflection Temperature

H e a t  d i s t o r t io n  t e m p e r a tu r e  o r  h e a t  d e f l e c t i o n  t e m p e r a tu r e  

( H D T )  i s  th e  t e m p e r a tu r e  a t w h i c h  a  p o ly m e r  s a m p le  d e f o r m s  u n d e r  a  s p e c i f i e d  lo a d .  
T h u s ,  it  i s  a n  in d e x  o f  a  p o ly m e r ic  m a t e r ia l ’ร h e a t  r e s i s t a n c e  t o w a r d s  a p p l i e d  lo a d .  In  

g e n e r a l ,  i m p r o v e m e n t s  o f  H D T  a re  r e p o r te d  b y  n a n o c o m p o s i t e  f o r m a t io n .  U s u a l ly ,  a  

s ig n i f ic a n t  in c r e a s e  i s  a c h ie v e d  f o r  c l a y  c o n t e n t s  o f  a p p r o x im a t e ly  5 w t% , a n d  th e n  

H D T  v a lu e s  l e v e l  o f f  fo r  h ig h e r  c la y  l o a d in g s .  T h e  n a n o d i s p e r s io n  o f  la y e r e d  s i l i c a t e  

in  th e  p p  m a tr ix  a l s o  p r o m o t e s  a  h ig h e r  h e a t  d e f l e c t i o n  t e m p e r a tu r e  ( H D T ) .  F o r  

e x a m p l e ,  M a n ia s  et al. (2001) r e p o r te d  th e  H D T  o f  p p  a n d  i t s  n a n o c o m p o s i t e s  b a s e d  

o n  f - M M T  a n d  a lk y la m m o n iu m - M M T . In  t h e  c a s e  o f  n e a t - P P / f - M M T  th e r e  i s  a  

m a r k e d  in c r e a s e  o f  th e  H D T , fr o m  109°c f o r  t h e  n e a t  p o ly m e r  t o  152°c fo r  a  6  w t  %  

n a n o c o m p o s i t e ;  b e y o n d  6  w t%  o f  f - M M T  t h e  H D T  o f  th e  h y b r id  l e v e l s  o f f .  W h e n  

th e  s a m e  n e a t - P P  p o ly m e r  i s  f i l l e d  w i t h  a lk y la m m o n i u m - m o d i f ie d  M M T , t h e  H D T  is  

a ls o  in c r e a s e d  b u t  t o  a  s m a l le r  e x t e n t ,  r e f l e c t in g  th e  l o w e r  e x f o l i a t i o n  l e v e l  o f  th e
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in o r g a n ic  f i l l e r s .  M o r e o v e r ,  in  t h e  la t te r  c a s e ,  th e r e  i s  a  s t r o n g  d e p e n d e n c e  o f  th e  

H D T  o n  th e  p r o c e s s i n g  c o n d i t io n s  d u r in g  t h e  c o m p o s i t e  f o r m a t io n ,  s im i la r ly  to  th e  

t e n s i l e  p r o p e r t ie s .  T h e  in c r e a s e  o f  H D T  d u e  t o  M M T  d i s p e r s io n  i s  a  v e r y  im p o r ta n t  

im p r o v e m e n t  fo r  p p ,  n o t  o n ly  f r o m  th e  a p p l ic a t io n / in d u s t r ia l  v i e w p o i n t ,  b u t  a l s o  

b e c a u s e  it  i s  d i f f i c u l t  to  a c h i e v e  s im i la r  H D T  e n h a n c e m e n t s  b y  c h e m ic a l  

m o d i f i c a t i o n  o r  r e in f o r c e m e n t  b y  o th e r  f i l l e r s .
2.2.4.6 Rheology

T h e  s tu d y  o n  r h e o lo g y  o f  p o ly m e r  la y e r e d  s i l i c a t e  

n a n o c o m p o s i t e s  ( P L S N s )  i s  v e r y  im p o r ta n t  d u e  t o  it  o f f e r s  a  w a y  t o  c h a r a c t e r iz e  th e  

s t a t e  o f  d i s p e r s io n  o f  la y e r e d  s i l i c a t e ,  a n d  a l s o  p r o v id e  u s e f u l  g u id e l i n e s  f o r  o p t im u m  

p r o c e s s i n g  c o n d i t io n s .  It i s  w e l l  k n o w n  th a t  t h e  r h e o lo g ic a l  p r o p e r t ie s  o f  P T S N s  m e lt  

a r e  h ig h ly  s e n s i t i v e  t o  th e  e s s e n t ia l  m ic r o s tr u c tu r e ;  th e r e  e x i s t s  a  d r a m a t ic  d i f f e r e n c e  

b e t w e e n  th e  r h e o lo g y  w i t h  a n d  w i t h o u t  a  p e r c o la t in g  c la y  n e t w o r k .  M a n y  r e s e a r c h e r s  

in s t e a d  p r o p o s e  m o d i f i e d  m o d e l s  o f  f i l l e r  n e t w o r k s  f o r  in te r p r e t in g  r e a s o n a b ly  th e  

u n iq u e  r h e o lo g ic a l  p r o p e r t ie s  in  P L S N s ,  f o r  e x a m p l e ,  K r is h n a m o o r t i  et al. ( 1 9 9 6 ,  
1 9 9 7 ,  2 0 0 0 )  c o n d u c t e d  s m a ll - s t r a in  a m p l i t u d e  o s c i l l a t o r y  s h e a r  e x p e r im e n t s  o f  t w o  

s e r i e s  o f  e n d - t e t h e r e d  e x f o l ia t e d  n a n o c o m p o s i t e s  b a s e d  o n  p o ly ( £ - c a r p r o la c t o n e ) ,  

n y l o n  6 ,  a n d  o n e  s e r i e s  o f  in te r c a la te d  n a n o c o m p o s i t e s  b a s e d  o n  a  d is o r d e r e d  d ib lo c k  

c o p o l y m e r  o f  p o ly s t y r e n e  a n d  p o ly i s o p r e n e  ( P S P I ) .  T h e  s t o r a g e  ( G ')  a n d  l o s s  m o d u l i  

(G " )  o f  t h e s e  n a n o c o m p o s i t e s  in c r e a s e d  m o n o t o n i c a l ly  w i t h  t h e  s i l i c a t e  lo a d in g  a t a l l  

f r e q u e n c ie s .  It w a s  f o u n d  a t l o w  f r e q u e n c y  th a t  n a n o c o m p o s i t e s  c o n t a in in g  h ig h  c la y  

l o a d in g  e x h ib i t e d  a  p s e u d o - s o l id - l ik e  r e s p o n s e  ( i .e .  G ' e x c e e d e d  G " a n d  G ' w a s  

n e a r ly  in d e p e n d e n t  o f  f r e q u e n c y ) .  T h is  p s e u d o - s o l id - l ik e  b e h a v io r  a t l o n g  t i m e s  w a s  

a ttr ib u te d  to  r a n d o m ly  o r ie n t e d  s t a c k s  o f  s i l i c a t e  la y e r s  th a t  f o r m e d  a  p e r c o la t e d  

t h r e e - d im e n s io n a l  n e tw o r k .  T h e  s im i la r  l o w  f r e q u e n c y  b e h a v io r  h a s  b e e n  o b s e r v e d  

b y  F û m e s  et al. ( 2 0 0 1 )  fo r  n y lo n  6 /c la y  n a n o c o m p o s i t e s .  H o w e v e r ,  f o r  p p  b a s e d  

n a n o c o m p o s i t e s ,  m a n y  r e s e a r c h e s  h a v e  b e e n  s t u d ie d  th e ir  r h e o lo g y  b a s e d  o n  th e  c la y  

c o n t e n t  o r  e v e n  th e  e f f e c t  o f  c o m p a t ib i l i z e r ,  u s u a l ly  P P - g - M A .  F o r  e x a m p l e ,  
S o l o m o n  et al. ( 2 0 0 0 )  s t u d ie d  th e  m e l t - s t a t e  l in e a r  a n d  n o n l in e a r  s h e a r  r h e o lo g ic a l  

p r o p e r t ie s  o f  p p  b a s e d  n a n o c o m p o s i t e s .  A b o v e  in o r g a n ic  l o a d in g s  o f  2 .0  w t  %  th e  

n a n o c o m p o s i t e s  e x h i b i t e d  a p p a r e n t  l o w - f r e q u e n c y  p la t e a u s  in  th e  l in e a r  v i s c o e l a s t i c
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m o d u l i .  T h e  t r a n s ie n t  s t r e s s  in  s ta r t-u p  o f  s t e a d y  s h e a r  s c a le d  w i t h  th e  a p p l ie d  s tr a in .  
T h e s e  o b s e r v a t io n s  a l l o w  f e a t u r e s  o f  t h e  p p / c la y  n a n o c o m p o s i t e s  s tr u c tu r e  t o  b e  

d e d u c e d .  T h e  t r a n s ie n t  n o n l in e a r  r h e o lo g y  i s  c o n s i s t e n t  w i t h  a n  a n i s o m e t r ic ,  n o n -  

B r o w n ia n  s tr u c tu r e . T h e  d e m o n s t r a t io n  o f  th e  s e n s i t i v i t y  o f  m e l t - s t a t e  r h e o lo g ic a l  

m e a s u r e m e n t s  t o  in te r p a r t ic le  s tr u c tu r e  a n d  c h e m is t r y  o f  th e  h y b r id  m a t e r ia ls  

in d ic a t e s  th e  p o t e n t ia l  u s e f u l n e s s  o f  s u c h  s t u d ie s  fo r  th e  d e v e lo p m e n t  o f  n e w  

n a n o c o m p o s i t e  m a te r ia ls .  A f t e r  i n v e s t ig a t in g  th e  s a m e  P L S N  s y s t e m ,  t h e y  s u g g e s t e d  

a ls o  th a t  t h e  h y b r id  n e t w o r k  w a s  e a s i l y  d e s t r o y e d  b y  d e f o r m a t io n ,  b u t  a t tr a c t iv e  

in te r p a r t ic le  in t e r a c t io n s  w o u l d  p r o m o t e  r e c o n s t i t u t io n  o f  th e  n e t w o r k ,  g i v i n g  r is e  to  

o v e r s h o o t  in  th e  s t r e s s  d u r in g  f l o w  r e v e r s a l  s t u d ie s .  G a lg a l i  et al. 2 0 0 1  s u g g e s t e d  th a t  

t h e  s o l i d - l i k e  r h e o lo g ic a l  r e s p o n s e  o f  p p / c l a y  n a n o c o m p o s i t e s  o r ig in a t e s  f r o m  s tr o n g  

f r ic t io n a l  in t e r a c t io n s  o f  th e  c la y  t a c t o id s  a n d  la y e r s  a f te r  fo r m a t io n  o f  a  p e r c o la t in g  

f i l l e r  n e tw o r k . W it h in  th is  n e t w o r k ,  th e  f r e e  r o ta t io n  o f  c la y  t a c t o id s  i s  h in d e r e d  b y  

t h e  a d ja c e n t  o n e s .  R e c e n t ly ,  W a n g  et al. ( 2 0 0 6 )  c o n d u c t e d  d y n a m ic  m e l t  r h e o lo g y  

(u n d e r  s m a l l - a m p l i t u d e  o s c i l l a t o r y  s h e a r )  t o  s tu d y  t h e  e f f e c t  o f  la y e r e d  s i l i c a t e  o n  th e  

m o t i o n  a n d  r e la x a t io n  o f  p p  c h a in s .  In t h e ir  s tu d y , th e  e s t a b l i s h m e n t  o f  a  m e s o s c o p i c  

c la y  n e tw o r k  w a s  d e m o n s t r a t e d  a s  th e  c h a n g e  o f  s t o r a g e  m o d u lu s  ( G ' )  a n d  l o s s  

m o d u l i  (G " ). A s  c a n  b e  s e e n  f r o m  F ig u r e  2 .1 7 ( a ) ,  in  th e  h ig h  (0 r e g im e  ( c o r r e s p o n d e d  

t o  th e  m o v e m e n t  w i t h in  s m a ll  t i m e s c a le )  n o t  m u c h  d i f f e r e n c e  o f  th e  G ' i s  s e e n  fo r  th e  

c o m p o s i t e s  w i t h  v a r io u s  O M M T  c o n t e n t s  ( 0 - 5  w t% ), in d ic a t in g  th e  m o v e m e n t s  o f  

p a r t ia l  p o ly m e r  c h a in s  a n d  m e t h y l  g r o u p s  t e th e r e d  o n  th e  b a c k b o n e  w e r e  u n a f f e c t e d  

b y  O M M T  n a n o p a r t ic le s .  H o w e v e r ,  t h e  G ' in  th e  l o w  CO r e g im e  i s  s ig n i f ic a n t ly  

d e p e n d e n t  o n  th e  O M M T  c o n t e n t ,  i . e . ,  t h e  G ' o f  n a n o c o m p o s i t e s  i s  s l i g h t ly  lo w e r  

th a n  th a t  o f  b a s e  p o ly m e r  w h e n  th e  O M M T  c o n t e n t  i s  l o w e r  th a n  2  w t% . O n  th e  

c o n tr a r y , th e  G ' a t h ig h  O M M T  c o n c e n t r a t io n  i s  h ig h e r  th a n  th a t  o f  b a s e  p o ly m e r .  

T h e  r h e o lo g ic a l  p r o p e r t ie s  in  th e  l o w  CO r e g im e  c a n  b e  r e g a r d e d  to  r e f l e c t  t h e  

r e la x a t io n  a n d  m o t i o n  o f  w h o l e  p p  c h a in s .  T h e  f r e q u e n c y - in d e p e n d e n c e  o f  G ' in  th e  

l o w - f r e q u e n c y  r e g im e ,  r e g a r d e d  a s  a  p s e u d o - s o l i d - l i k e  b e h a v io r  th a t  t h e  t e r m in a l  

s lo p e  o f  G '- c o  c u r v e  a p p r o a c h e s  z e r o ,  d o e s  n o t  in c r e a s e  m o n o t o n i c a l ly  w i t h  

in c r e a s in g  O M M T  c o n t e n t  u n t i l  th r e s h o ld  c o n t e n t  i s  r e a c h e d ,  a t ~ 2  w t%  O M M T . T h e  

t e r m in a l  s lo p e  o f  G '-c o  c u r v e s  b e g i n s  to  d e c r e a s e  w h e n  th e  O M M T  c o n t e n t  r e a c h e s  2
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w t%  in d ic a t in g  th a t  th e r e  a re  a d e q u a t e  n u m b e r  o f  la y e r e d  O M M T  p a r t ic le s  to  

e s t a b l i s h  a  p e r c o la t e d  f i l l e r  n e t w o r k  in  w h i c h  th e  f r e e  m o v e m e n t  o f  p p  c h a in s  is  

r e s tr ic te d  b y  th e  s p a t ia l ly  c o n f in e d  g e o m e t r y ,  r e s u lt in g  in  th e  i n c o m p le t e  r e la x a t io n  

o f  th e  c h a in s  u p o n  th e  a p p lie d  s m a l l  a m p l i t u d e  s tr a in  o v e r  a  l o n g  t im e  r a n g e . T h e  

t e r m in a l  s l o p e s  o f  G "  v s .  00 c u r v e s  a r e  a p p r o x im a t e ly  c o m p a r a b le  fo r  th e  iP P /O M M T  

c o m p o s i t e s  o v e r  th e  f u l l  O M M T  c o n c e n t r a t io n  r a n g e  a s  s h o w n  in  F ig u r e  2 .1 7 ( b ) .  T h e  

in c r e a s e  in  t h e  f r ic t io n a l  s t r e s s ,  w h i c h  o r ig in a t e s  f r o m  th e  d i f f e r e n c e  in  th e  r e la t iv e  

m o t io n  b e t w e e n  s i l i c a t e  p a r t ic le s  a n d  b a s a l  r e s in ,  i s  l im i t e d ,  e v e n  t h o u g h  th e  

p e r c o la t in g  f i l l e r  n e t w o r k  h a s  b e e n  c o n s t r u c t e d  a t h ig h  c o n c e n t r a t io n .

Figure 2.17 L in e a r  m e l t - s t a t e  r h e o lo g i c a l  p r o p e r t ie s  a s  a  f u n c t io n  o f  o s c i l l a t o r y  

f r e q u e n c y :  ( a )  s t o r a g e  m o d u lu s  ( G ')  a n d  (b )  l o s s  m o d u lu s  ( G ") ( W a n g  et al. 2 0 0 6 ) .
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O th e r  t y p e s  o f  r h e o lo g ic a l  s t u d ie s  h a v e  b e e n  p e r f o r m e d  o n  

P P C N s .  T h e  s ig n i f i c a n c e  o f  c o m p a t ib i l i z e r  ( P P - g - M A )  o n  th e  r h e o lo g ic a l  b e h a v io r  o f  

P P C N s  w a s  s t u d ie d  b y  G a lg a l i  et al. ( 2 0 0 1 ) .  T h e  z e r o - s h e a r  v i s c o s i t y  ( 770)  o f  

c o m p a t ib i l i z e d  n a n o c o m p o s i t e s  w a s  th r e e -o r d e r s  o f  m a g n i t u d e  h ig h e r  th a n  th a t  o f  th e  

m a tr ix  a n d  u n c o m p a t ib i l i z e d  n a n o c o m p o s i t e s  in d ic a t in g  th a t  th e  p r e s e n c e  o f  P P - g -  

M A  e n h a n c e d  t h e  e x f o l ia t e d  s tr u c tu r e , a n d  7o a l s o  d e c r e a s e d  w i t h  a n n e a l in g  t im e .  
S a lo m o n  et al. ( 2 0 0 1 )  a l s o  p e r f o r m e d  n o n - l in e a r  r e v e r s in g  s h e a r  f l o w  e x p e r im e n t s  

( s h e a r  r a te  =  0 .1  ร7, .3 0 0  ร, 4 .8  w t%  c la y )  in  o r d e r  t o  s tu d y  t h e  t r a n s ie n t  s tr u c tu r a l
e v o lu t i o n  d u r in g  s h e a r  a n d  th e  d i s o r ie n t a t io n  k in e t i c s  o f  f l o w - a l i g n e d  s i l i c a t e  

d o m a in s  d u r in g  th e  a n n e a l in g  p e r io d  b e t w e e n  d e f o r m a t io n s .  T h e  m a g n i t u d e  o f  s t r e s s  

o v e r s h o o t  w a s  s t r o n g ly  d e p e n d e n t  o n  th e  r e s t  t im e .  T h e  t r a n s ie n t  s t r e s s  in  s ta r t -u p  o f  

s h e a r  s c a le d  w i t h  s tr a in  o v e r  a  w i d e  r a n g e  ( 0 . 0 0 5 - 1  ร '1) o f  s tr a in  r a te s . T h e  a u th o r s  

c o n c lu d e d  th is  n o n - l in e a r  r h e o lo g y  w a s  c o n s i s t e n t  w i t h  a n  a n i s o m e t r ic ,  n o n -  

B r o w n ia n  s tr u c tu r e , w h i c h  w a s  la te r  c o n f ir m e d  b y  o th e r  s t u d ie s  ( L i ,  2 0 0 3  a n d  

T r e e c e ,  2 0 0 7 ) .  A d d i t io n a l ly ,  G u  et al. ( 2 0 0 4 )  s h o w e d  th a t  a t l o w e r  f r e q u e n c ie s ,  th e  

s t e a d y  s h e a r  v i s c o s i t i e s  o f  P P L S N s  in c r e a s e d  w i t h  O M M T  c o n t e n t .  1 l o w e v e r ,  th e  

P P L S N s  m e l t s  s h o w e d  a  g r e a te r  s h e a r - th in n in g  t e n d e n c y  th a n  p u r e  p p  m e l t  b e c a u s e  

o f  th e  p r e fe r e n t ia l  o r ie n t a t io n  o f  th e  M M T  la y e r s .  T h e  a u th o r  c o n c lu d e d  th a t  P P L S N s  

h a d  a  h ig h e r  m o d u l i  b u t  b e t te r  p r o c e s s ib i l i t y  c o m p a r e d  w i t h  p u r e  p p .
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2.3 Layered Double Hydroxide Based Nanocomposites

2 .3 .1  B a c k g r o u n d
L a y e r e d  d o u b le  h y d r o x id e s  ( L D H s )  a re  a  c l a s s  o f  a n io n ic  c la y  

m a te r ia ls .  T h e y  c a n  b e  o f  b o th  s y n t h e t ic  a n d  n a tu r a l o r ig in .  T h e  m o s t  c o m m o n l y  

k n o w n  n a tu r a l ly  o c c u r r in g  L D H  c la y  i s  h y d r o t a lc i t e  h a v in g  c h e m ic a l  fo r m u la  

M g 6A l 2( 0 H ) i 6C 0 3 4 H 20 . H y d r o t a lc i t e  i s  t h e  f ir s t  m in e r a l  o f  t h is  g r o u p  w h o s e  

s tr u c tu r e  a n d  p r o p e r t ie s  w e r e  s tu d ie d  e x t e n s i v e l y  a n d  o f t e n  t a k e n  a s  th e  

r e p r e s e n t a t iv e  o f  th e  L D H  c la y  m a te r ia ls .  H e n c e ,  th e  L D H s  a re  a l s o  k n o w n  a s  

h y d r o t a ic i t e - l ik e - c o m p o u n d s .  I m p o r ta n t  f e a tu r e s  o f  L D H  a re  th e  h i g h l y  t u n a b le  in tr a ­
la y e r  a n d  in te r - la y e r  c o m p o s i t io n  th a t a l l o w  o n e  to  f it  th e  p r o p e r t ie s  o f  th e  c la y  to  

a p p l i c a t io n s  in  a  la r g e  n u m b e r  o f  f i e ld s :  c a t a ly s i s  a n d  th e ir  s u p p o r t s  ( C o n s t a n t in o  et 

al. 1 9 9 5 ) ,  a d s o r b e n t s  ( Y o u  et al. 2 0 0 2 ) ,  c e r a m ic  p r e c u r s o r s  ( H ib in o  a n d  T s u n a s h im a ,  
1 9 9 8 ) ,  i o n  e x c h a n g e r s  ( X u  a n d  Z e n g ,  1 9 9 8 )  e l e c t r o c h e m ic a l  r e a c t io n s  ( Y a o  et al. 

1 9 9 8 ) ,  m e d ic in e  s t a b i l iz e r s  ( Q ia n  a n d  Z e n g ,  1 9 9 7 )  a n d  c o n t r o l l e d  r e l e a s e  o f  a n io n s  

( A m b r o g i  et al, 2 0 0 1 ) .  V e r y  r e c e n t ly ,  L D H s  a r e  c o n s id e r e d  a s  a  n e w  e m e r g in g  c l a s s  

o f  th e  m o s t  f a v o r a b le  la y e r e d  c r y s ta ls  fo r  t h e  p r e p a r a t io n  o f  m u l t i f u n c t io n a l  

p o ly m e r / la y e r e d  c r y s ta l  n a n o c o m p o s i t e s  (L e r o u x  a n d  B a s s e ,  2 0 0 1 ) .

2 .3 .2  C r y s ta l  S tr u c tu r e  o f  L D H s
T h e  g e n e r a l  c h e m ic a l  f o r m u la  o f  L D H s  i s  w r i t t e n  a s  

[ M II1.xM 1IIx( O H ) 2] x+ ( A n')x/n -m H 20 ,  w h e r e  M ;/ i s  d iv a le n t  m e t a l  i o n s  ( i . e .  M g 2+, C a 2+, 

Z n 2+, e t c . ) ,  M ;// i s  t r iv a le n t  m e ta l  io n s  ( i .e .  A l 3+, F e 3+, C r3+, e t c . )  a n d  A n~ i s  a n  a n io n s  

( i . e . C 0 2~ ,  c r ,  NOj,  e t c . ) .  T h e  a n io n s  o c c u p y  th e  in t e r la y e r  r e g io n  o f  t h e s e

la y e r e d  c r y s t a l l in e  m a te r ia ls .  A l t h o u g h  a  w i d e  r a n g e  o f  v a lu e s  o f  X  i s  c la im e d  to  

p r o v id e  L D H  s tr u c tu r e , th e  p u r e  p h a s e  o f  L D H  c l a y s  i s  u s u a l ly  o b t a in e d  f o r  a  l im i t e d  

r a n g e  a s  0 .2 i < i x i < i 0 .3 3  ( B r o w n ,  1 9 6 7 ;  M iy a t a ,  1 9 7 3 ;  C a v a n i ,  1 9 9 1 ) .  T h e  s tr u c tu r e  o f  

L D H s  c a n  b e s t  b e  e x p la in e d  b y  d r a w in g  a n a lo g y  w i t h  th e  s tr u c tu r a l  f e a t u r e s  o f  th e  

m e t a l  h y d r o x id e  la y e r s  in  m in e r a l  b r u c ite  o r  s im p l y  th e  M g ( O H ) 2 c r y s ta l  s tr u c tu r e . 
B r u c i t e  c o n s i s t s  o f  a  h e x a g o n a l  c l o s e  p a c k in g  o f  h y d r o x y l  i o n s  w i t h  a lt e r n a te  

o c ta h e d r a l  s i t e s  o c c u p ie d  b y  M g 2+ io n s .  T h e  m e ta l  h y d r o x id e  s h e e t s  in  b r u c i t e  c r y s ta l
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a r e  n e u tr a l  in  c h a r g e  a n d  s ta c k  o n e  u p o n  a n o th e r  b y  V a n  d e r  W a a ls  in t e r a c t io n .  T h e  

in te r la y e r  d i s t a n c e  o r  t h e  b a s a l  s p a c in g  in  b r u c i t e  h a s  a  v a lu e  o f  a b o u t  0 .4 8  n m . In  

L D H , s o m e  o f  th e  d iv a le n t  c a t io n s  o f  t h e s e  b r u c i t e - l ik e  s h e e t s  a r e  i s o m o r p h o u s ly  

s u b s t i tu te d  b y  a  t r iv a le n t  c a t io n  a n d  th e  m i x e d  m e t a l  h y d r o x id e  la y e r s ,  
[ M 11| . xM II1x( O H ) 2] x+, th u s  fo r m e d  a c q u ir e  a  n e t  p o s i t i v e  c h a r g e . T h i s  e x c e s s  c h a r g e  o n  

th e  m e ta l  h y d r o x id e  la y e r s  i s  n e u t r a l iz e d  b y  t h e  a n io n s  a c c u m u la t e d  in  t h e  in te r la y e r  

r e g io n .  T h e  in te r la y e r  r e g io n  in  L D H s  a l s o  c o n t a in s  s o m e  w a t e r  m o l e c u l e s  fo r  th e  

s t a b i l iz a t io n  o f  th e  c r y s ta l  s tr u c tu r e  (K h a n  et al. 2 0 0 2 ) .  T h e  p r e s e n c e  o f  a n io n s  a n d  

w a t e r  m o le c u l e s  l e a d s  to  a n  e n la r g e m e n t  o f  th e  b a s a l  s p a c in g  f r o m  0 .4 8  n m  in  b r u c i t e  

to  a b o u t  0 .7 7  n m  in  M g - A l - L D H .  A  s c h e m a t ic  r e p r e s e n t a t io n  c o m p a r in g  t h e  b r u c i t e  

a n d  th e  L D H  s tr u c tu r e s  i s  s h o w n  in  F ig u r e  2 .1 8 .

•  Mg' O Ai" o  Oil ^ H . O

F i g u r e  2 .1 8  S c h e m a t ic  r e p r e s e n ta t io n  c o m p a r in g  th e  c r y s ta l  s tr u c tu r e  o f  ( A )  b r u c i t e  

a n d  ( B )  L a y e r e d  D o u b le  H y d r o x id e s  ( L D H s )  (K h a n  et al. 2 0 0 2 ) .

2 .3 .3  L D H s  a s  n a n o f i l l e r
In  r e c e n t  y e a r s ,  th e r e  i s  a  g r o w in g  in t e r e s t  in  u s i n g  L D H s  a s  n o v e l  

n a n o f i l l e r  fo r  p r e p a r in g  p o ly m e r  n a n o c o m p o s i t e s  a n d  in  th a t  s e n s e  it  i s  a  c o m p e t in g  

m a te r ia l  to  la y e r e d  s i l i c a t e s ,  th e  m o s t  c o m m o n l y  u s e d  n a n o c la y s .  T h e  c h a r a c t e r i s t ic s  

th a t  m a k e  L D H s  s u i t a b le  a s  n a n o f i l l e r  a r e  i t s  la y e r e d  s tr u c tu r e  a n d  r e a d i ly  

e x c h a n g e a b le  in te r la y e r  a n io n s  w it h  la r g e  o r g a n ic  s p e c i e s .  In  p r in c ip le ,  L D H s  c a n  b e
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m o d i f i e d  s im i la r ly  a s  la y e r e d  s i l i c a t e s  t o  m a k e  p o ly m e r  n a n o c o m p o s i t e s .  B u t ,  L D H s  

h a v e  d is t in c t  a d v a n t a g e s  o v e r  la y e r e d  s i l i c a t e s ,  a s  f o l l o w .
i. C h e m ic a l ly  a c t iv e :  i t s  m a k e s  g r a f t in g  o f  o r g a n ic  s p e c i e s  o n  

in o r g a n ic  la y e r s  ( P r é v ô t  et al. 2 0 0 1 ) .
i i .  T h e r m a l ly  u n s ta b le :  th e  e n d o t h e r m ic  d e c o m p o s i t i o n  a b o v e  

d e c o m p o s i t i o n  t e m p e r a tu r e  o f  m a n y  p o ly m e r ic  m a t e r ia ls  h e lp s  in  i m p r o v in g  f la m e  

r e ta r d a n c y  th r o u g h  a c t iv e  p a r t ic ip a t io n  in  f la m e  in h ib i t io n .
i i i .  C a t io n ic  la y e r  c h a r g e :  c a n  b e  m o d i f i e d  b y  w i d e  r a n g e  o f  a n io n ic  

s p e c ie s  s ta r t in g  fr o m  a n io n ic  s u r f a c ta n t s  to  la r g e  a n io n ic  m e t a l l i c  c lu s t e r s ,  ( p o l y o x o  

m e t a la t e s )  o r  a n io n ic  m e ta l  c o m p l e x  ( C o s t a  et al. 2 0 0 7 ) .
iv .  L a r g e  a n io n  e x c h a n g e  c a p a c i t y :  t h e o r e t ic a l  A E C  (a t  M n :M m 

= i 2 i : i l )  i s  g r e a te r  th a n  4 0 0  m m o le / lO O g  L D H .
T h e  r e a c t iv i t y  o f  L D H s  t o  w i d e  r a n g e  o f  o r g a n ic  a n d  in o r g a n ic  a n io n ic  

s p e c ie s  m a k e s  it a n  id e a l  m a te r ia l  fo r  d e s i g n i n g  n a n o h y b r id s  w i t h  d i v e r s i f i e d  

a p p l ic a t io n s  s o m e  o f  w h i c h  w i l l  b e  d i s c u s s e d  in  th e  f o l l o w i n g  s e c t i o n s .

2 . 3 .4  M o d i f i c a t i o n  o f  L D H s
T h e  p o t e n t ia l  a p p l ic a t io n  o f  L D H s  a s  n a n o f i l l e r  fo r  p r e p a r in g  p o l y m e r  

n a n o c o m p o s i t e s  h a s  b e e n  r e c e iv e d  c o n s id e r a b le  a t t e n t io n  f r o m  b o th  a c a d e m i a  a n d  

in d u s tr ia l  p o in t s  o f  v i e w .  T h e  u n iq u e  p o s i t i v e  c h a r g e  o f  L D H s  c r y s ta l  l a y e r s  p r o v id e s  

a  g r e a te r  f l e x ib i l i t y  in  s e l e c t i n g  th e  s u i t a b le  o r g a n ic  m o d i f i e r s .  S i n c e ,  L D H s  h a v e  

h ig h  c h a r g e  d e n s i t y ,  w h i c h  i s  g e n e r a l ly  3 - 4  f o l d  h ig h e r  th a n  th a t  o f  la y e r e d  s i l i c a t e .  

T h e  h ig h  c h a r g e  d e n s i t y  a s  w e l l  a s  t h e  h ig h  c o n t e n t  o f  in t e r la y e r  a n io n s  a n d  w a t e r  

m o le c u l e s  r e s u lt  in  s t r o n g  in te r la y e r  e le c t r o s t a t i c  in t e r a c t io n s  b e t w e e n  la y e r s  a n d  

s tr o n g  h y d r o p h o b ic  p r o p e r t ie s ,  a n d  th u s  p r e v e n t  b o th  s w e l l i n g  a n d  e x f o l ia t i o n  o f  th e  

L D H  la y e r s .  T h e r e f o r e ,  in  o r d e r  to  f a c i l i t a t e  th e  in t e r c a la t io n  o f  L D H s  in t o  p o l y m e r  

m a t r ix e s  a n d  to  a c h i e v e  a  g o o d  l e v e l  o f  d i s p e r s io n ,  th e  in t e r la y e r  s p a c e  o f  L D H s  

s h o u ld  b e  c h e m ic a l l y  m o d i f i e d  t o  e l im in a t e  t h e  in t e r a c t io n  a n d  o b t a in  th e  

h y d r o p h o b ic  p r o p e r ty  o f  L D H  la y e r s .  T h e r e  a r e  f o u r  g e n e r a l  m e t h o d s  r e p o r te d  in  

l ite r a tu r e s  fo r  p r e p a r in g  o r g a n o - L D H s :  ( i )  a n i o n - e x c h a n g e  o f  a  p r e c u r s o r  L D H s ;  ( i i )  

d ir e c t  s y n t h e s i s  b y  c o p r e c ip i t a t io n ;  ( i i i )  r e g e n e r a t io n  m e t h o d  a n d  ( i v )  th e r m a l
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r e a c t io n .  In  t h is  s t u d y ,  w e  r e p o r t  th e  s y n t h e s i s  o f  o r g a n o - L D H s  v ia  a n i o n - e x c h a n g e  

o f  a  p r e c u r s o r  L D H s ,  w h ic h  a re  d e s c r ib e d  in  th e  f o l l o w i n g  s e c t i o n s .
2.3.4.1 Anion Exchange o f  Precursor L D H s

T h e  a n i o n - e x c h a n g e  m e t h o d  h a s  b e e n  f o u n d  t o  b e  t h e  m o s t  

c o m m o n  m e t h o d  fo r  p r e p a r a t io n  o r g a n o - L D H s .  S e v e r a l  a n io n ic  s p e c i e s  s u c h  a s  

p h o s p h a t e s ,  c a r b o x y la t e s ,  s u l f o n a t e s ,  a n d  s u l f a t e s  h a v e  b e e n  w i d e l y  u s e d  t o  m o d i f y  

th e  la y e r e d  L D H s  v ia  th is  m e t h o d  ( N e w m a n  a n d  J o n e s ,  1 9 9 8 ) .  In  p a r t ic u la r , a lk y l  

s u l f a t e s  h a v e  b e e n  f o u n d  t o  b e  t h e  m o s t  e f f i c i e n t  c l a s s  o f  th e  a n io n ic  s u r f a c ta n t s  fo r  

L D H s  m o d i f i c a t io n .  T h e  e x c h a n g e  r e a c t io n  i s  c o n t r o l l e d  b y  th e  s e l e c t i v i t y  o f  th e  

la y e r e d  h o s t  fo r  th e  d i f f e r e n t  a n io n s .  T h e  p r e v io u s  s tu d y  b y  M iy a t a  et al. ( 1 9 8 3 )  h a s  

d e m o n s t r a t e d  t h e  s e l e c t i v i t y  s c a le  o f  e x c h a n g e a b l e  a n i o n s  a s  f o l lo w i n g :  C 0 3 2" >  

S 0 42“ »  O H "  >  F~ >  C L  >  B r  >  NO3” >  CIOV. L D H s  c o n t a in in g  CIO4", NO3” o r  

e v e n  C L  a n io n s  a r e , th e r e fo r e ,  th e  m o s t  s u i t a b le  p r e c u r s o r s  f o r  a n io n  e x c h a n g e  

s y n t h e s e s  d u e  to  t h e  r e la t iv e  e a s e  w i t h  w h ic h  th e  n itr a te  a n i o n s  c a n  b e  d i s p l a c e d  f r o m  

th e  in te r la y e r . In g e n e r a l ,  th e  a n i o n - e x c h a n g e  r e a c t io n  i s  c a r r ie d  o u t  b y  s im p ly  

d is p e r s in g  th e  p r e c u r s o r  L D H s  in  a q u e o u s  s o lu t i o n  c o n t a in in g  a n  e x c e s s  o f  th e  

o r g a n ic  a n io n  th a t  i s  t o  b e  in c o r p o r a te d . T h e  o r g a n ic  a n io n  o f  in te r e s t  m u s t  b e  s ta b le  

at th e  p H  o f  e x c h a n g e  a n d , i f  t h e  M 2+/ M 3+ r a t io  o f  th e  p r e c u r s o r  L D H s  i s  t o  b e  

r e ta in e d  in  th e  a n i o n - e x c h a n g e d  L D H s ,  th e  h y d r o x id e  la y e r s  m u s t  a l s o  b e  s ta b le .  
E x c h a n g e  o f  in te r la y e r  a n io n s  b y  a n  o r g a n ic  a n io n  ( a c e t a t e )  w a s  f ir s t  r e p o r te d  b y  

M iy a t a  a n d  K u m u r a  ( 1 9 7 3 ) .  L a te r , B o e h m  et al. ( 1 9 7 7 )  r e p o r te d  t h e  a n io n  e x c h a n g e  

o f  a  Z n -C r  L D H  c o n t a in in g  n itr a te  o r  c h lo r id e  a n io n s  w i t h  s h o r t -  a n d  lo n g - c h a i n  

s o d iu m  a lk y l  s u l f a t e  a n io n s .  V a r io u s  o r g a n o - L D H s  c a n  b e  o b t a in e d  b y  in c o r p o r a t io n  

a  la r g e  v a r ie t y  o f  o r g a n ic  a n io n s  in t o  th e  L D H  in te r la y e r  s p a c e ,  i .e .  s u l f a t e ,  s u l f o n a t e ,  
c a r b o x y la t e  ( C a r l in o ,  1 9 9 7 ;  C h o y ,  2 0 0 1 ;  K h a n , 2 0 0 2 ;  Q iu ,  2 0 0 6 ) .

2.3.4.2 D irect Synthesis by Coprecipitation

T h e  c o - p r e c ip i t a t io n  m e t h o d  r e q u ir e s  th e  a d d it io n  o f  m e ta l  

s a lt s  s o lu t io n  t o  a  b a s e  s o lu t io n  c o n t a in in g  t h e  o r g a n ic  a n io n s  a t a  c o n s t a n t  p H  v a lu e  

( n o r m a l ly  fr o m  8 to  1 0 ) .  H s u e h  a n d  C h e n  ( 2 0 0 3 ) ,  fo r  e x a m p l e ,  p r e p a r e d  M g A l -  

a m in o b e n z o i c  a c id  ( A B )  L D H s  b y  a d d in g  M g A l  n i t r a te s  s o lu t io n  in to  th e  A B  

s o lu t io n  a t th e  p H  v a lu e  o f  1 0  c o n t r o l l e d  b y  N a O H  s o lu t io n .
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2.3.4.3 Rehydration o f  Ca lc in ed  L D H  Precursor

It i s  w e l l  k n o w n  th a t  m o s t  L D H  m a t e r ia ls  s h o w  u n iq u e  

p h e n o m e n o n  c a l le d  “ m e m o r y  e f f e c t ” , w h i c h  i n v o l v e s  t h e  r e g e n e r a t io n  o f  th e  la y e r e d  

c r y s t a l l in e  s tr u c tu r e  f r o m  th e ir  c a lc in e d  f o r m , w h e n  th e  la te r  i s  d i s p e r s e d  in  a n  

a q u e o u s  s o lu t i o n  c o n t a in in g  s u i t a b le  a n io n  ( M iy a t a ,  1 9 8 0 ) ,  a s  s h o w n  in  F ig u r e  2 .1 9 .  

T h is  p r o p e r ty  i s  u s u a l ly  u s e d  t o  s y n t h e s i z e  a n d  m o d i f y  L D H s  w i t h  d i f f e r e n t  t y p e s  o f  

o r g a n ic  a n io n s .  T h e  e a s e  a n d  e x t e n t  o f  r e c o n s t r u c t io n  o f  th e  c a l c i n e d  L D H s  a re  

c o n t r o l l e d  b y  t h e  p r o p e r t ie s  o f  th e  m a tr ix  c a t io n s  a s  w e l l  a s  th e  te m p e r a tu r e  o f  

c a lc in a t io n s  ( S a t o ,  1 9 8 8  a n d  K o o l i ,  1 9 9 4 ) .  In  o r d e r  t o  i m p r o v e  th e  c r y s t a l l in i t y  o f  th e  

r e h y d r a te d  p r o d u c t ,  t h e r e f o r e ,  C a r l in o  et al. ( 1 9 9 5 )  r e c o m m e n d e d  h e a t in g  th e  

p r e c u r s o r  L D H s  u s in g  a  s l o w  r a m p in g  t e c h n iq u e  (~l°c m i n ' 1). T h is  t e c h n iq u e  

p r e v e n t s  th e  r a p id  e x p u l s i o n  o f  c a r b o n  d i o x i d e  a n d  w a t e r  f r o m  th e  L D H s ,  w h ic h  

o c c u r s  u p o n  d ir e c t  a n d  s u d d e n  h e a t in g ,  d i s r u p t in g  t h e  la y e r e d  s t r u c tu r e  o f  th e  

c a lc in e d  p r o d u c t .  H o w e v e r ,  C h i b w e  a n d  J o n e s  ( 1 9 8 9 )  e v e n  t h e y  p r e p a r e d  s e v e r a l  

o r g a n o - L D H s  in  a  n i t r o g e n  a t m o s p h e r e ,  t h e  c a r b o n a te  im p u r it y  w a s  s t i l l  o b s e r v e d  

d u e  to  th e  h ig h  a f f in i t y  o f  th e  m i x e d  o x i d e  fo r  c a r b o n a te  a n io n s .  R e c e n t l y ,  la r g e  

v a r ie t y  o f  o r g a n o - L D H s  h a v e  b e e n  p r e p a r e d  v ia  t h e  r e h y d r a t io n  r o u t e ,  i n c lu d in g  

L D H s  c o n t a in in g  s u l f a t e  a n d  s u l f o n a t e  ( C o s t a  et al. 2 0 0 5 )  e t c .

F i g u r e  2 .1 9  S c h e m e  o f  R e h y d r a t io n  o f  c a l c i n e d  L D H  p r e c u r s o r .
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2.3.4.4 Hydrothermal Crystallization M ethod

T h e r m a l  r e a c t io n  i s  a  r e la t iv e ly  n e w  a p p r o a c h  t o  th e  

p r e p a r a t io n  o f  o r g a n o - L D H s .  T h e  p r o c e d u r e  w a s  f ir s t  r e p o r te d  b y  C a r l in o  a n d  

H u d s o n  ( 1 9 9 4 )  w h o  r e a c te d  m o lt e n  s e b a c i c  a c id  w i t h  M g A l ( C 0 3 )  L D H . In  t h is  

p r o c e d u r e  a n  in t im a t e  m ix t u r e  o f  M g A l(C C > 3)  a n d  s e b a c ic  a c id  w a s  h e a t e d  a t  a  

te m p e r a tu r e  2 0 - 3 0 ° C  a b o v e  th e  m e l t in g  p o in t  o f  th e  a c id .  In  y e a r  1 9 9 5  a n d  1 9 9 6 ,  

C a r l in o  et al. u s e d  t h e  s a m e  p r o c e d u r e  t o  in c o r p o r a te  t h e  c a p r a te  o r  

p h e n y lp h o s p h o n a t e  a n io n s  in t o  M g A l- L D H .  In  a d d it io n  t o  th e  c o r r e s p o n d in g  o r g a n o -  

L D H  p h a s e ,  th e  th e r m a l  r e a c t io n  p r o d u c t  w a s  f o u n d  to  c o n t a in  in  e a c h  c a s e  a n  

u n r e a c te d  M g A l(C C > 3)  p h a s e .  A l t h o u g h  p h a s e  p u r e  o r g a n o - L D H  p r o d u c t s  h a v e  n o t  

b e e n  o b t a in e d  u s in g  th e r m a l  r e a c t io n ,  th is  a p p r o a c h  n e v e r t h e le s s  p r o v id e s  a n  

in t e r e s t in g  a lt e r n a t iv e  to  t h e  c o n v e n t io n a l  w e t  m e t h o d s .
N e v e r t h e l e s s ,  a l l  m e t h o d  fo r  p r e p a r in g  o r g a n o - L D H s  

c o m m o n l y  h a v e  th e  c a r b o n a te  c o n t a m in a t io n ,  s in c e  th e  c a r b o n a te  a n io n s  a re  r e a d i ly  

in c o r p o r a te d  a n d  t e n a c io u s l y  h e ld  in  th e  in te r la y e r .  T h e r e f o r e ,  d e c a r b o n a t e d  a n d  

d e io n iz e d  w a t e r  is  s u g g e s t e d  t o  u s e  th r o u g h  th e  r e a c t io n .

2.4 Polyethylene LDH nanocomposites

2 .4 .1  P r e p a r a t io n  o f  P o ly m e r  L D H  N a n o c o m p o s i t e s
S im i la r ly  w i t h  la y e r e d  s i l i c a t e  b a s e d  p o ly m e r  n a n o c o m p i t e s ,  

p o ly m e r /L D H  n a n o c o m p o s i t e s  c a n  b e  s y n t h e s iz e d  b y  s e v e r a l  m e t h o d s ,  a s  s h o w n  in  

F ig u r e  2 . 2 0  ( L e r o u x  a n d  B e s s e ,  2 0 0 1 ) .  In  g e n e r a l ,  d e p e n d in g  o n  th e  d i f f e r e n t  

d i s p e r s io n  s t a t e s  o f  th e  L D H  la y e r s  in  th e  m a tr ix  p o ly m e r ,  t w o  m a in  t y p e s  o f  

p o ly m e r /L D H  n a n o c o m p o s i t e s ,  in te r c a la te d  a n d  e x f o l i a t e d  n a n o c o m p o s i t e s  c a n  b e  

o b t a in e d .  T h e  e x f o l ia t e d  o n e s  u s u a l ly  a ttr a c t  m o r e  in te r e s t  d u e  t o  t h e y  h a v e  n a n o s c a le  

d i s p e r s io n  o f  h ig h  a s p e c t  r a t io  L D H  la y e r s  in  th e  p o ly m e r  n a n o c o m p o s i t e s  a n d  th u s  

c a n  e x h i b i t  a  s u p e r io r  p r o p e r t ie s  c o m p a r e d  w i t h  m ic r o - d i s p e r s e d  a n d  c o n v e n t io n a l  

c o m p o s i t e s  ( C h o i  et al. 2 0 0 1 ) .  T h e  d e t a i l  o f  e a c h  m e t h o d ,  p a r t ic u la r ly  th e  m e l t  

in t e r c a la t io n  th a t  u s e d  to  p r e p a r e  L D P E /L D H  n a n o c o m p o s i t e s  in  o u r  s tu d y , w i l l  b e  

d i s c u s s e d  in  th e  f o l l o w i n g  s e c t io n .
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F i g u r e  2 .2 0  S c h e m a t ic  i l lu s t r a t e s  th e  p r e p a r a t io n  m e t h o d  o f  p o ly m e r /L D H  

n a n o c o m p o s i t e s :  ( A )  d ir e c t  in te r c a la t io n ;  ( B )  i n - s i t u  p o ly m e r iz a t io n ;  ( C )  in - s i t u  

s y n t h e s i s ;  ( D )  e x f o l ia t i o n / r e s t a c k in g  a n d  ( E )  r e c o n s t r u c t io n  ( L e r o u x  a n d  B e s s e ,  
2001).

2.4.1.1 In-Situ Polymerization

I n - s i t u  p o ly m e r iz a t io n  i s  t h e  m o s t  w i d e l y  r e fe r r e d  t e c h n iq u e  

fo r  p r e p a r in g  p o ly m e r /L D H  n a n o c o m p o s i t e s .  T h i s  m e t h o d  i s  s o lu t i o n  b a s e d  a n d  i s  

u s u a l ly  c a r r ie d  o u t  in  a n  a q u e o u s  s y s t e m .  V a r io u s  p o l y m e r s /L D H  n a n o c o m p o s i t e s  

h a v e  b e e n  s u c c e s s f u l l y  p r e p a r e d  v ia  t h i s  m e t h o d .  F o r  in s t a n c e ,  C h e n  et al. ( 2 0 0 3 )  

h a v e  s y n t h e s iz e d  P M A /Z n A l - L D H  n a n o c o m p o s i t e s  w i t h  5 w t%  Z n A l - D S  L D H  

lo a d in g .  T h e  X R D  a n d  T E M  a n a ly s i s  s u g g e s t e d  th e  in te r c a la te d  s tr u c tu r e  in  w h i c h  

th e  L D H  la y e r s  w a s  f a c e - t o - f a c e  o r ie n t e d  w i t h  a b o u t  3  n m  s p a c in g  in  t h e  P M A  

m a tr ix .  S i n c e  th e  s t r o n g  in te r la y e r  e l e c t r o s t a t i c  in t e r a c t io n ,  s m a l l  g a l le r y  s p a c e ,  a n d  

h y d r o p h i l i c  p r o p e r ty  o f  L D H , f e w  s t u d ie s  w e r e  r e p o r te d  o n  t h e  p r e p a r a t io n  o f  

e x f o l ia t e d  p o ly m e r /L D H  n a n o c o m p o s i t e s .  O 'L e a r y  et al. ( 2 0 0 2 )  h a v e  r e p o r te d  th a t  

th e  d e la m in a t io n  o f  d o d e c y l  s u l f a t e  m o d i f i e d  M g A l - L D H  in  p o la r  a cry  la t e  m o n o m e r s
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with the help of high shearing and subsequent polymerization of the monomers 
containing the LDH dispersion gave exfoliated polyacrylates/LDH nanocomposites. 
Hsueh and Chen, (2003) have reported one polyimide/LDH-exfoliated 
nanocomposite prepared from a solution of polyimide precursor and an amino 
benzoate-intercalated MgAl LDH using N,N-dimethylacetamide as a solvent.

2.4 .1 .2  S o lu tio n  In te rc a la tio n
The solution intercalation has been proven an effective method 

for the preparation of polymer/LDH nanocomposites. To prepare polymer 
nanocomposites, typically the organo-LDHs are dispersed in a solution containing 
polymer. The resultant dispersion is then stirred or aged under nitrogen atmosphere 
to accomplish the polymer intercalation. Several polymers have been prepared via 
this method, for example, Buniak e t a l. (2002) used DS-LDH to prepare PEO/LDH 
nanocomposites. The modification of MgAl-LDH was carried out using ion- 
exchange method and the modified LDH was later treated with aqueous solution of 
PEO to prepare the nanocomposite. Costa e t al. (2004) prepared nanocomposites 
through intercalation of dendrimers (carboxylate terminated polyamidoamide) into 
LDH. They observed saturation of dendrimer intercalation into host LDH when the 
mixing ratio of the two ingredients exceeded 1:2 (charge ratio of anionic clay and 
carboxylate group of the dendrimer). The dendrimers remained densely packed in the 
interlayer region of LDH with an ellipsoidal shape. When excess dendrimers was 
used (mixing ratio 1:8), in addition to intercalation they were also adsorbed on the 
clay surface. Many research works have been focused on polyethylene based LDH 
nanocomposites, for instance, Chen e t a l. (2003 and 2004) prepared and 
characterized polyethylene (LDPE)/LDH by this method using dodecylsulfate 
modified LDH (LDH-DS). The nanocomposites were obtained by refluxing the 
mixture of LDH-DS and the polymers solution in xylene. The XRD result suggested 
the exfoliated structure. Later, the linear low density polyethylene (LLDPE)/ZnAl- 
LDH nanocomposites have also been prepared in a non-polar system and the 
obtained nanocomposites were characterized by a combination of XRD and TEM. 
The author suggested that with high amount of organo-LDH loading, the LLDPE 
chains were not intercalated between the LDH layers. However small amount of 
organo-LDH, instead, the exfoliated was evidence (Chen e t a l. 2004). In solution
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method, it was found that several factors, i.e. LDH loading, refluxing time, and 
preparation method have influence on the dispersion state of LDHs. For example, the 
completely exfoliated LDH layers can be achieved by decreasing the content of LDH 
and elongating the refluxing time. Moreover, it was found that slow evaporation of 
the solvent only leads to an intercalated structure, while rapid evaporation is in favor 
of exfoliated structures (Qiu e t al. 2005).

2 .4 .1 .3  M e lt In te rc a la tio n
The most challenging method of preparing polymer/clay 

nanocomposites is the melt compounding method. With non-polar polymers, like 
polyolefin, it becomes more difficult due to high thermodynamic incompatibility 
between the non-polar matrix and the polar clay materials. There are not . many 
reports available till today that exclusively deal with the preparation of polymer/LDH 
nanocomposites using melt-compounding technique. This method has proven 
technological advantage over the solution method as it can be easily adopted for 
industrial product manufacture using conventional polymer processing equipments. 
The melt compounding method used for the preparation of polymer/LDH 
nanocomposites is similar to that used for conventional polymer/layered silicate 
nanocomposites. The organo-LDHs are the suitable precursor for this process, which 
are mixed with molten polymer in the typical plastic processing equipments. Nichols 
and Chou (1999) first reported the melt compounding for preparing polymer/LDH 
nanocomposites. Very recently, researchers are showing more interests in this 
method to prepare nanocomposites based on different types of polymers. For 
examples, Zammarano e t a l. (2006) prepared polyamide 6/LDH nanocomposites 
using organically modified MgAl-LDH. They observed that high degree of 
exfoliation of the LDH particles can be obtained using LDHs with low anion 
exchange capacity. Lee e t al. (2006) prepared poly(ethyleneterephthalate)/LDH 
nanocomposites with MgAl-LDH modified with various organic surfactants. They 
observed improved thermal and mechanical properties of these nanocomposites as 
compared to the unfilled polymer. However, a few studies have been reported on 
melt intercalation technique for preparing polyethylene/LDH nanocomposites, for 
instance, Costa e t a l. (2005 and 2007) reported the preparation of
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intercalated/flocculated LDPE/SDBS-LDH nanocomposites using. A complex 
morphological feature of dispersed LDH particles was observed with mostly located 
in the form of thin platelets and agglomerates. The significant changes in linear 
viscoelastic responses in low frequency region was observed i.e. storage modulus 
(G') of the composites was higher than pure LDPE even at very low loading (2 phr) 
of SDBS-LDH suggesting the formation of network-like structure via the interaction 
between LDHs particles and polymer chains. Du and Qu, (2006) prepared 
LLDPE/DS-LDH nanocomposites, the morphological analysis by XRD and TEM of 
such composites did not evidence a homogeneous dispersion and a perfect 
exfoliation of LDH particles, but the thermal stability and fire resistant properties of 
these composites were significantly enhanced. The author suggested that this 
behaviour may be ascribed to the barrier effect of LDH layers on the oxygen 
diffusion that can shield PE chain segments from thermal oxidation. Similarly result 
was reported for PE/stearate-LDH nanocomposites (Costatino e t a l. 2005). It is 
believed that the incorporation of compatibilizer (PE-g-MA) is very necessary to 
improve the degree of exfoliation of the polyethylene/LDH nanocomposites. 
Costa et a l. (2006) has investigated how chemical compatibility of the polymer 
matrix influenced on the morphological and rheological properties of the composites 
using two different types of polyethylene matrices: one with unmodified 
polyethylene and the other with maleic anhydride (MAH) grafted polyethylene. SEM 
analysis evidenced that the single platelets remained more intensely coated by 
polymer in MAH grafted polyethylene system, while they trended to form structural 
association or clusters for the unmodified polyethylene system. This result was 
supported by the larger increase in the storage modulus in the more polar polymer 
system, which originated from the differences in the polymer-particle and 
particle-particle interactions that the matrix polarity favored the dispersion of LDH 
particles.
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2.4.2 Properties of Polyethylene/LDH Nanocomposites
2 .4 .2 .1  M o rp h o lo g ic a l C h a ra c te r is tic s

Similar to that of polymer/layered silicate nanocomposites, X- 
ray diffraction (XRD) and transmission electron microscopy (TEM) are commonly 
used to identify the morphology and dispersion level of layered double hydroxide in 
the matrix polymer. In case of PE/organo-LDH nanocomposites, the majority of the 
nanocomposite structure has found to be intercalated of LDH layers rather than the 
exfoliated one. For instance, Costa et a l (2005 and 2006) prepared LDPE/organo- 
LDH modified with sodiumdodecylbenzene sulfonate (SDBS) and MA-grafted high- 
density polyethylene (HDPE-g-MA) as a compatibilizer via melt-compounding 
process in a Brabender mixer. The XRD showed unchanged of the (003) diffraction 
peak as compared to the pristine organo-LDH for any LDH contents (Figure 
2.21(A)). As can be seen from TEM micrographs, the dispersed particles show a 
tendency to form structural association or clusters with increasing LDH loading 
(Figure 2.21(B)). In contrast, Costatino e t a l. (2005) observed the disappearance of 
the (003) diffraction peak for the case of PE/stearate-ZnAl LDH nanocomposites 
with 5, 10, 15% พ/พ organo-LDH loading, indicating an exfoliated structure was 
established, as shown in Figure 2.21(C). Regarding to this, the author found that the 
thermal stability and fire resistant properties of these nanocomposites were 
significantly enhanced due to the good barrier effect of the exfoliated LDH layers.
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(C )

Figure 2.21 (A) XRD spectra, (B) TEM images of HDPE-g-MA/LDH (P B xldh) 

nanocomposites with (a) 0.5 phr, (b) E0 phr, (c) 2.0 phr and (d) 10 phr (Costa e t al. 
2006) and (C) XRD patterns of PE/stearate ZnAl LDH nancomposites (Constatino et 
a l. 2006).
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2 .4 .2 .2  M e c h a n ic a l P ro p e r tie s
The addition of nanoparticles to the polymer is expected to 

improve any specific property of the final composites such as mechanical properties, 
gas permeability, thermal stability, etc. In case of polymer/LDH nanocomposites, 
similar improvements are also observed in many occasions. For example, tensile 
strength and the modulus of epoxy/LDH nanocomposites was significantly increased 
when a small amount of LDH particles was added, indicating the strong reinforcing 
nature of LDH in epoxy matrix. This highly reinforcing nature of LDH particles in 
epoxy was related to their exfoliated structure in the nanocomposite, where the 
highly anisometric LDH layers remain strongly attached to the polar epoxy matrix. 
However, for the case of polyolefins/LDH nanocomposites not much works have 
been reported about the mechanical characterization. For example, Chen e t al. (2004) 
studied the tensile properties, i.e. Young’s modulus, stress at yield and strength and 
elongation at break for LLDPE/dodecyl sulfate-LDH system containing 2, 5, 10 and 
20 wt% of organo-LDH. A significant increase of Young’s modulus over pure 
LLDPE (59% higher) was observed in the case of 20 wt% organo-LDH loading. 
However, both the strength and elongation at break much decreased compared to 
pure LLDPE. From XRD a decrease of the crystallinity was evidenced for all LDH 
nanocomposites compared with the LLDPE matrix but the critical parameter for 
these systems appeared to be the degree of dispersion of LDH layers. In this specific 
case, a certain degree of aggregation of dodecyl sulfate-LDH nanolayers was 
observed, which could be another possible reason for the decrease of strength and 
elongation at break. Similar with the results recently reported by Costa e t a l. (2006) 
for the case of PE/LDH nanocomposites, as shown in Figure 2.22. The tensile 
strength shows a decreasing trend with an increase in LDH content. However, 
increasing LDH content brings about steady increase in modulus and also a sharp 
decrease in the elongation at break. In fact, in the nanocomposites, the amount of low 
molecular weight compatibilizer (PE-g-MA) is also increased along with the 
increasing LDH content, which has a deteriorating effect on the tensile strength of 
the matrix. The author believed that there is a combined effect of the dispersed LDH 
particles and the compatibilizer in opposite direction to the change in tensile 
properties of the composites. However, the reinforcing effect of the LDH clay could
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actually be realized in the composition containing 15 พt% LDH, when compared 
with similar unfilled matrix composition (PEPB in Figure 2.22). The comparison 
further reveals that E-modulus is increased by about 40% and tensile strength is 
increased from about 12.17 MPa in PEPB to about 15.17 MPa in case of the 
nanocomposite with 15 wt% of LDH content. However, the elongation at break is 
reduced drastically, which indicates that at 15 wt% LDH concent, the energy 
absorbed by the nanocomposites drops significantly and the material tends to become 
more brittle as compared to the composites with lower LDH content and the unfilled 
matrix.

Figure 2.22 The tensile properties of polyethylene/LDH nanocomposites comparison 
with their unfilled matrix.
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2 .4 .2 .3  T h erm a l a n d  F la m e R e ta rd a n t P ro p e r tie s
Polymer/LDH nanocomposites have unique thermal stability 

and have been proven to be promising candidates for the fire retardants compared 
with unfilled polymer and conventional composite. For example, Chen and Qu 
(2003) observed the thermal decomposition (at 50% of weight loss) of PE-g- 
MA/LDH nanocomposites with 5wt% MgAl-DS was 60°c higher than that of PE-g- 
MA. And the nanocomposite has a slower thermal-oxidative rate than PE-g-MA in 
the range of 200-320°C. Generally, it has been found that the incorporation of LDH 
into the polymer matrixes can enhance thermal stability by promoting the charring 
process of polymer matrixes and acting as a superior insulator and mass transport 
barrier to the volatile product generated during the decomposition. Chen e t a l. (2004) 
observed a faster charring process in the rage of 200-400°C and enhancement 
thermal stability at above 370°c for LLDPE/ZnAl LDH nanocomposite compared to 
pure LLDPE. Similar behavior reported by Constatino e t a l. (2005) for PE/stearate- 
ZnAl LDH nanocomposites with 5, 10, 15% พ/พ organo-LDH loading was 
observed.
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