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Abstract 

Modification of clay surfaces is an essential requirement for the formation of polymer

clay nanocomposites. The clay surface can usually be modified by the replacement of 

inorganic cations on the clay surface by cationic surfactants. Further, clay has the ability 

to adsorb some organic compounds that have specific functional groups, such as sulphate 

and amides, by the formation of hydrogen bonds between these functional groups and 

hydroxyl groups of the clay. Therefore a clay surface can be treated using non-cationic 

organic compounds. 

The marn objective of this study was to modify a clay surface usmg 

2-acrylamido-2-methyl-l-propanesulphonic acid (AMPS), and investigate the interaction 

occurring between AMPS and clay. The adsorption behaviour of AMPS was compared to 

organic molecules having similar groups namely: Sodium l-allyloxy-2-hydroxypropyl 

(Cops), N-isopropylacrylamide (NIPA) and Methacryloyloxy (MET). An understanding 

of the type of interaction between clay and organic modifier is useful in terms of 

understanding the mechanism of clay exfoliation in emulsion polymerization. 

The properties and structure of nanocomposites were characterized using SAXS, TEM, 

DMA, and TGA. The strncture of the nanocomposite was affected by the type of clay 

modifiers. Nanocomposites prepared using AMPS show an exfoliated structure, while 

other nanocomposites, i.e. those prepared using Cops, NTPA, and MET showed structures 

between intercalated and partially exfoliated. The mechanical and thermal properties of 

nanocomposites were found to be strongly dependent on the degree of clay distribution 

through the polymer matrix. The nanocomposites with exfoliated structures were found to 

have higher Tg values, improved mechanical prope1ties, and also better thermal stability 

than nanocomposites with intercalated structures. 
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Opsomming 

Die wys1g111g van 'n kleioppervlak is 'n belangrike vereiste v1r die vormmg van 

polimeer-klei-nanosamestellings. Gewoonlik kan die kleioppervlak gewysig word deur 

die anorganiese katione op die kleioppervlak te vervang met kationiese sepe. Boonop het 

klei die vermoe om sekere organiese verbindings met spesifieke funksionele groepe, b.v. 

sulfate en amiede, te absorbeer. Dit vind plaas d.m.v. die vonning van waterstofbindings 

tussen hierdie funksionele groepe en die hidroksielgroepe van die klei. Die 

kleioppervlakke kan dus met nie-kationiese organise verbindings behanclel word. 

Die hoofdoel van hierdie studie was om die kleioppervlak met 2-akrielamido-2-metiel-l

propaansulfoonsuur (AMPS) te wysig, en die interaksie tussen AMPS en klei te 

bestudeer. Die adsorpsiegedrag van AMPS is met organiese verbindings met soortgelyke 

groepe vergelyk (naamlik: natrium-l-alieloksi-2-hidroksiepropiel (Cops), 

N-isopropielakrielamied (NlPA) en metakrielolieloksi (MET)). 'n Begrip van die tipe 

interaksie tussen die klei en die organise wysiger is nuttig om die meganisme van 

kleiski lfering (Eng. clay exfoliation) in emulsiepolimerisasie beter te verstaan. 

Die eienskappe en struktuur van die nanosamestellings is met behulp van SAXS, TEM, 

OMA en TGA bepaal. Daar is bevind dat die tipe kleimodifiseerder 'n invloed op die 

struktuur van die nanosamestellings gehad het. Nanosamestellings wat met AMPS berei 

is, bet 'n geskilferde struktuur (Eng. exfoliated structure) gehad, terwyl die ander 

nanosamestellings (cl.w.s. die wat met Cops, NIPA en MET berei is) het strukture tussen 

die van ge·interkaleerde (Eng. intercalated) en gedeeltelike verskilfering (Eng. partially 

exfoliated) gehad het. Die meganiese en termiese eienskappe van die nanosamestellings 

het grootliks afgehang van die graad van kleiverspreiding in die polimeermatriks. Die 

nanosamestellings met 'n geskilferde struktuur het hoer 'l~-waardes, beter meganiese 

eienskappe, asook beter tenniese stabiliteit gahad as nanosamestellings met 

gei'nterkaleerde strukture. 
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Introduction and objectives 

Chapter ]_ 

Introcllu.nction ancll objectnves 

1.1 Introduction 

Often polymeric materials require certain properties to satisfy ce11ain application needs. 

One of the ways in which the properties of a polymer can be modified is by addition of a 

second selected component. New composite materials can then be produced with 

improved properties. Inorganic fillers are commonly used as a second component in 

polymers to reduce the cost and to improve a variety of physical properties, such as 

stiffness, strength, thermal stability, etc. 1 Different types of fillers are presently being 

used in industry, such as glass fibres, mineral fillers, metallic fillers, etc. In conventional 

composites materials, these types of fillers range in size from several microns to a few 

millimetres 1
-
3

• 

Clay is one of the most abundant natural and inexpensive filler materials. Clay was 

introduced in the nanotechnology field as a new type of filler to produce polymer-clay 

nanocomposites 4
. Depending on the ordering and degree of clay dispersion in a polymer 

matrix there are three types of nanocomposites that can be distinguished (i.e. 

conventional composites, intercalated and exfoliated) 5
. 

A polymer-clay nanocomposite is a polymer that contains nanometer-sized clay pat1icles. 

Such a nanocomposite can have favourable properties, like high stiffness and barrier 

resistance. Optimal prope11ies are usually obtained when clay is fully exfoliated into 

single silicate layers 6
'
7

• During exfoliation, the clay pat1icles do not only become much 

smaller but simultaneously their shape is changed from cubical blocks to flat platelets. 

The preparation of polymer-clay nanocomposites requires a good compatibility between 

the clay surface and the polymers or monomers 1
• The swellable clays such as 

montmorillonite are hydrophilic and therefore incompatible with hydrophobic polymers 

8 or monomers . Furthermore, the clay platelets are bound to each other by Van der waals 
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forces, which make the interlayer in the clay very narrow. The hydrophilicity of clay can 

be changed by surface modification of clay 6•
8

. 

The surface modification of clay can be typically performed by ion exchange of surface 

inorganic cations (e.g. Na+, K+, Ca2+) by organic cationic surfactants. However, the clay 

surface can also be modified using organic molecules with weaker interactions such as 

hydrogen bonds 9
. 

Successful preparation of nanocomposites strongly depends on the organic modifier used 

and its type of interaction with the clay surface. 

Recently many researchers focused on the preparation of polymer-clay nanocomposite 

latexes using emulsion and miniemulsion polymerization, some studies showed that clay 

can be successfully exfoliated in these conditions, using various organic clay modifiers, 

. d. f . . . h h 1 f' · 1 · · 7 8 I 0- I 3 prov1 mg some type o mteractJon wit t e c ay sur ace pnor to po ymenzat1on ' ' . 

An interesting study showed that the use of 2-acrylamido-2-methyl-1-propanesulphonic 

acid (AMPS) as clay modifier successfully promoted exfoliation of clay upon 

copolymerization of styrene and butylacrylate in· emulsion. The authors indisputably 

produced exfoliated nanocomposites. However, their statement about the type of 

interaction between AMPS and clay is questionable 13
. 

Since the type of interaction between the organic modifier and clay plays an important 

role on successfully achieving a proper exfoliation, the real type of interaction occurring 

between clay and AMPS ought to be elucidated, so as to better understand the mechanism 

of exfoliation in emulsion polymerization. 

The present work is divided into two main pai1s. The first pai1 is devoted to the study of 

the type of interactions existing between AMPS and clay. Adsorption behaviour of 

AMPS into clay was compared to various organic molecules with similar chemical 

groups namely: Sodium l-allyloxy-2-hydroxypropyl sulphonate (Cops), 

N-isopropylacrylamide (NIPA), Methacryloyloxy-undecan-1-yl sulphate (MET). 

The second part of the present work focuses on the preparation of 

poly(styrene-co-butylacrylate)-clay nanocomposites by emulsion polymerization using 
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these different clay modifiers. 

Correlations between the structure of the final nanocomposites obtained with the degree 

of interaction and modification of the original clay used, will lead to a better 

understanding on the mechanism by which in-situ intercalative polymerization in 

emulsion occurs. 

1.2 Objectives 

Hence the specific objectives of this study were to:-

• Modify Na +-MMT using different concentrations of 2-acrylamido-2-methyl

l-propanesulphonic acid (AMPS), and characterize AMPS-MMT samples using 

FT-IR, TG A and SAXS. 

o Study the interaction mechanism between AMPS and clay (i.e. whether by ion 

exchange or adsorption), by modi lying the clay using other organic modifiers 

which are similar to AMPS in terms of their chemical functional groups, namely 

(sodium l-allyloxy-2-hydroxypropyl sulphonate (Cops), N-isopropylacrylamide 

(NIPA) and methacryloyloxyundecan-1-yl sulphate (MET)). 

o Synthesize four different poly(styrene-co-butylacrylate)-clay nanocomposites via 

batch emulsion polymerization, using four different organic modifiers (AMPS, 

Cops, NIP A, and MET) as clay modifiers, and then characterize the structures of 

the nanocomposites using SAXS and TEM. 

o Determine the thermal stability of the synthesized nanocomposites using TGA, 

and compare their thermal stability to that of the pure 

poly( styrene-co-butylacrylate ). 

o Dete1mine the mechanical prope11ies and Tg of the synthesised nanocomposites 

using DMA and compare them with those of the virgin poly(styrene

co-butylacrylate ). 

o Study the effect of the monomer feed rate on the morphology and properties of 

nanocomposites, by synthesizing nanocomposites via a semi-batch process using 
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a slow feeding rate, characterizing the structures and prope1ties, and comparing 

the results to those results obtained from batch emulsion polymerization. 
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Chapter 2 

Polymer-day nanocomposites: 'fheoireticail lbackgiromrnd 

2.1 ][ntroduction 

Polymer materials are often reinforced with fillers to improve their mechanical 

prope11ies. Such materials are widely used in many areas including transpo11ation, 

constmction and electronics 1
• One of the most common classes of reinforcing materials 

is fibrous fillers in a randomly dispersed state. The degree of reinforcement depends on 

the rigidity and aspect ratio of the filler itself, and the adhesive bond between the filler 

and polymer matrix. For instance, in order to improve adhesive strength between the 

matrix and the fillers, the surface (e.g. of glass or carbon fibres) is organically treated 2
. 

The size of such fillers is of the order of microns, which is large compared to the size of 

polymers, which are of nanometer order. This significant difference in size between 

polymer and filler often results in the deterioration in prope11ies of the composite, such as 

decreased ductility, poor mouldability and poor surface smoothness in moulded a11icles. 

The use of fillers can also offer a route to the production of inexpensive polymeric 

materials 2
-
4

. 

The focus of the present study is on clay-reinforced polymeric nanocomposites (PCNs). 

The advantages of using clays as polymer fillers are their availability, low cost, and high 

aspect ratio (i.e. surface to volume or length to thickness with platelets) 2
. Polymer-clay 

nanocomposites themselves have several advantages: (a) they are lighter in weight 

compared to the same polymer filled with other types of fillers, due to the achievement of 

property enhancement even at small clay loadings, (b) they have enhanced flame 

retardance and thermal stability and (c) they exhibit enhanced barrier prope11ies 1
'
5

'
6

• 

Depending on the ordering and degree of clay dispersion in a polymer matrix there are 

three types of PCNs that can be distinguished 7
. 

Conventional composites are formed when the polymer chains are unable to penetrate 
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between the layers of the silicate particles of the clay s- 10 
•. 

Intercalated structures are formed when one or more polymer chains intercalate between 

the layers of clay. Therefore, the interlayer spacing is increased but the ordered layer 

structure of the clay particles is retained 10
•
11

• 

Exfoliated composites arise where the clay pai1icles are completely delaminated and the 

silicate layers do not show any ordering in their arrangement. This type of PCN has 

improved mechanical and then11al properties relative to intercalated and conventional 

materials, due to the homogeneous dispersion of clay in the polymer matrix, as well as 

large interfacial areas between the clay layers and the polymer matrix 11
-
13

• 

Polymer-clay nanocomposites are relatively new materials. They exhibit a large increase 

in tensile strength, modulus and heat distortion temperature compared to the virgin 

polymers 13
•
14

• They also show reduced permeability to gases 15
, and a smaller thermal 

coefficient of expansion 16
• All of these prope11y improvements can be realized without a 

loss of polymer clarity 2
. Further, it has been found that nanocomposites impart flame 

retardance not present in the virgin polymers. These improvements in prope11ies at 

relatively low clay loadings (typically 2-10%) have stimulated intensive research in both 

industry and academia over the past decade 15
-
17

_ 

Pristine clay is naturally hydrophilic, and polymers are often hydrophobic 14
•
18

• The 

hydrophilic nature of clay impedes its homogeneous dispersion in a polymer matrix. The 

first major breakthrough in addressing this problem was in 1987, when Fukushima and 

Inagaki 19 from TCRD in Japan replaced inorganic cations in clay galleries with 

alkylammonium surfactants. They successfully compatibilized a clay surface with 

hydrophobic polymer matrices 19
• 

Usually clays are modified with alkylammonium surfactants for two purposes. The first is 

to widen the gallery spacing of the layered silicate and to enable polymers or monomers 

to penetrate more easily into the clay layer spaces. The second is to tether 

alkylammonium molecules on silicate surfaces and make silicate layers compatible with 

hydrophobic polymers 20
. 
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The first successful nanocomposite, repo11ed by the Toyota research group, was in the 

form of a Nylon 6/clay nanocomposite obtained by in situ polymerization. By adding 

only 4.2% clay the following was achieved: 50% enhanced strength and an increase in 

heat disto11ion by 80°C, compared to the neat Nylon 6. It was this discovery that gave 

rise to the new engineering materials called polymer-clay nanocomposites 14
• 

2.2 Types and stranctures of clay mineralls 

Clay minerals are called layered silicates because of their stacked structure of 1-nm 

silicate sheets with a variable basal distance 5
. Generally there are two building blocks 

that can form the silicate layer clays, as shown in Fig. 2.1: the silica (Si) tetrahedral and 

the aluminium (Al) octahedral 5. 

O =Oxygen 

o =Silicon 

(a) 

0 =Hydroxyl 

o =Aluminum, magnesium 
(b) 

Fig. 2.1: a) Silica tetrahedron and tetrahedral units arranged in a hexagonal network, and b) cation 
octahedron and octahedral units arranged in a sheet 5• 

The silica tetrahedral groups are arranged to form a sheet of tetrahedron units, and the 

aluminium octahedral units are joined together to form a sheet of octahedral units. 

Depending on the number and combination of structural units (tetrahedral and octahedral 

sheets), the clay minerals can be divided into two types, 1: l and 2: 1 phyllosilicates 5
'
13

'
21

• 

(i) 1: 1 phvllosilicates: "Non-swelling" clays such as kaolinite consist of units of single 
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sheets of silica tetrahedra between alumina octahedral sheets 21
• 

(ii) 2: l phvllosilicates: These are known as "swelling" clays, where the layer of minerals 

is composed of one central octahedral sheet sandwiched between two tetrahedral sheets, 

condensed in one unit layer designated as 2: 1. The most common clays that have a 2: I 

structure are smectites (e.g. montmorillonite, saponite, etc.), mica, and chlorites 21
• 

The layered silicates used to form nanocomposites belong to the same structure of 2: 1 

phyllosilicates. Their crystal lattice consists of two-dimensional, I-nm thick layers, which 

are made up of two tetrahedral sheets of silica fused to an edge-shaped octahedral sheet 

of alumina or magnesia. Depending on the pa11icular silicate the lateral dimensions of the 

layers can be about 300 A or more. The layers organize themselves to form stacks with 

regular Van der Waals gaps in between them, called the interlayer or the gallery 

1,5,7, 13, 14,22 

Naturally the layers undergo isomorphic substitution within them, which includes 

replacement of one ion for another of similar size (for example, Al3+ is replaced by Mg2+ 

or by Fe2+, or Mg2+ is replaced by Li+). This leads to a change in the total charge and the 

location of the charge on the mineral 5
'
10

'
13

•
21

'
23

. Isomorphic substitution within the layer 

generates negative charges that are normally counterbalanced by hydrated alkali or 

alkaline ea11h cations (such as Na+, K+ and Ca2+) residing in the interlayer 7'
14

. Because of 

the relatively weak forces between the layers (due to the layered structure), interaction of 

various molecules, and even polymers, between the layers is possible. 

[on-exchange reactions with cation surfactants, including primary, te11iary and quaternary 

ammonium or phosphonium ions, render the nornrnlly hydrophilic silicate surface 

organophilic, which makes possible the intercalation of many polymers. The role of the 

alkyl ammonium cations in the organosilicates is to reduce the surface energy of the 

· · h d · h · h · · · h h l 5 13 24-26 morgarnc ost an improve t e wettmg c aractenst1cs wit t e po ymer ' ' . 
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Fig. 2.2: Structure of 2:1 phyllosilicates 24
• 

The commonly used layered silicates are montmorillonite, hectorite and saponite 7
•
14

• 

Details on the structure and chemistry of these layered silicates are given in Fig. 2.2 and 

Table 2.1 . All of these silicates are characterized by a large active surface area (700-800 

m2/g in the case of montmorillonite), a moderate negative surface charge (cation 

exchange capacity) and layer morphology, and are regarded as hydrophobic colloid of 

the constant-charge type 1
'
24

• The layer charge indicated by the chemical formula is only 

to be regarded as an average over the whole cry tal because the charge varies from layer 

to layer (within certain bounds). Only a small proportion of the charge-balancing cations 

is located at the external crystal surface, with the majority being present in the interlayer 

space 27
. 

Table 2.1: Formula of commonly used 2:1 layered phyllosilicates 13 

2: 1 phyllosilicate 

Montmorillonite 

Hectorite 

Saponite 

General formula 

Mx (Al 4-x Mg x) Si 8 0 20 (OH) 4 

Mx (Mg 6-x Li x) Si 8 0 20 (OH) 4 

Mx (Mg x) (Si 8-x Al x) 0 20 (OH) 4 

The cations are exchangeable for others in solution. The presence of the cations in the 

galleries of silicate makes the silicate layers completely hydrophilic, and completely 

compatible with hydrophilic polymers such as poly( ethylene oxide) (PEO) and poly(vinyl 

alcohol) (PVOH) 14
• On the other hand , these silicate layers are poorly compatible with 

hydrophobic polymers. The stacks of clay platelets are held tightly together by 
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electrostatic forces 14
'
18

• 

Fig. 2.3 shows that the counterions are attracted to the net negative charge within the clay 

platelets. The counterions can be shared by two neighbouring platelets, resulting in stacks 

of platelets that are held tightly together. This makes the penetration of polymers or 

rnonomer(s) into the galleries of silicate more difficult. For these reasons, the clay must 

be treated before it can be used to make nanocomposite materials 18
• 

@ =Na\ Cai+, K\ 

Li+ @@@@~@@ 

l~ZllllBml!ltal 
Fig. 2.3: The arrangement of charges on the surface of silicate layers. 

2.3 Surface treatment of day 

The mechanical properties of nanocomposites are affected by the dispersion state of 

silicate particles in the polymer matrix 20
. Polymer-clay nanocomposites usually have 

improved mechanical and thermal prope11ies when the dispersion of silicate layers in the 

polymer matrix is high (exfoliated structure). The main focus m producing 

nanocomposites here is to obtain an exfoliated systern. 13
•
20

•
28

•
29

. There are two main 

problems that can retard the preparation of nanocomposites. The first one is the high 

hydrophilicity of silicate layers that makes them incompatible with hydrophobic 

polymers. The second is the narrow basal spacing of silicate layers that makes the 

penetration of polymer into the silicate interlayer very difficult 13
•
29

. In order to overcome 

these problems, the clay surface must be modified. 

The modification of clay to render it 'organophilic' is an essential requirement for the 

successful formation of polymer-clay nanocomposites. There are different ways to 

modify 2: 1 clay minerals: (l) ion exchange with organic cations, (2) adsorption, (3) 

binding of inorganic and organic cations, mainly at the edges of the clay, (4) grafting of 

organic compounds; (5) reaction with acids and (6) physical treatment such as by 

ultrasound and plasma 30 
. Ion exchange with organic cations will be discussed in more 
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detail in Section 2.3. l, while all the other methods will be discussed in Section 2.3.2 

2.3.1 Ion exchange with organic cations 

A popular and relatively easy method of modifying the clay surface, making it more 

compatible with an organic matrix, is ion exchange 30
. The cations are not strongly bound 

to the clay surface, so cationic small molecules can replace the cations present on the clay 

surface. These cationic small molecules can be simple inorganic cations, such as Cd2
+, 

which can be precipitated using Sff to give CdS nanoparticles in-between the clay layers, 

thereby creating potential nanoreactors 30
. 

The most common cationic surfactants used in ion-exchange reactions for the synthesis of 

PCNs are primary, secondary, and quaternary alkyl ammonium or alkylphosphonium 

cations 14
. The exchange of inorganic cations by organic ions in clay galleries not only 

makes the organoclay surface compatible with the monomer or polymer matrix but also 

decreases the interlayer cohesive energy of clay platelets by expanding the cl-spacing, i.e. 

more room is created for polymer chains to enter into these spaces. This facilitates the 

. f I . h I II . 7 13 31 penetration o po ymers or monomers mto t e c ay ga enes ' ' . 

The length of the alkyl ammonium cations influence the hydrophobicity of the silicate 

layers 32
. Zhang et al. 33 investigated the effect of surfactant chain length and found that as 

the alkyl chain length increases, the miscibility between monomer and clay increases, 

leading to an exfoliated structure 33
. The chain length of the organic modifier within the 

silicate galleries plays a crucial role in detern1ining the dispersion behaviour in 

nanocomposites 32
. The chain length of surfactant also has effects on the mechanical 

behaviour of nanocomposites. Xie et al. 34 synthesized PS-nanocomposites using 

surfactants with different chain lengths. They found that the longer the alkyl chain length 

that the surfactant possessed, the higher was the glass transition temperature of the 

PS . 34 
-nanocompos1te . 

The orientation of the surfactant in the galleries depends on its chemical structure and the 

charge density of the clay itself. Increasing the surfactant chain length or charge density 

of the clay leads to larger cl-spacing and interlayer volume 16
•
29

• 
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Additionally, the alkylammonium or alkylphosphoniurn cations can provide functional 

groups that can react with the polymer matrix or, in some cases, initiate the 

polymerization of monomers to improve the strength of the interface between the silicate 

layers and the polymer matrix 14
• 

In order to make polymer-clay nanocomposites, all clay pa1ticles must be completely 

separated into individual clay layers (see Fig. 2.4). Exfoliating clay in a polymer matrix is 

not simple, because electrostatic forces hold the silicate sheets tightly together. To solve 

these problems, a liquid needs to penetrate between individual sheets. The separation of 

individual sheets is easily achieved in water, especially with smectite clays like hectorite, 

montmorillonite and saponite; their ionic charge is just high enough to let water enter the 

inter-gallery spaces and swell the clay. During this swelling procedure the distance 

between the clay platelets is increased and the strength of the ionic bond is decreased 35
. 

Other minerals with neutral layers, like talc, cannot be swollen in water, because talc has 

no inter-gallery cations. This makes the talc crystal hydrophobic, making it impossible 

for water to enter the inter-gallery space. On the other hand, mica has a too high 

concentration of interlayer cations. This makes the binding strength between the clay 

layers too strong for water to enter the inter-gallery space 35
. 

Depending on the charge density of the clay and the ionic surfactant, different 

arrangements of the ions are possible. In general, the longer the surfactant chain length 

and the higher the charge density of the clay, the further apait the clay layers will be 

forced. This is expected since both of these parameters contribute to increasing the 

volume occupied by the intergallery surfactant 7. 
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Sodium 
Montmorillonite 

+ --1> 

Cationic surfactant 
(e.g. alkylammonium chloride) 

R Cl 

1: 
R-N-R 

2 I 4 

R3 

Swollen 
"Organoclay" 

Fig. 2.4: Schematic representation of clay surface treatment by ion-exchange reaction. 

The total number of replaceable small inorganic cations is governed by the moderate 

negative surface charge called the cation exchange capacity (CEC), i.e. the maximum 

number of exchangeable sites. The CEC values are different for different types of clays; 

they range from 80-120 meq/100 g of clay ( milliequivalent per l 00 g of clay) 24
. 

The morphology and properties of nanocomposites are often greatly influenced by the 

prope11ies of the organic cations used as clay modifiers. Zhang et al. 33 investigated the 

effects of reactive intercalating agents (clay modifiers) with different lengths of alkyl 

chains on the morphology and prope11ies of PS-nanocomposites. They synthesized 

different PS-nanocomposites by using ion-exchange reactions, using four different 

surfactants. Exfoliated structures were obtained when reactive surfactants that had 

polymerizable groups were used, while intercalated structures were obtained when 

non-reactive surfactants were used. 

Surfactants used for the synthesis of polystyrene-clay nanocomposites range from alkyl 

to aromatic-containing ammonium surfactants 33
'
36

. The head group of a clay modifier 

plays an impo11ant role in tenns of the structure of nanocomposites. Intercalated 
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structures were obtained with a surfactant having CH3 in the head group, while exfoliated 

PS-nanocomposites were achieved with a surfactant having a benzyl in the head group. 

Both of these nanocomposites structures were achieved under similar conditions using 

suspension polymerization. The presence of the benzyl group improved the compatibility 

with styrene so that formation of the exfoliated structure was easier. Polystyrene-clay 

nanocomposites with organo-MMT-containing benzyl units similar to styrene show a 

higher thermal stability than other PS-organo-MMT nanocomposites. This indicates that 

the structure and properties of the surfactant used in the preparation of organo-MMT 

plays a very important role in determining the properties of the final polymer-clay 
. 34 nanocompos1tes . 

The ion exchange of cationic surfactants onto a homo-ionic montmorillonite dispersed in 

water was found to be independent of the size of the hydrophilic head group of the 

cationic surfactant, and its pH 27
. 

2.3.2 Treatment of clay by interaction of organic molecules in clay galleries 

There are several reasons that prompted researchers in the field of nanocomposites to 

search for alternative methods to modify clay surfaces. The low thermal stability of 

quaternary ammonium compounds commonly used to modify the clay surface generally 

leads to decomposition products that impa1t undesirable colour and odour, and also 

degrades the prope1ties of the composite 37
. In addition, the commercial availability of 

quaternary ammonium compounds is limited. In order to obtain fully exfoliated 

nanocomposites the modifier should be thermodynamically compatible with the polymer. 

Here, in order to produce nanocomposites, alternative methods to modify the clay are 

used. The physicochemical properties of mineral clay allow the interaction between clay 

and non-cationic organic molecules to take place. 

Interactions between organic molecules and clay are very common m nature. Such 

interactions include cation exchange (explained in the previous section), and adsorption 

of polar and non-polar molecules.2 1 The organic molecules that have pa1tial negative 

charge can interact with exchangeable cations via fornrntion of ion-dipole bonds. 

Therefore, those organic molecules can be used as clay modifiers. This phenomenon was 
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first used with different types of glycols 37
. The organic polar molecules can be adsorbed 

by mineral clay by the formation of a coordination bond between the exchangeable cation 

and the organic molecules or by proton transfer from interlayer water to the organic 

1 1 . 21 mo ecu es, or vice versa . 

Fig. 2.5: Representation of the arrangement of water molecules around Na+ ions 21
• 

Neutral molecules penetrate into the interlayer spaces of clay when the energy that results 

from the adsorption process is enough to overcome the interaction between silicate 

layers. Clay can form interlayer complexes with many types of uncharged molecules. 

The presence of water molecules in the interlayer space of the clay (see Fig. 2.5) leads to 

the creation of some competition between water molecules and uncharged organic 

molecules for ligand positions around the exchangeable cations. The adsorption of 

uncharged organic molecules increases as the concentration of organic molecules 

increases and as the volume of water in the system is lowered. 

Some studies have been caITied out on the interaction between clay and orgamc 

molecules, such as amide compounds. The interaction between amides and Na+-MMT 

was investigated by Tahoun and Mo11land 38
. When amides are adsorbed by Na+-MMT, 

they can be protonated. The degree of protonation depends on the acid strength of 

exchangeable cations and the polarization of the adsorbed water by the cations. Both 

functional groups of an amide (carbonyl and amine) form hydrogen bonds with water 

molecules. In this case water works as bridges between the amide molecules and 

exchangeable cations in the silicate interlayer. The interaction between urea molecules 

and clay was studied by Mo11land 39
. Molecular urea is bound to the exchangeable cation 

via water molecule bridges. The CO group of urea molecules coordinates the metallic 

cation. 
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Stutzmann and Siffe11 40
, using IR spectroscopy, studied the adsorption mechanism and 

fine structure of complexes obtained between Na +-MMT and acetamide and 

polyacrylamide. The adsorption takes place on the external surface of the clay particles. 

The organic molecules are protonated on the surface and adsorbed by electrostatic force. 

There are two adsorption possibilities: strong, irreversible adsorption, which corresponds 

to the formation of chemisorbed molecules, or the more impo11ant adsorption of 

molecules retained by the formation of hydrogen bonds. 

2.4 Polymer clay-mm.ocomposite stiructmre 

Depending on the nature of the components used (layer silicate, orgamc cation and 

polymer matrix) and the method of preparation, three different types of nanocomposite 

structure may be obtained when the clay pa11icles are dispersed in a monomer or polymer 

matrix (see Fig 2.6) 13
. 

a b c 

Fig. 2.6: Types of nanocomposite structures: (a) conventional, (b) intercalated and (c) exfoliated 11
• 

(Note: (a) layers number 500-1000, (b) layers number up to 1000 but can also tend toward a single 
figure depending on an extent of intercalation, and (c) individual layers loosened from 1000 sheets 
per single clay particle.) 

Conventional composites: This type of composite contains clay tactoids, with the layers 

aggregated in an un-intercalated face-to-face form. In this case the clay tactoids are 

dispersed simply as a segregated phase, as illustrated in Fig. 2.6(a), and the polymer 

chains are unable to intercalate between the silicate sheets. In this case there is no change 

in the d-spacing of the clay, which is around 1.15 nm 18
. This results in the composites 

h · h · 1 · 7 11 12 avmg poor mec amca properties ' ' . 

Intercalated nanocomposites: Here the polymer is located in the clay galleries, expanding 

the clay structure, but retaining some long-distance register between the platelets. Only a 
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few polymer chains penetrate in between clay galleries, as is illustrated in Fig. 2.6(b ). 

This type of nanocomposite shows a slight improvement in mechanical and thermal 

· l . l 7 12 24 I h fi d . 41 prope111es re at1ve to pure po ymer ' ' . anc as ·ire retar ant properties . 

Exfoliated nanocomposites: This type of structure can be formed when all individual clay 

layers are fully separated from each other, and are no longer close enough to interact with 

one another. The average distances between the segregated layers are dependent on the 

clay loading, and they are evenly distributed throughout the polymer matrix. Exfoliated 

. h h . h · 1 d · 7 I I 24 nanocompos1tes s ow greater omogene1ty t an mterca ate nanocompos1tes ' ' . 

Exfoliated polymer-clay nanocomposites improve mechanical perfonnance. The 

homogeneous dispersion of clay into the polymer matrix provides an enormous surface 

area, and leads to a high interfacial area between platelets and the polymer matrix 24
. This 

huge interfacial area leads to restrictions in free volume, chain mobility and 

conformation, relaxation behaviour, and thermal transitions 42
. Polymer chains that are 

close to the clay interface have lower free volume than the bulk polymer. This may begin 

to explain why nanocomposites have unusual properties, such as increased toughness 

with longer elongation, and improved barrier properties 1
• 
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Chapter 3 

Synthesis andl characterization of nanocomposntes: Theoiretncan 
lbackgiro undl 

3.1 Introduction 

This chapter is divided in two main parts. The first presents a literature survey on the 

different methods that have been used to synthesis nanocomposite materials. Depending 

on the staiting materials and synthesis techniques, the preparative methods used to 

synthesize nanocomposites are divided into four main groups: solution, melt blending, 

template, and in-situ intercalative polymerization. Section 3.2 introduces these methods 

and points out their respective advantages and disadvantages. 

The second part of this chapter describes the characterization methods that are used to 

determine the structure and prope1ties of nanocomposite materials. X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) are the best methods for 

determining the types of nanocomposite strnctures (conventional, exfoliated or 

intercalated). Section 3.3 provides more details about these two techniques. Dynamic 

mechanical analysis (DMA) is used to determine the mechanical properties and 

thermogravimetric analysis (TGA) is used to determine the thermal stability of 

nanocomposites. 

A review of the relationship between nanocomposite structures and their properties is 

presented in Section 3 .3. 

3.2 Metlltoclls used to syDlthesize pollymer clay 11umocomposites 

The following methods are commonly used to synthesize nanocomposites materials: 

3.2.1 Solution method 

Here the organoclay and the polymer are dissolved in a polar orgamc solvent. The 

polymer chains migrate between the silicate layers. Due to the weak forces between the 

silicate layers, the solvent separates the layers, thereby allowing the polymer to adsorb 
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onto the surfaces of individual silicate platelets. The solvent is then allowed evaporate, 

leaving nanocomposites behind. The final structure depends on the thermodynamics of 

the multi-component mixture and the rates of diffusion and adsorption of polymers into 

the silicate system 1
-
3

• A schematic representation of the solution method is shown in Fig. 

3. l. 

Solvent 

Organoclay 

Polymer and 
solvent 

Swelling Intercalation Solvent 
Evaporation 

Fig. 3.1: Schematic representation of the preparation of nanocomposites via the solution method. 

This route can be used to synthesize nanocomposites from polymers with little or no 

polarity. From a commercial point of view, however, this route involves the use of large 

quantities of organic solvents, which is environmentally unfriendly and economically 

prohibitive 3
'
4

. It is also believed that a small quantity of solvent remains in the final 

product at the polymer-clay interface, and this will lead to the creation of weaker 

interfacial interaction between the polymer and the clay surfaces 2 and give later 

emissions problems. 

Various polymer-clay nanocomposites, using polymers like poly(vinyl acetate) (PVA) 5
, 

polyethylene (PE) 6
, and poly(ethylene oxide) (PEO) 6

, have been synthesized using this 

method. 

Depending on the polymer matrix used, the solution method can be used to prepare 

different nanocomposite structures even if the experiments are carried out under similar 

conditions. Jeon et al. 6 synthesized two different types of nanocomposites: a 

nitrile-based copolymer and a polyethylene-based polymer. In the case of the 

nitrile-based copolymer partially exfoliated nanocomposites were obtained by dissolving 

the copolymer in dimethylformamide (DMF) in the presence of the modified clay, and 

then as the solvent was evaporated the nanocomposites were obtained. The completely 

exfoliated structure of a high-density polyethylene nanocomposite was obtained by using 

a similar technique, in which the polyolefin chains were dissolved in a mixture of xylene 
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and benzonitrile. These two syntheses indicate that the solution method can provide quite 

different results, depending on the polymer matrix. In other words, it does mean that for 

every type of polymer one has to find a suitable layered clay, organic modifier and 

solvent. 

The Toyota CRD group 7 investigated the effect of the types of clay on the structure and 

properties of polyamide nanocomposites synthesized with different types of clay via the 

solution method. Hectorite, saponite, montmorillonite and synthesized mica were used as 

pristine layered silicates. The cation exchange capacity (CEC) values of these four types 

were 55, 100, 110 and 119 meq/lOOg respectively. All were modified with 

dodecylammonium salt by a cation exchange reaction, and all nanocomposites were 

synthesized by the solution method under the same conditions. Exfoliated 

nanocomposites were obtained when montmorillonite and mica clay were used, while a 

pa11ially exfoliated structure was obtained when hectorite and saponite were used. The 

reason for this could be due to the greater interaction between the polyamide matrix and 

the organoclay-modified montmorillonite or synthetic mica compared to the interaction 

between the polyamide matrix with the other types of clay 2,7. 

Although the solution method is widely used to synthesize nanocomposite materials there 

are some problems or disadvantages associated with this method. The presence of solvent 

leads to the generation of some competition between the solvent and polymer chains, 

reducing the possibility of polymer entering the clay galleries 8. 

3.2.2 Melt blending synthesis 

The melt blending process involves mixing the layered silicate, by annealing statically or 

under shear, with the polymer while heating the mixture above the softening point of the 

polymer. During the annealing process, the polymer chains diffuse from the bulk polymer 

l . h 11 . b h ·1· l 3 4 9- 12 met mto t e ga enes etween t e s1 1cate ayers ' ' . 

The technique of melt blending is pm1icularly attractive due to its versatility and 

compatibility with existing processing infrastructure and is beginning to be used for 

commercial applications 13
. The structure of nanocomposites formed via polymer melt 

intercalation depends upon the thermodynamic interaction between the polymer and the 
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silicate as well as the transportation of polymer chains from the bulk melt into the silicate 

. l 14 mter ayer . 

Polymer 

Organoclay 

131cnding Annealing 
under shear 

Fig. 3.2: Schematic representation of the preparation of nanocomposites via the melt blending 
method. 

Vaia et al. 15 used the direct polymer melt method to form intercalated poly(ethylene 

oxide) by heating the polymer and silicate together at 80°C for 6 h. Other polymer 

exfoliated nanocomposites such as polystyrene 15
, polyamides, polyesters, polycarbonate, 

polyphosphazene and polysiloxanes can also be synthesized by this method 1
• 

Morgan and Gilman 16 synthesized polystyrene-layered silicate nanocomposites usmg 

melt intercalation by two different methods: (a) static melt intercalation by mixing and 

grinding dried powders of polystyrene and modified clay in a pestle and mortar and then 

heating the mixture at 170°C in vacuum, and (b) extrusion melt intercalation by extrnsion 

of the mixture under nitrogen. 

Vaia et al. 17 prepared an intercalated polystyrene nanocomposite via polymer melt 

intercalation. The organoclay was produced by treating the clay using long-chain primary 

and quaternary alkylammonium-exchanged clays. The organoclay was mixed with 

commercially available PS at a temperature above the Tg, via melt processing. The 

diffusion of PS into the clay galleries is slow, and depends on many factors, including 

polymer molecular weight, processing temperature, surfactant properties, and interactions 

between the polymer and the organoclay. 

Hasegawa et al. 18 used polystyrene of different molecular weights to prepare 

nanocomposites by melt intercalation. An exfoliated structure was obtained only with 

applied shear during melt compounding of the clay modified with PS of high Mw. This 

result means that the mechanical driving force is impo1tant for the exfoliation of clay in a 

polymer melt. 
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The direct melt intercalation of polypropylene and polyethylene in the silicate galleries 

seemed to be impossible due to the absence of polar groups in their backbones 3
'
19

-
22

. This 

problem was however overcome when Usuki et a!. 23 used PP modified with polar groups 

for intercalation into clay galleries, followed by melt-compounding of organoclay with 

bulk polypropylene to prepare nanocomposites. Only a limited degree of clay exfoliation 

was achieved by this method. 

The use of the melt intercalation method to synthesize nanocomposite materials is limited 

due to the following 24
. 

o During high-temperature processing the low thermal stability of the clay modifier 

leads to a decrease in the distance between clay sheets due to degradation of the 

clay modifier during processing. This also leads to a loss in hydrophobicity of the 

clay surface, and it becomes hydrophilic again 25
'
26

. This was confirmed by Park 

et a!.27 who discovered that the interlayer distance of clay galleries decreased as 

the temperature increased to 200-280°C due to degradation of surfactant in the 

clay gallery, which leads to intenuption of intercalation between polymer and the 

clay. 

o This method seems unsuitable for producing ce1iain polymers, such as amorphous 

polystyrene, even though polystyrene can be intercalated into the clay via weak 

interaction between the phenyl group of polystyrene and the clay surface. Upon 

heating, this interaction becomes weaker between polystyrene and clay and leads 

to a decrease in the interlayer spacing 28
. 

3.2.3 Template method 

This method is useful for water soluble monomers or polymers. Some success has been 

achieved with polymers such as poly(vinylpy1TOlidone) (PVPyr), poly(acrylonitrile) 

(PAN), poly(dimethyldiallylammonium) (PDDA) and poly(aniline) (PANI) 3
. This 

method is based on directly crystallizing silicate clays hydrothermally from a gel 

containing organics and organometallics, including polymers 8
. 

The typical method for in situ hydrothermal crystallization of the polymer-hectorite clays 
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involves creating a 2 wt% gel of silica sol, magnesium hydroxide sol, lithium fluoride, 

and polymer in water. This method is used with water soluble polymers, and refluxing is 

typically carried out for 2 days 8
. The selected modifiers are usually positively charged, to 

encourage incorporation into the gallery space via electrostatic interaction. By using this 

method the layered silicate can be highly dispersed in a one-step process 3
'
8

. This method 

is far less well developed for layered silicates and thus is of no significance in the present 

study. 

3.2.4 In-situ intercalative polymerization 

A schematic representation of the in situ intercalative process is shown in Fig. 3 .3. In this 

method the layered silicate is swollen within the liquid monomer or monomer solution so 

the polymer formation can occur between the intercalated sheets. Polymerization can be 

initiated either by heat or radiation, by the diffusion of a suitable initiator, or by an 

organic initiator 2'
3

'
10

'
29

-
32

. 

As in other synthesis methods, the compatibility between monomers and modified clay is 

impo11ant here in order to obtain a high dispersion of silicate layers in the polymer 

matrix 24
. 

Monomers 

Swelling Polymerization anocomposite 

Fig. 3.3: Schematic representation of the preparation of nanocomposites via in-situ polymerization. 

In the case of using a monomer solution, the polarity of the solvent has a significant 

effect. In order to ensure a high monomer concentration inside the clay galleries, the 

solvent should have the ability to interact with the polar surface of the clay. Akelah and 

Moet 33 modified Na+-MMT and Ca2+-MMT using (vinyl benzyl) trimethyl ammonium 

chloride, then the modified clay was dispersed in three different solvents, acetonitrile, 

acetonitrile/toluene and acetonitrile/THF. Styrene was added to the dispersed clay and 

polymerized. They obtained an intercalated structure with different interlayer distances, 
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depending on the solvent used. Acetonitrile was found to be the best solvent. 

Wang et al. 34 prepared polymer-clay nanocomposites of styrene and methyl methacrylate 

via bulk, solution, suspension and emulsion polymerizations. They then characterized 

them to determine what, if any, effects there were on the nanocomposites structures for 

each mode of preparation. Two organic compounds were used to modify the clay: one 

contained a double bond and the other had no double bond. When the organic treatment 

applied to the clay incorporated a polymerizable double bond, the possibility to obtain an 

exfoliated structure increased. The technique used to synthesize nanocomposites has a 

large effect on the type of materials that may be obtained. Solution polymerization of 

both styrene and methyl methacrylate in the presence of clay containing a double bond or 

one without a double bond yields only an intercalated structure. Emulsion, suspension 

and bulk polymerization can yield both intercalated and exfoliated nanocomposites 

depending on the organic compounds used to modify the clay 34
. 

3.2.4.1 IPreparation of nanocomposites using emulsion free radical polymerization 

Emulsion polymerization has been successfully used for the synthesis of nanocomposites 

for many polymers, such as polystyrene 30
•
31

•
35

•
36

, poly(methyl methacrylate) 36
•
37

, 

polyacrylonitrile, epoxy 38
, poly( styrene-co-methyl methacrylate) 39

, poly(n-butyl 

acrylate-co-methyl methacrylate) 40 and poly(n-butyl acrylate-co-styrene) 40
. 

Use of an emulsion polymerization technique to prepare polymer-clay nanocomposites 

has several advantages 31
•
39

. One of the most impo1tant advantages is that water is used as 

the dispersion medium. Water makes the galleries of layered silicates wide without any 

chemical treatment 39
. Na+-MMT clay swells due to the presence of hydration water 

molecules around the inorganic cations (Na+) 41
, and this leads to insertion of micelles 

into the galleries of the layered silicate 31
. However, in the presence of a limited amount 

of water, Na+-MMT forms gels that contain isolated silicate layers and aggregates of 

several layers. Therefore, reducing the size of aggregated Na+-MMT before the 

polymerization reaction is an essential requirement to allow the homogeneous dispersion 

of clay particles in the aqueous medium of an emulsion system 31
. 

The polarity of monomers has a large effect on the final nanocomposite products 42
. Choi 
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and Chung 40 studied the effect of a monomer's polarity on the basal spacing of silicate 

layers and on the morphology of the final nanocomposite products. They synthesised 

poly(n-butylacrylate-co-methyl methacrylate) [P(BA-co-MMA)]/silicate nanocomposites 

and poly(n-butylacrylate-co-styrene) [P(BA-co-ST)]/silicate nanocomposites by 

conventional emulsion polymerization. The [P(BA-co-MMA)] nanocomposites showed 

an exfoliated structure, while the [P(BA-co-ST)] nanocomposites had the intercalated 

structure. This could be due to the higher polarity of both of the BA/MMA comonomers 

compared to that of the BA/ST comonomers. The monomer with high polarity makes the 

basal spacing of silicate layers wide, and the degree of expansion of the silicate layer 

space by monomers affects the resultant morphology of the copolymer/silicate 

nanocomposite, causing the exfoliated structure of P(BA-co-MMT) and the intercalated 

structure of P(BA-co-ST). 

Expansion of basal spacing of silicate layers is impo1tant for polymer/silicate 

nanocomposites prepared by in-situ polymerization, since at least two polymerization 

sites will consume monomers competitively: one is inside the silicate layers including the 

surface, and the second is outside silicate layers (reaction medium). If the polymerization 

rate outside the silicate layers is so fast so as to cause most of the monomer to be 

consumed, then the polymerization rate inside the silicate layers will decrease because 

the polymerization rate is proportional to the monomer concentration. The monomer 

concentration inside clay galleries depends on the degree of expansion of basal spacing of 

silicate; as the expansion of basal spacing was high; the concentration of monomers 

inside clay galleries becomes high. In this case more polymerization occurs inside clay 

galleries, and improves the chance of obtaining exfoliated nanocomposites. The basal 

spacing of silicate before polymerization is therefore an important parameter for 

predicting the structure of nanocomposites materials 40
. 

In addition to the effect of monomer polarity on the morphology of nanocomposites, the 

monomer composition could play an impo1tant role in the synthesis of exfoliated 

structures by in-situ polymerization. Choi et al. 43 investigated the relationship between 

the composition of monomers and the resultant morphology of the composites using 

Na+-MMT. They synthesized two types of poly(styrene-co-acrylonitrile), SAN (I) and 
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SAN (II) /silicate nanocomposites, via emulsion polymerization. SAN (I) was 

synthesized with acrylonitrile in the initial stage, after which a mixture of styrene and 

acrylonitrile was added in the second stage, while SAN (II) was prepared with a mixture 

of styrene and acrylonitrile in a polymerization reaction. An exfoliated structure was 

obtained with SAN (l), while an intercalated structure was achieved with SAN (II). 

In general in-situ intercalative polymerization relies on a suitable choice of the organic 

modifier and the type of clay. The practical advantages of this method are that the silicate 

can be used without modification 43 and it is simple to vary the silicate loading. 

The low viscosity and small size of the monomers, compared to polymers, makes them 

penetrate more easily inside the galleries of silicate layers. Another advantage of in-situ 

intercalative polymerization, is that the silicate is combined with polymer at room 

temperature 44
, which reduces the problem of polymer degradation during the process, 

and no decomposition of surfactants takes place. Minimal quantities of solvents are used 

(in cases where monomer solutions are used) as opposed to very dilute solutions used for 

h 1 . h . 45 t e so ut1on tee 111que . 

3.3 Characterization of the structure of the mmocomposites 

Three different nanocomposites structures can be distinguished, depending on the 

ordering and the dispersion of clay layers inside the polymer matrix, namely 

conventional, intercalated and exfoliated 39
. 

The techniques most commonly used for characterization of the nanocomposite structures 

are X-ray diffraction and transmission electron microscopy 46
. 

3.3.1 X-ray diffraction 

X-ray diffraction allows the determination of the space between structural layers of 

silicate (the distance between the basal layers of the MMT clay, or of any layered 

material) by using Bragg's law 

nA.= 2dsin {-) 3.1 

where A corresponds to the wavelength of the X-ray radiation used in the diffraction 
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experiment, d is the spacing between diffractional lattice planes and f) is the measured 

diffraction angle 47
. 

Intercalation and exfoliation change the dimensions of gaps between the silicate layers, 

so an increase in layer distance indicates that a nanocomposite has formed. A reduction in 

diffraction angle value corresponds to an increase in the silicate layer distance 48
. X-ray 

diffraction has been used to look at changes ind-spacings when nanocomposite materials 

are prepared. The d-spacing observed by XRD for nanocomposite materials has been 

used to describe the nanoscale dispersion of the clay in the polymer 49
. Fig. 3.4 below 

shows X-ray patterns of three layered silicate stmctures 3
. 
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Fig. 3.4: X-Ray patterns of three layered silicates structures: (a) conventional, (b) intercalated, (c) 
exfoliated 3• 

Conventional (immiscible) materials exhibit no change in d-spacing, meaning that no 

polymer has entered the gallery and that the spacing between clay layers is unchanged. 

Intercalated nanocomposites have an increased d-spacing, indicating that polymer has 

entered the gallery, expanding the layers. Exfoliated (delaminated) materials show no 

XRD peak, suggesting that a great amount of polymer has entered the gallery space and 

disorder of plates 2
' 
16

'
35

'
39

'
49

. 

Although XRD is a most useful technique for measunng the d-spacing of ordered 

immiscible and ordered intercalated nanocomposites 2
'
50 it may be insufficient for the 

measurement of disordered and exfoliated materials that give no XRD peaks. More 

specifically, the absence of a peak may be misinterpreted in cases where no 
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k . 46 50 pea is seen ' . 

Many factors, such as concentration and order of the clay, can influence the XRD 

patterns of layered silicates 50
. For example, samples in which the clay is not well ordered 

will fail to produce a Bragg diffraction peak, and that is an incorrect conclusion of the 

data. It is not the fault of the technique that leads to the incolTect conclusion of a 

nanocomposite being exfoliated when in reality it is highly disordered. Therefore, the 

lack of a peak obtained during XRD analysis does not prove, or disprove, the existence of 

exfoliated clay plates in the nanocomposite. More specifically, XRD only describes the 

relationship between clay layers in the polymer, not the relationship of the clay to the 

polymer 16
. 

3.3.2 Transmission electron microscopy 

TEM is a very powerful tool for the analysis of polymer-clay nanocomposites as it can 

qualitatively describe how the layered silicate is dispersed in the polymer. When 

nanocomposites have formed, the intersections of the silicate sheets are seen as dark 

lines, which are the cross-sections of the silicate layers 2
•
3

•
16

. 

Although TEM is a technique that gives a clear picture of the morphology of the 

nanocomposite, good sample preparation techniques for TEM are important. Very thin 

cross-sections ( 40-50 nm) of the nanocomposite are required to get a good quality image. 

For this reason the nanocomposite needs to be microtomed. There are also problems with 

TEM micrographs when the arrangement of silicate layers are not in the edge-on 

position; the comparison between adjacent silicate layers is altered, and thus the silicate 

layers can not be properly distinguished by TEM 46
. 

3.4 Determination of the properties of nanocomposites 

The incorporation of layered silicates in a polymer matrix has lead to improvements in 

the prope1ties of polymers in which they are dispersed 2
•
3

'
32

. Amongst those prope1ties, an 

expected large increase in modulus (tensile or Young's modulus and flexural modulus) of 

nanocomposites with filler contents sometimes as low as 1 wt% has drawn much 

attention 51
•
52

. Improvements in thermal stability and fire retardancy are other interesting 
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prope11ies displayed by nanocomposites. PCNs have also been studied and used for their 

superior barrier prope11ies against gas and vapour transmission. Finally, depending on the 

type of polymeric materials, nanocomposites can also display interesting properties in the 

terms of ionic conductivity or thermal expansion. 

The following sections describe how the presence of clay pai1icles in a polymer matrix 

can affect the thermal and mechanical prope11ies of polymers. 

3.4.1 Thermal stability 

Thermogravimetric analysis is used primarily for determining the thermal stability of a 

polymer. TOA is an old technique but has been applied to polymers only since the 1960s 

53
. The most widely used TOA method is based on continuous measurement of weight on 

a sensitive balance (thermobalance) as the sample temperature is increased in air or an 

ine11 atmosphere. This is referred as non-isothennal TOA. Data are recorded as 

thermo grams of weight versus temperature. 

Weight loss may arise from evaporation of residual moisture or solvent, but at higher 

temperatures it results from polymer decomposition. Besides providing information on 

thermal stability, TOA may be used to characterize polymers through loss of a known 

entity, such as HCl from vinyl chloride. TOA is also useful for determining volatilities of 

plasticizers and other additives 53
. 

In general, PCNs show improved thermal stability relative to the pristine polymers, 

regardless of the experimental environment 53
'
54

. Generally, the incorporation of silicate 

in the polymer matrix enhances the thennal stability by acting as a superior insulator and 

mass transport barrier to the volatile products generated during decomposition 
4

. 

The improvement in thermal stability of polymer clay nanocomposites was first rep011ed 

by Blumstein 55 when he studied the thermal stability of polymethylmethacrylate 

(PMMA) and montmorillonite clay. He showed that when PMMA was inserted between 

lamellae of montmorillonite clay the thennal degradation was increased under conditions 

that would otherwise degrade pure PMMA. He proposed that the stability of the 

PMMA-nanocomposites is due not only to its structure, but also to restricted thermal 
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motion of the PMMA in the gallery. Very small amounts of clay are required for an 

improvement in thermal stability relative to the pristine polymers 56
. 

Doh and Cho 57 observed that the maximum thermal stability of their intercalated 

polystyrene-clay nanocomposites was achieved when only 0.3 wt% clay was used. They 

used dimethybenzyloctadecylammonium-modified MMT clay. 

Xu et al. 39 synthesized poly(styrene-co-methylmethylacrylate) usmg 2-acrylamido-2-

methyl-l-propanesulphonic acid (AMPS) as clay modifier. TGA results showed that as 

the clay content increased, the onset temperature of thermal decomposition of the 

nanocomposite moved slightly towards a higher temperature. They also found that the 

exfoliated nanocomposite with 3 wt% silicate showed a 7°C increase in decomposition 

temperature at 20% weight loss. This may result from the thermal barrier prope11y of the 

clay plates. 

TGA results were found to be environment dependent. Poly(ethylene-co-vinyl acetate) 

synthesized by melt intercalation showed better thermal stability in a nitrogen 

environment relative to air, and the thermal stability increased with an increasing amount 

of clay. In air, the nanocomposites showed a significant delay of weight loss, maybe due 

to the barrier effect to diffusion of both the volatile them10-oxidation products and 

oxygen from the gas phase to polymer 4 . 

When nanocomposites are utilized in high-temperature applications, the low thermal 

stability of the surfactants, which are usually used to render the layered silicates 

organophilic, can be a limiting factor. Zhang et al. 58 used three surfmer-modified clays 

and a non-reactive surfactant-modified clay to prepare polystyrene-clay nanocomposites 

and discovered that surfmer-based nanocomposites had superior thennal stability relative 

to non-reactive surfactant-based nanocomposites. 

The organoclay has two opposing functions affecting the thermal stability of the polymer

clay nanocomposite. One is its barrier effect, which should improve the thermal stability, 

and the other is the catalytic effect towards the degradation of the polyn1er matrix which 

decreases the thermal stability. When adding a low fraction of clay to the polymer matrix, 

the clay layers should be well dispersed. The barrier effect is predominant, but with 
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increasing loading the catalyzing effect rapidly increases and becomes dominant, so that 

the thermal stability of the nanocomposite decreases 58
. 

The clay acts as a heat baJTier, which enhances the overall thermal stability of the system, 

as well as assists in the formation of char after thennal decomposition. In the early stages 

of thermal decomposition the clay shifts the decomposition to higher temperatures. After 

that, this heat barrier effect results in a reverse thermal stability. In other words, the 

stacked silicate layers can hold accumulated heat, which can be used as a heat source to 

accelerate the decomposition process, in conjunction with the heat flow supplied by the 

outside heat source 4 '
32

. 

Exfoliated structures have hugely improved thermal prope11ies compared to conventional 

and intercalated materials, due to the homogeneous dispersion of the clay layers through 

the polymer matrix and the high surface area of clay layers 59
. 

3.4.2 Dynamic mechanical analysis 

Dynamic mechanical analysis measures the response of a material to cyclic deformation 

as a function of temperature. There are three main parameters that are used to express 

DMA results: (i) the storage modulus (G'), which is a measure of elastic response to the 

deformation; (ii) the loss modulus (G"), which is a measure of the plastic response, and 

(iii) tan 8, i.e. the ratio of G11/G 1
• Tan 8 can be used for the determination of energy 

absorption through molecular mobility after the glass transition temperature (Tg) 32
, which 

can be measured. 

DMA not only measures the dynamic mechanical prope11ies of a material, but also 

detects changes in the viscoelastic behaviour of a polymer after it is compounded with 

other materials. It is well known that the Tg of a polymer depends on the onset of the 

mobility of chain segments of the polymer molecules 60
. 

If the molecular chain is restricted then the motion or relaxation of the chain segment 

becomes difficult at the original glass transition temperature but becomes possible at 

higher temperatures. When the polymer molecules are intercalated in the silicate gallery 

or the silicate layer is partially exfoliated in the polymer matrix, the chain conformations 
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of the polymer molecules will not readily change because of geometric constrains and 

hence the interactions between the polymer and the surface of the silicate layers become 

stronger. Therefore, the dynamic behaviour of PCNs is different from that of pure 

polymer. Sluggish motions of chain segments of polymer molecules increase the Tg of 

nanocomposites, which means that the systems become similar to cross-linked polymer 

systems 61
. 

The interaction between polymer and silicate layers at the interface of layers and the 

polymer matrix can suppress the mobility in the polymer segments in or near the 

interface, leading to improved mechanical prope11ies. In general, higher G1 values for 

nanocomposites below the Tg (i.e. glassy state) and in the rubbery region, relative to 

pristine polymers and conventional composites, are obtained. This can be attributed to the 

large aspect ratio of the structural hierarchy on the nanoscale level. The incorporation of 

small quantities of polar comonomers during the synthesis of PCNs not only affects the 

resultant nanocomposite structure, but the mechanical properties as well 32
•
62

. 

Choi et al. 43 synthesized exfoliated and intercalated poly(styrene-co-acrylonitrile) 

copolymer nanocomposites using AMPS as clay modifier. They found interesting results 

m tenns of mechanical prope11ies of nanocomposites. The exfoliated 

poly(styrene-co-acrylonitrile) has higher storage modulus than the intercalated structure. 

They also found that the Tg values for exfoliated nanocomposites increased with the 

content of silicate, but the intercalated nanocomposites had lower Tg values than pure 

poly(styrene-co-acrylonitrile). They suggested that the decrease in glass transition 

temperature for intercalated structures was related to the molecular weight distribution of 

the polymer matrix. A polymer with broad molecular weight distribution may contain a 

low molecular weight po11ion, and the low molecular weight materials will reduce the 

glass transition temperature in a maimer like plasticizers or lubricants. 

Qutubuddin and Fu 63 synthesized fully exfoliated polystyrene usmg 

vinylbenzyldimethyldodecyl ammonium as clay modifier. They found a decrease in Tg 

from 100°C in the pure polymer to 94°C in the polystyrene nanocomposite containing 

7.6% clay. They interpreted this decrease in Tg to be related to a decrease in molecular 

weight resulting from hindered diffusion of the polymerization initiator (hindered by the 
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high viscosity of the styrene-swelled clay), g1vmg faster termination, as well as the 

restricted propagation of styrene chains by the impervious clay platelets. 

Xu et al. 59 synthesized exfoliated poly(methyl methacrylate-co-acryloni tri le) 

nanocomposites via emulsion polymerization using AMPS as clay modifier. They found 

that nanocomposites with 20 wt% clay showed up to 163% increase in storage modulus 

relative to the neat copolymer. The Young's modulus of nanocomposites was also higher 

than that of the neat copolymer. Young's modulus increased steadily as the silicate 

content increased, due to the exfoliated structure at high clay content. 
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Chapter 4 

Experimental 

4.1 Introduction 

This chapter is divided to two parts. The first part describes the treatment of the surface 

of Na+-MMT with the following four different organic compounds to form organoclays: 

2-Acrylamido-2-methyl- J-propanesulphonic acid, sodium l-allyloxy-2-hydroxypropyl 

sulphonate (Cops), N-isopropylacrylamide (NIP A), and methacryloyloxyundecan-1-yl 

sulphate (MET). 

The various organoclays were characterized using FT-IR, SAXS, and TOA. 

The second pat1 of this chapter describes the synthesis of poly(styrene-co-butylacrylate) 

nanocomposites by batch and semi-batch free radical polymerization in emulsion. 

The structures and prope11ies of the nanocomposite were characterized using SAXS, 

TEM, SEM, TOA, OMA and OPC. 

4.2 Materials 

The following materials were used to treat the surface of Na +-MMT and for the synthesis 

of poly(styrene-co-butylacrylate) nanocomposites. 

Sodium montmorillonite clay (Na+-MMT) was obtained from Southern Clay Products, 

Inc. (U.S.A). It is a fine powder with an average pa11icle size of less than 13 µm3 by 

volume in the dry state, and has a cation exchange capacity of 92.6-meq/JOOg clay. 

2-acrylamido-2-methyl- l-propanesulphonic acid was obtained from Aldrich. Sodium 

1-allyloxy-2-hydroxypropyl sulphonate was obtained from Rhodia. 

N-isopropylacrylamide was obtained from Aldrich. 

Stabilized styrene and butylacrylate monomers were obtained from Aldrich. The 

stabilizers were removed from these monomers by washing three times with 3% 

potassium hydroxide solution and then purifying by distillation under reduced pressure at 
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30°C. Sodium dodecyl benzenesulphonate (SDB S), and 4,4-azobis ( 4-cyanovaleric acid) 

were obtained from Fluka and used as received. 

4.3 Modification of Na +-MM'I with various comjpounds 

Modification of Na +-MMT by AMPS 

Na+-MMT (2 g) was introduced to a 250-ml flask containing 150 g deionised water. The 

mixture was stirred at room temperature until the aggregation of the clay in the deionised 

water was no longer observed. Various quantities of AMPS (0.945, 0.383, 0.287, 0.191 

and 0.095g) were added to the mixture, which most then stirred for an additional 24 h, 

because after 24h of stirring, the must AMPS would enter onto clay even if the mixture 

was stirred more then 24h ((see Appendix A: Fig. 1 (A)). 

AMPS-MMT samples were separated from the water by centrifugation of the mixture at 

4400 rpm (for 30 min). They were redispersed in 100 ml of deionised water to remove 

any unadsorbed AMPS. This procedure was repeated five times, until the washing water 

was free of AMPS. This was confirmed by measuring the pH of the centrifuged water. 

After the washing, the pH was found to be similar to that of the dispersion clay without 

AMPS, i.e. l 0.5. The silicate cakes were dried in a vacuum oven for three days at 85°C. 

The modifications of Na+-MMT using Cops, NIPA and MET were carried out under 

similar conditions used to modify the clay using AMPS. 

4.4 Functionallizadon of Na +-MM'I by AMPS at different pH vaBues 

Keeping all the other parameters constant, the modification of Na +-MMT using AMPS 

was then can-ied out at room temperature at different pH values, namely 0.63, 1.18, 2.8, 

3.5 and 6.0. This enabled the author to investigate the effect of pH on the interaction 

between AMPS and Na+-MMT. Different samples of AMPS-MMT were prepared with 

the same amounts of clay and the same amounts of AMPS, at different pH values. 

Na +-MMT (2 g) was dispersed in 150 ml deionised water, and the dispersion was stirred 

vigorously overnight. AMPS (25% relative to CEC of the clay) was dissolved in 50 ml 

deionised water, and the AMPS solution was added slowly to the clay suspension. The 

pH of the mixture was 2.8. Samples with pH below 2.8 were prepared by adding 0.1 M 
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HCl, while the samples with pH above the 2.8 were prepared usmg 0.1 M NaOH 

solution. The mixtures were stirred for 24 h at room temperature. The modified clay was 

then filtered, and thoroughly washed with water, followed by drying at 55°C in a vacuum 

oven. 

4.5 Characterization of organociays 

4.5.1 FT-IR spectroscopy 

Fourier-transform infrared spectroscopy (FT-LR) was used to qualitatively prove that the 

organic modifiers had interacted with the clay minerals by the formation of some kind of 

new bond. FT-IR spectroscopy was used to detect shifts in vibrational bands due to 

specific interaction between clay and the organic modifiers. 

Infrared spectra were obtained with Perkin Elmer 1650 transfo1m infrared 

spectrophotometer, and recorded by averaging 32 scans. 

4.5.2 Small angle X-ray scattering 

SAXS measurements were performed at 298 K. SAXS diffraction measurements were 

carried out in a transmission configuration. A copper rotating anode X-ray source 

(functioning at 4 kW) with a multilayer focusing "Osmic" monochromator giving high 

flux (108 photons/sec) and punctual collimation was used. An "image plate" 2D detector 

was used. Diffraction curves were obtained, giving diffracted intensity as a function of 

the wave vector q. 

For crystalline compounds, the d spacing dhkl between reticular planes hkl can be 

determined from the position of corresponding Bragg peaks observed on the diffraction 

curve. The dhkl was calculated from Bragg's law: 

where 28 is the diffraction angle and Acu = 1.54 A 

q = 4JrsinB 
A, 
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From relations ( 4.1) and ( 4.2), the following can be deduced: 

4.3 

where q1ikt is the q value corresponding to the associated Bragg peak position. 

4.5.3 Thermogravimetric analysis (TGA) 

TGA analyses of the organoclay and nanocomposites were carried out using a TGA-50 

SHIMADZU thermogravimetric instrument, with a TA-50 WSI thermal analyzer 

connected to a computer. Samples (10-15 mg) were degraded in nitrogen (flow rate 50 

ml/min) at a heating rate of 2.5-10°C/min. 

4.6 Synthesis of poiy(styrene-co-butyllacrylate) nanocomposites 

All nanocomposites were synthesized via emulsion polymerization. However, two 

different synthesis strategies were employed. In semi-batch emulsion polymerization the 

monomers and initiator were added to the reactor at different stages in the presence of 

Na +-MMT. In batch emulsion po~ymerization all monomers, initiator and surfactant were 

added together. These two methods are described below. 

4.6.1 Synthesis of poly (styrene-co-butylacrylate) nanocomposites by batch emulsion 

polymerization 

In a 250-ml flask, different amounts of Na+-MMT as shown in Table 4.1 were dispersed 

in deionised water (150 g). The mixture was stirred for l h, then different quantities of 

AMPS (i.e. the ratio of AMPS to clay was l 00% CEC of clay) were added to the mixture 

and stirred at room temperature for an additional 24 h. 
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Table 4. 1: Formulations for the preparation of nanocomposites using AM PS 

Styrene I butyl acrylate The amount of clay 

% clay relative to (g) 

monomers 

11/9 0.2 

11/9 3 0.6 

1119 5 

11/9 7 1.4 

11/9 10 2 

*The ratio of AMPS to clay is 100% CEC of clay 

The amount of 

AMPS (g)* 

0.04 

0.12 

0.20 

0.27 

0.40 

Styrene ( 11 g) and butylacrylate (9 g) were added and the mixture was stirred for 30 min. 

At this point SDBS (0.4 g) was added and the mixture was stirred for an additional l h. 

Then the mixture was sonicated at 90% amplitude with a Sonics & Materials Inc, the total 

energy was in the range of 70 to 73 kJ, Vibracell VCX 750 ultrasonicator, at 30°C for 15 

min. The above mixture was transferred into a three-neck round-bottom flask equipped 

with a mechanical stirrer, a reflux condenser, a nitrogen inlet and a rubber septum. 

The Initiator 4,4-Azobis ( 4-cyanovaleric acid) (0.04 g) was added to the reactor. The 

mixture was stirred at room temperature for 1 h under nitrogen atmosphere. Then the 

flask containing the mixture was transferred to an oil bath at 85°C, and the mixture 

stirred for an additional 6 h. At the end of the polymerization the oil bath and hotplate 

were removed, and the reaction was chilled with ice water for 10 min. Small amounts of 

polymer latex were dried in a vacuum oven at 25°C for 24 h and analyzed by SAXS, 

TEM, TGA and DMA. 
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The other series of poly(styrene-co-butylacrylate) nanocomposites were synthesized 

under similar conditions using the other clay modifiers, Cops, NIPA and MET. 

4.6.2 Synthesis of poly(styrene-co-butylacrylate) nanocomposites by semi-batch 

emulsion polymerization 

Pristine Na+-MMT was dispersed in deionised water (from 1 % to 10%, relative to weight 

of monomers used as shown in table 4.1). AMPS (the ratio of AMPS was 100% CEC of 

clay) was added and the mixture stirred at room temperature for 24 h. 

Styrene ( 1.27 g) and butylacrylate ( 1.13 g) were added to the above mixture placed in a 

1-L four-neck, round-bottom flask. The flask was equipped with a baffle stirrer, a reflux 

condenser, a nitrogen inlet, and a rubber septum. Initiator in aqueous solution (0.0 l g 

4,4-Azobis ( 4-cyanovaleric acid) ) was injected into the flask through a rnbber septum 

using a glass syringe. The mixture was first stirred at 200 rpm for 1 h under a nitrogen 

atmosphere at room temperature and then the temperature was increased to 65 °C. A l 0% 

aqueous solution of SDBS (0.4 g) was added to stabilize the polymer paiticles in order to 

obtain high conversion. 

After the initial polymerization was completed, styrene (9.73 g) and butylacrylate (7.87 

g) were mixed and fed (for around 3 hat a flow of 0.12 cm3/min) into the flask through a 

septum. 0.03g of initiator was added during feeding of the monomers at the rate of 

lOmg/h. After all monomers had been added, additional initiator (0.01 g) was added. The 

mixture was stirred for an additional 4 h at 65°C, and then the polymerization 

temperature was raised to 85°C for an additional 2 h. 

4. 7 Synthesis of poUy(styrene-co-bantylacryDate) 

For comparison of the changes m thermal and mechanical prope1ties of 

poly(styrene-co-butylacrylate) due to the presence of clay filler, a pure 

poly(styrene-co-butylacrylate) standard was prepared under conditions similar to those 

employed for the preparation of nanocomposites (see Section 4.6.1 ). 

4.8 Characterization of poly(styrene-co-butyDacryHate) nanocomposites 
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The structures of the nanocomposites were characterized using SAXS and TEM, while 

the prope11ies of the nanocomposites were investigated by TGA, DMA, and GPC. 

4.8.1 Small angle X-ray scattering 

Refer to Section 3.6.1, and Section 4.5.2. 

4.8.2 Transmission electron microscopy 

TEM was used to monitor the distribution of clay particles 111 

poly(styrene-co-butylacrylate) nanocomposites at the nanometer scale. Bright field TEM 

images were recorded on a JEM 200CX (JEOL Tokyo, Japan) TEM at an accelerating 

voltage of 120 kV. Prior to analysis, samples were stained with Os04, then embedded in 

epoxy resm and cured for 24 h at 60°C. The embedded samples were then ultra

microtomed with a glass knife on a Reiche11 Ultracut S ultra microtome at room 

temperature. This resulted in sections with a nominal thickness of~ 100 nm. The sections 

were transferred from water at room temperature to 300-mesh copper grids, which were 

then transferred to the TEM apparatus. 

4.8.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to look at the surfaces of the 

nanocomposite samples. Imaging of the surfaces of the samples was accomplished using 

a Leo® 1430VP scanning electron microscope. Prior to imaging, the samples were 

sputter-coated with gold. Samples were quantified by EDS analysis using an Oxford 

lnstmments® l 33keV detector and Oxford INCA software. 

4.8.4 Dynamic mechanical analysis 

A Perkin Elmer DMA 7e instrument was used for dynamic mechanical analysis, using 

thin-film mode. Samples were prepared by pressing the polymer into thin discs using a 

hydraulic press. Samples were brought to 50°C and held there for a minute before being 

heated to 175 °C at a heating rate of 5°C/min and the frequency was 1 Hz. 

4.8.5 Gel permeation chromatography 

GPC was performed using a Waters 600E system controller equipped with a Waters 610 
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fluid unit pump, a Waters 410 differential refractometer as detector, and a column set of a 

PLgel 5 mm guard 50x7.5 mm and a PLgel 5 mm mixed-C 300x7.5 mm column 

(Polymer Laboratories). Measurements were carried out at 30°C, using a flow rate of 1 

ml/min, and THF as eluent. The GPC column was first calibrated with 10 samples of 

polystyrene standards, prior to analysis; samples were vigorously stirred in THF for a 

week (to ensure all components were in solution). The samples were then filtered through 

a 0.45-µm-filter membrane, five times, thus only the THF soluble components were 

analyzed. 

4.8.6 Thermogravimetric analysis 

Refer to Section 3.6.2. 

4.9 References 

(1) Stevens, M. P. Polymer Chemistry: An Introduction; Oxford University Press: 
New York, 1990. 
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Chapter 5 

The ill1lteiractioll1l meclhtall1lism of AMPS with day 

5.1 Introduction 

Sodium montmorillonite is the most common clay used to synthesize nanocomposite 

materials due to its availability and high aspect ratio relative to other types of clay 1
• The 

presence of exchangeable Na+ in the clay interlayer makes the clay surface completely 

hydrophilic and incompatible with hydrophobic polymers 1
-4. Furthe1more, the clay 

platelets are bound to each other by Van der Waals force, which makes the clay interlayer 

very narrow. This makes the penetration of most polymers or monomers into the clay 

galleries extremely difficult 5
. The hydrophilicity of the clay surface can be changed by 

surface modification using compounds that can attach to the surface in different ways 6
. 

The ion exchange reaction is the most common method for the treatment of a clay surface 
7

. Alkyl ammonium cations are usually used as clay modifiers to replace the interlayer 

cations and to widen the interlayer spaces 3
•
6
-
9

. Organic molecules can also adsorb to clay 
10 in different ways, such as: by formation of hydrogen bonds between the hydroxyl 

groups of the clay surface and some functional groups of organic modifiers, or by 

ion-dipole interactions between exchangeable cations and organic molecules. The latter 

type of interaction can be directly between exchangeable cations and organic modifiers, 

or organic modifiers and cations linked indirectly through water bridges 11
• 

In this study four different compounds were used to modify Na +-MMT, namely 

2-acrylamido-2-methyl- l-propanesulphonic acid (AMPS), sodium 1-allyloxy-

2-hydroxypropyl sulphonate (Cops), N-isopropylacrylamide (NIPA), and 

methacryloyloxyundecan-1-yl sulphate (MET). Besides using Cops, NIPA and MET as 

clay modifiers to synthesize nanocomposites, they were also used to study how AMPS 

itself can interact with the clay (see Section 5.4). 

The chemical strnctures of the above compounds are shown in Table 5.1. The treatment 
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of Na +-MMT by these compounds was explained in Section 4.3. 

Some work has reported on the preparation of polymer nanocomposites by emulsion 

polymerization using AMPS as a clay modifier 12
'
13

. The use of a low percentage of 

AMPS as a specialty monomer seems to play a major role in achieving a successful 

ex foliation of clay. However, the mechanism by which AMPS interacts with clay, as well 

as by which AMPS promotes exfoliation of clay in emulsion polymerization, has not 

been resolved yet. 

Table 5.1: Clay modifiers used in this study 

Clay modifier 

2-acrylamido-2-methyl-l

propanesulphonic acid 

Sodium l-allyloxy-2-

hydroxypropyl sulphonate 

N-Isopropylacrylamide 

Methacryloyloxy-undecan-

1-yl sulphate 

Code 

AMPS 

Cops 

NIPA 

MET 

Structure 

0 Ci-1 1 1-1 0 

II I . I II 
H C=UI-C-Nl-l-C-C-S-01-1 2 

I I II 
Ci-11 1-1 o 

H H OH H H f?I 

I I I I I II - + 
H,c=c1-1-c-o-c-or-c-c---s-o Na 

- I I I I II 
H H H H O 

'j' ~ 'j' 1'"'3 
HzC=c-c-N--CH 

I 
CH 3 

The main objective of this study described in this chapter is to understand how AMPS 

interacts with clay. Investigations were carried out to try to determine the interaction 

mechanism between AMPS and Na+-MMT (i.e. ion exchange or adsorption). 

Fmthermore the effects of pH on the interaction between AMPS and Na+ -MMT were 

studied. The use of AMPS as clay modifier to synthesize nanocomposites has been 

repo11ed in the literature 12
-

17
, but no mention could be found of using Cops, NIPA or 

MET as clay modifiers to synthesize nanocomposites materials. 

The organoclays were characterized using different analytical techniques. FT-IR was 
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used to confirm the presence of organic modifiers in a clay by recording the appearance 

of new IR bands related to those compounds 18
• SAXS analysis was also used to study 

changes of the spacing of interlayer silicates as a result of the insertion of organic 

compounds into the clay galleries io,is,i
9_ TGA was used to determine the quantities of 

organic compounds inside the clay galleries 18
• 

5.2 Clay surface modification by AMPS 

The modification of the clay by AMPS was canied out according to the procedure 

described in Section 4.3. Clay was modified with different AMPS concentrations. 

Although AMPS was not expected to ion-exchange with the Na+ cation of the clay 

surface, the concentration of AMPS was correlated to the CEC of clay to give an element 

of comparison with cationic surfactants generally used to prepare modified clay. 

The CEC of Na+-montmorillonite is 92.6 meq/IOOg. The concentration of organic 

modifier (e.g. AMPS) is given in % CEC. This unit relates to the theoretical 

concentration of any cationic surfactant necessary to ion exchange all of the 

exchangeable cations (i.e. 92.6 meq/IOOg of clay in the cases ofNa+-montmorillonite). 

In order to remove all un-adsorbed AMPS from the external clay surface, the 

AMPS-MMT samples were washed using deionised water and centrifuged to separate the 

AMPS-MMT from the water. This procedure was repeated until the washing water was 

found to be free of AMPS, as confirmed by measuring the pH of the washing water. The 

pH should be similar to that of the dispersion clay without AMPS (about 10.5). Fig. 5.1 

shows the change of pH of the water after washing as a function of the number of 

washings. 
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Fig. 5.1: pH values of centrifuged water vs. the number of washings for 100% CEC AMPS. 

The pH value of the dispersion clay (without AMPS) in water was 10.5. When AMPS 

was added (100% CEC) the pH value of the water after washing was found to be low 

(2.94). Then this pH value increased with subsequent washings until it became constant 

after washing the modified clay 4 -5 times. The change in pH value is due to the removal 

of unadsorbed AMPS molecules from the external surface of the clay. Therefore the 

characterization of AMPS-MMT by other analytical methods will be only related to the 

AMPS localized inside the clay galleries. The AMPS-MMT samples were characterized 

using SAXS, TGA and FT-IR, as described in the following sections. 

5.2.1 Determination of the amount of AMPS adsorbed in the clay galleries 

The presence of an excess amount of AMPS could have an effect on the polymerization 

rate 12 when the AMPS-MMT is later used to synthesise polymer-clay nanocomposites 

(see Section 4.7), therefore the determination of the specific amount of AMPS that enters 

into the clay galleries is necessary. 

Thermogravimetric analysis (TGA) was used to determine the amount of AMPS inside 

the clay galleries 5
•
12

•
18

. Various amounts of AMPS were used to modify the clay surface 

(25%, 50%, 75%, 100% and 130% relative to CEC of the clay) using fixed amounts of 

clay. The amount of AMPS loaded in the clay was determined from the difference 

between the residual weight difference between clay with AMPS and pristine clay at 

600°C, as seen in Fig. 5.2(a-e). Clay minerals are relatively thermally stable compared to 
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organic molecules. These minerals will begin to lose structural hydroxyl groups at 600°C 

but will maintain the layer structure up to 800°C 20
. The decomposition behaviour of 

pure, dried AMPS is included in the figure. The AMPS starts to decompose at 

about l 85°C and its residue at 800°C is 7 .6%. 

100 

AMPS 

0 100 200 300 400 500 600 

Temperature ("C) 

Fig. 5.2: Thermal gravimetric curves of: (a) pristine Na+-MMT and Na+-MMT with different AMPS 
concentrations: (b) 25% CEC (c) 50%CEC (d) 75% CEC (e) 100% CEC (t) 130% CEC. (The insert 
shows thermal decomposition of dried AMPS.) 

The weight loss of pure clay between 20°C and I 00°C corresponds to the removal of 

water from the interlayer coordinated to Na+. The weight loss of Na+-MMT in the 

temperature range of 100°C to 600°C is about 2.6%, and can be attributed to the 

decomposition of hydrogen-bonded water molecules and some of the hydroxyl groups 

from tetrahedral sheets of the clay 21
•
22

. 

Table 5.2 summarizes the amounts of AMPS used in the modification process, and the 

amounts of AMPS inside the clay galleries determined from the weight loss by TGA at 

600°C. If all CEC sites of the clay were exchanged with AMPS, then the mass of AMPS 

in clay galleries would be closer to the theoretical mass fraction of AMPS in 

AMPS-MMT 23
• The theoretical mass here is the initial quantity of AMPS added. The 

amounts of AMPS found inside the clay galleries were very low compared to the initial 

quantity of AMPS over the entire experimental concentration range. For example, in the 

case of 25% CEC, the initial quantity of AMPS was 0.095 g. However, less than half of 
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this amount (0.002 g) entered inside the clay galleries, meaning that around 0.093 g of 

AMPS was lost during the process. In the case of l 00% CEC, the initial quantity of 

AMPS was 0.383 g while the amount of AMPS inside the clay galleries was found to be 

only 0.023g. 

Table 5.2: Initial AMPS concentrations and the quantities of AMPS inside clay galleries 

Initial concentration of Weight loss(%) at Quantities of AMPS in clay 

AMPS 600°C galleries 

% CECof mass ( g) % mass mass (g) 

clay 

0% 0.00 4.02 0.00 0.00 

25% CEC 0.095 6.15 2.13 0.002 

50% CEC 0.191 6.32 2.30 0.004 

75% CEC 0.287 8.42 4.41 0.014 

100% CEC 0.383 8.60 4.60 0.019 

130% CEC 0.495 8.81 4.84 0.023 

Initially it was expected that when the initial concentration of AMPS is low (e.g. 25% 

CEC) all the AMPS would enter inside the clay galleries, but the results that were 

obtained were quite different. Furthermore, when 50%, 75%, 100% and 130% AMPS 

was used; only a fraction of AMPS was to be found effectively included in the clay 

galleries (see Table 5.2). This is difficult to explain since no more AMPS should have 

entered the clay galleries than in the case of the 25%. This could be related to the nature 

of the AMPS molecule; AMPS is uncharged, and therefore might not interact with the 

clay according to the ion exchange model. Indeed, in order for any molecule to replace 

the Na+ from the clay galleries the molecule must be positively charged 18
•
24

•
25

. Thus, 

interaction between molecules like AMPS and clay by ion exchange seems not to be 

occurring. The attachment of AMPS to the clay might occur by the formation of 

hydrogen bonding between amide groups of AMPS molecules and the hydroxyl groups 

on the clay surface 26
, or it could be due to the formation of complexes between the 

sulphate group of AMPS and the water molecules that surround the sodium cations 18
•
26

. 

These bonds are relatively weak and reversible, the bond energy usually ranges from 
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1 kcal/mol to 5 kcal/mol 26
, thus they may break upon being washed five times with 

water, leading to the loss of a relatively large quantity of adsorbed AMPS during the 

process. On the other hand, if AMPS ion exchanged with Na+ in the clay galleries, the 

initial amount of AMPS would be equal to the amount of AMPS inserted inside the clay 

galleries, especially for AMPS concentrations below 100% CEC. This behaviour of 

AMPS is completely different from the behaviour of cationic surfactants. For instance, 

Biasci et al. 27 found that cetyltrimethylammonium bromide (CTAB) was ion exchanging 

with clay, without loss, meaning that most of the surfactant entered into the clay galleries 

and effectively ion-exchanged. 

5.2.2 The organization of AMPS in the clay galleries 

X-ray diffraction has been used to study the changes 111 the basal spac111g of 

montmorillonite before and after modification 28
, i.e. the changes in the interlayer 

distance caused by the inse1tion of surfactant could be monitored by SAXS 

measurements. Variation in the d spacing (interlayer distance) was found to be a step 

function of the surfactant concentration 29
. The d spacing could be calculated according to 

Bragg's law: d = 2n:/q (where q is a wave vector and its value corresponds to the 

associated Bragg peak position) 5
. 

In order to monitor the change 111 basal spacmg of clay as a function of AMPS 

concentration, fixed amounts of clay (1 g) were modified using different AMPS 

concentrations. The quantities of AMPS that were used to modify the clay surface were 

calculated relative to the cation exchange capacity of the Na +-MMT that was used (i.e. 

92.6 meq/100 mg). Unmodified clay was used as a reference. 

The SAXS pattern of pristine Na+-MMT Fig. 5.3(a) shows that the pristine Na+-MMT 

has an interlayer spacing of d = 1.14 nm, which is in agreement with the literature 12
'
30

. 

Clearly the SAXS patterns of AMPS-MMT samples Fig. 5.3(b-h) show that the XRD 

peak position shifted toward the small (q) value, and according to Bragg's law the 

interlayer spacing of AMPS-MMT samples was increased compared to that of pristine 

Na+-MMT. 
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3 q (nm)"' 4 5 6 

Fig. 5.3: SAXS patterns of (a) pristine Na+-MMT, and AMPS-MMT samples with different AMPS 
concentrations b) 10%, c) 25°/c,, d) 50%, f) 75%, g) 100°/c, and h) 130% CEC of clay. 

The increases in the interlayer distance of AMPS-MMT samples confirm the inse1tion of 

AMPS molecules into the clay galleries as observed by TGA (see Section 5.2.1 ). 

Furthermore, AMPS molecules can widen the clay galleries, thus AMPS can facilitate the 

insertion of polymers or monomers 14
• The d-spacing reached a maximum ( 1.82 nm) 

when the concentration of AMPS was between 75 and 130% CEC Fig. 5.3(f-h). Xu et al. 

12 found that the AMPS molecule successfully enlarged the d spacing of clay; they found 

the maximum d-spacing of the interlayer was 2.1 mn when the concentration of AMPS 

was 100% CEC. However, in their case the modified clay was not washed to its initial 

pH. 

AMPS has an amide group and sulphuric acid group in the molecule. Therefore AMPS 

may be linked to the silicate layers due to strong interaction of amide groups with pristine 

Na +-MMT 12
'
14

• The interaction mechanism between AMPS and pristine Na+-MMT is 

discussed in more detail in Section 5.3. 

Fig. 5.4 shows the changes of interlayer distance as a function of AMPS concentration. 

All d-spacing values were determined from the SAXS results of Fig. 5.3 and then 

calculated according to Bragg's law. 
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Fig. 5.4: Interlayer distances of Na +-MMT and AMPS-MMT vs. AMPS concentration. 

Clearly, from the SAXS patterns of modified clay the interlayer distance was found to be 

a function of AMPS concentration; as the AMPS concentration increased so the peaks are 

shifted to low q values (i.e. greater interlayer distance). However, Fig. 5.3 and Fig. 5.4 

illustrate that the interlayer distance for 10% CEC is slightly larger than that for 25%. 

This could be explained by the fact that the concentration of AMPS in the case of 10% 

CEC is very low; therefore there is still a large amount of exchangeable Na+ which can 

adsorb water. The high hydration energy of Na+ cations could therefore make the basal 

spacing of 10% CEC (1.52 nm) higher than that for 25% CEC (1.46 nm) 29
. A change in 

the interlayer distance is very pronounced at AMPS concentrations between 10% and 

75% CEC. On the other hand, no fu1iher change in the interlayer distance is observed at 

higher AMPS loading (i.e. 75% to 130% CEC), where the interlayer distances is around 

1.82 nm. This means that there is a limited amount of AMPS that can enter into the clay 

galleries even if an excess amount of AMPS is added. This is consistent with the TOA 

results (see Section 5.2.1), which showed that the clay surface reached a maximum 

coverage by AMPS molecules when the concentration of AMPS was between 75% and 

l 00% of the CEC of clay. 

The change in interlayer distance as a function of AMPS concentration could result from 

a change in the conformation of AMPS molecules inside the clay galleries. The 

arrangement of organic modifiers inside clay galleries depends on the concentration of 

organic modifiers, chain length, and temperature 5
'
31

• Here the temperature and 
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chain length were similar for all samples, but the concentration of AMPS was different 

and the d-spacing increased as the AMPS concentration that was used increased. 

Therefore the aiTangement of AMPS inside the clay galleries is likely to change as more 

AMPS molecules enter inside the galleries. Fig. 5.5 shows the possibilities of AMPS 

arrangements inside clay galleries as a function of AMPS concentration, as proposed by 

Vaia et al. 31 (they described the arrangement of alkylammonium inside clay galleries). 

Silicate 

;~~:~.\t;115®'$I'.~t:Wil~1;f.W~<f'.t'i£t"'°~kf1~ 

AMPS<3--~~ 
ls-lfil@Ml!@h.9&1M~%'lliit'illmllW11 

(a) ( b) 

(c) ( d ) 

Fig. 5.5: Schematic representation of the arrangement of AMPS molecules inside silicate layers: (a) 
mono-layer, (b) bi-layer, (c) paraffin-type mono-layer and (d) paraffin-type bi-layer 31

• 

The AMPS molecules might arrange themselves in the different ways into clay galleries 

depending on their concentrations. When the quantity of AMPS inside the clay galleries 

is very low the molecules might take on a mono-layer arrangement, as shown in Fig. 

5.5(a). A bi-layer arrangement with molecules aligned parallel to the clay surface could 

take place as the concentration of AMPS increased, as shown in Fig. 5.5(b). As the 

concentration of AMPS becomes very high, the molecules may arrange themselves as a 

paraffin-type mono-layer and a bi-layer, as seen in Fig. 5.5(c and d) respectively. Thus, 

this could explain why the d-spacing of clay is wide when the amount of AMPS that is 

used is high. Furthermore, the abrupt increase ind-spacing at 75% CEC in Fig. 5.4, could 

be due to transition of the mono-layer type to the paraffin-type. This is fuither supported 

by the changes in the shape of diffraction peaks with AMPS concentrations (see Fig. 

5.3). A narrow peak indicates that clay platelets are regularly packed while broad peaks 

show heterogeneity of packing, with a relatively undefined d spacing 32
. In other words 

this means that the two relatively narrow peaks observed with 50% and 130% CEC 

indicate a regular packing of AMPS on the clay surface, respectively a paraffin type 
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mono-layer and bi-layer Fig. 5.5(c and d). The broad peak for intermediate 

concentrations of AMPS in Fig. 5.3(f and g) shows a relative disorder existing during the 

transition between these two modes of packing (i.e. some galleries still in mono-layer and 

others in bi-layer packing). Although SAXS measurement can provide an indication of 

whether the clay modifier intercalated inside clay galleries '0•
29

, by measuring the 

changes in d spacing after the modification process 29
, this technique does not fully 

indicate the types of interactions that could be occurring between AMPS and the clay. 

5.3 Determination of types of interaction between AMJPS and clay 

The types of interaction that could occur between AMPS and clay are discussed here. Xu 

et al. 12 used AMPS as a clay modifier and suggested that AMPS and clay interact via an 

ion-exchange reaction. On the other hand the adsorption of AMPS onto clay seems to be 

possible because of the chemical nature of AMPS 18
•
26

. 

As mentioned in Sections 5.2.2 and 5.2.1 TGA and SAXS measurements proved that 

interaction between AMPS and clay does take place, but these two analytical methods do 

not allow the type of interaction between AMPS and clay to be identified. FT-IR is an 

alternative method that can be used to analyse AMPS-MMT, and provide information in 

terms of chemical interaction between AMPS and clay. 

5.3.1 Characterization of AMPS-MMT by IFT-IR 

FT-IR analysis was used to characterize AMPS-MMT, to determine the type of 

interaction between AMPS and clay. FT-IR spectra of neat Na+-MMT and Na+-MMT 

modified with AMPS were recorded and compared (see Appendix B: Fig. l(A) ). The 

FT-IR spectrum ofNa+-MMT shows absorption bands at 3432, 3630 and 1640 cm- 1 (see 

Table 5.3 below) corresponding to the OH stretching of silicate layers 12 
• The very sharp 

band at 1043 cm- 1 is related to the stretching of Si-0 bonds of the silicate layer 12
•
15

• The 

band at 620 cm- 1 is related to the Al-0 of the silicate layers. The appearance of new bands 

in the FT-IR spectrum of clay modified by AMPS (see Appendix B: Fig. 1 (A)) indicates 

the presence of AMPS in the clay. The bands at 2947 and 2850 cm- 1
, are related to C-H 

stretching of AMPS molecules. Other new bands in the FT-IR spectrum of AMPS-MMT 

can be seen at 1540 cm- 1
, corresponds to NH bending, and 1372 cm-' related to S=O of 
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AMPS. The FT-IR spectrum of AMPS-MMT was found to be similar with that repo11ed 

in literature 12
'
17

• 

Table 5.3: FT-IR results for Na+-MMT and AMPS-MMT 

AMPS Na+-MMT AMPS-MMT 

Assigned Wavelength Wavelength Wavelength (cm·) 

groups (cm.1) (cm.1) 

Al-0 620 620 

Si-0 526, 463, 520,460, 1040 

1043 

N-H 3235, 1542 1543,3250 

C-H 2950,2848 2850,2947 

S=O 1372 1372 

0-H 1640, 3432, 3434, 3631, 1650 

3630 

The determination of the type of interaction between clay and AMPS is hard to achieve 

using FT-IR; this was due to the following reasons: 

o Very small amounts of AMPS (relative to the amount of clay) were used to 

modify the clay, since the amount of AMPS used was calculated relative to the 

cation exchange capacity of the clay (CEC). This amount of AMPS is about 100% 

CEC of clay, which is the same amount of AMPS used later to synthesis 

nanocomposites (see Section 4.3). In fact not all of the AMPS used enters inside 

the clay galleries 12
• Only a specific amount of AMPS entered into the clay 

galleries 12
•
13 while the remaining amount (i.e. unreacted AMPS) was removed by 

washing by deionised water five times (see Section 4.2.1 ). The amount of 

adsorbed AMPS was determined by using TGA (see Section 5.2.3). 

o Na+-MMT itself has a very complicated FT-IR spectrum 18
• This results in 

overlapping between bands originating from both clay and AMPS. Therefore, the 

characteristic absorption bands of the functional AMPS groups cannot be easily 

seen in the presence of the bands of clay minerals 18
• 

The occutTence of interaction of the AMPS molecule within the clay galleries was 

confirmed by TGA, SAXS and FT-IR. However, the types of interactions involved 
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are still not understood. Xu et al 12 proposed the mechanism of the interaction via an ion

exchange mechanism, Fu11hermore, the chemical nature of AMPS enables it to adsorb 

onto clay, as will be discussed in Section 5.3.4. 

5.3.2 Investigation into the interaction between AMPS and clay via ion exchange 

As mentioned in Section 5.2.1 the amount of AMPS inside the clay galleries was 

calculated from TGA thermograms , showing that the AMPS might interact with clay via 

weak bonds, rather than ion exchange. However, this is not in agreement with Xu et al. 

12
•
14 who suggested that AMPS molecules can ion exchange with the Na+ on the surface 

of clay. They proposed that, in an aqueous medium, a proton dissociates from the 

sulphuric acid group of the AMPS, the proton then moves to nitrogen to form a 

protonated amide group which exchanges with the sodium cations. The sodium 

dissociated from silicates will associate with the sulphate ion of AMPS to form sulphuric 

acid sodium salts. The AMPS would move to the surface of the silicate layers due to the 

dipolar interaction. 

According to Xu et al. 12
, the nitrogen of the amide group of AMPS molecule can be 

protonated by the labile proton of the sulphate group, forming zwitterions. However, the 

amides in fact are very weak bases. Amide groups have a pKa (Acid dissociation 

constant) around - 0.5. Therefore amides do not have clearly noticeable acid-base 

properties in water 33
. Therefore at this point the Xu theory is questionable since amide 

groups of AMPS are not protonated in an aqueous medium, and this indicated that the 

AMPS can not be ion exchanged with the clay. 

The question that now needs to be answered is: Does the pH of the medium affect the 

interaction between AMPS and clay? This will be addressed in Section 5.3.3 

5.3.3 pH dependence of Na+-MMT surface modified using AMPS 

By treatment of the clay with AMPS at low pH values (high H+ concentration), the 

possibility to protonate the amide group of AMPS should increase (according the 

mechanism proposed by Xu) .This would make AMPS positively charged, allowing 

AMPS to interact with the clay via an ion exchange reaction. This has been successfully 

61 

Stellenbosch University  https://scholar.sun.ac.za



Re ults and discu sion 

done by others with some amino acids such as aminoundecanoic acid 34 and glycine 18
•
26

. 

The treatment of the clay surface using AMPS was then carried out at different pH 

conditions, namely 0.63, 1.18, 2.8, 3.5, and 6.0. The amounts of AMPS and the amounts 

of clay were similar for all samples (see Section 4.2.3). 

The amount of AMPS that could be inserted inside the clay galleries was determined 

using TGA analysis as shown in Fig. 5.6. 

95 
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Fig. 5.6: Thermal gravimetric curves of(a) Na+-MMT, and AMPS-MMT at different pH values: (b) 
0.63 (c) 1.81 (d) 2.8 (e) 3.5 and (f) 6.0. 

The weigh Joss at around I 05°C refers to the Joss of the water inside the clay galleries 12
• 

The difference in the weight loss between the pristine clay curve Fig. 5.6(a) and other 

curves are related to the amount of AMPS plus some water molecules inside clay 

galleries. Fig. 5.6(c-f) illustrates that the amount of AMPS inserted into clay galleries was 

not significantly affected by the pH value. (The slight differences in the weight loss 

between some samples may be attributed to experimental errors). 

Some overlapping of TGA curves can be seen in Fig. 5.6. This means that those samples 

had the same AMPS amounts whatever the pH conditions. This result indicates that the 

amide group of AMPS is unable to protonate even when the pH values were low (i.e. the 

concentration of W in solution was high) 35
. This confirms that the attachment between 

the AMPS molecules and clay surface does not occur by an ion-exchange reaction. On 

the other hand the pH value has a significant effect on the interaction between an amino 
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acid and clay. Li et al. 34 found that the aminoundecanoic acid interacted with clay by an 

ion-exchange reaction only when the pH was adjusted to 3, this means that 

aminoundecanoic acid become positively charged at pH 3, and thus it can easily interact 

with clay via ion-exchange. Glycine is another example; this molecule was found to be 

ad orbed by clay via an ion exchange reaction in the acid medium, but it does not interact 

with clay under normal conditions 26
. 

The changes in basal spacing of clay galleries according to change of the pH values were 

monitored by SAXS measurements. The AMPS concentration was the same for all 

samples (i.e. 25% CEC). The basal spacing was determined by SAXS and the results are 

shown in Fig. 5.7. 

a) Na -MMT 

d b) pH 0.63 
c) pH 1.8 1 

f d) pH I .08 
f) pH 2.8 1 
g) pH 0.82 

g 

3 I • 
q (nm )" 

Fig. 5.7: SAXS traces for AMPS-MMT prepared at different pH value . 

Fig. 5.7 clearly shows that the positions of SAXS traces for all AMPS-MMT are quite 

similar. This indicates that there is no change in the basal spacing of samples of 

AMPS-MMT whatever the pH conditions of preparation (the d-spacing of all samples 

was about 1.48 nm), hence the pH values do not affect the amount of AMPS entering the 

clay galleries. 
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5.4 Investigation into the interaction between AMPS and clay via 

adsorption 

Analysis of AMPS-MMT samples by FT-IR did not give evidence of specific interactions 

occurring between AMPS and clay. Furthermore, the results described in Sections 5.2. l 

and 5.3.2, indicated that ion exchange cmmot occur between AMPS and clay. Thus in 

order to determine which chemical group is the driving force leading to adsorption of 

AMPS inside the clay galleries, an alternative method was required. This method 

involved the comparison of adsorption behaviours of molecules similar to AMPS in terms 

of structure and chemical groups. The compounds selected were Cops, NIP A and MET 

(see Table 5.1). The treatment of clay surfaces with these three alternatives compounds 

was carried out using a similar procedure to that used with AMPS (see Section 4.2.1.). 

MET and Cops both bear a S03H group (similar to AMPS), but no amide group. The 

comparison of adsorption behaviour of Cops and MET with AMPS, could be useful in 

tenns of understanding whether adsorption of AMPS into the clay galleries is due to 

sulphate group or not. 

On the other hand, NIP A has an amide group, but no sulphate group. NIP A is an 

uncharged molecule; hence an ion-exchange reaction between NIP A and the clay surface 

is impossible. Therefore if NIPA interacts by formation of hydrogen bonds with clay, it 

would show that a similar interaction occurs between AMPS and clay by its amide group. 

At this point the choice of NIP A, MET, and Cops could be helpful to investigate the 

possibilities of the interaction between AMPS and clay. Hence there are two possible 

interactions that will be discussed: 

o Adsorption via a sulphate group. 

o Adsorption via amide group. 

Cops-MMT, NIPA-MMT and MET-MMT were characterized using different techniques, 

(FT-IR, TGA and SAXS). Results were compared with similar results for AMPS-MMT, 

as described in the following sections. 
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5.4.1 Adsorption via sulphate groups 

In order to study the possible occutTence of interaction between AMPS and clay via a 

sulphate group, MET and Cops were also used to modify the clay surface. 

5.4.1.1 FT-IR characterization of Cops-MMT and MET-MMT 

The FT-IR spectrum of MET, Na+-MMT and MET-MMT are shown in Appendix B: Fig 

1 (D). The FT-IR spectrum of MET-MMT was compared to that for Na+-MMT, the 

FT-IR spectrum of Na+-MMT was discussed previously in section 5.3.1. New strong 

bands appeared at 2930 cm-1 and 2848 cm- 1 in the FT-IR spectrnm of MET-MMT, both 

are related to CH bands of MET. Another new band appeared at 1 714 cm- 1
, clue to the 

C=O group of MET. In Appendix B: Fig. I (D) an absorbance band assigned to the 0-H 

stretching in silicate lattices shifts to 3425 cm-' from its original wavenumber at 3438 

cm- 1
• The interaction between hydroxyl group of silicate and sulphate group of MET may 

cause the shift of absorbance bands, and the absorbance band shift indicates that the 

silicate may absorb the MET through hydrogen bonding. 

The FT-IR spectrum of Cops-MMT (Appendix B: Fig. l (C)) showed some new bands 

(with respect to the spectrum of Na+-MMT). The new band at 2920 cm- 1 corresponds to 

C-H of Cops. The 0-H band of silicate at 3436 cm- 1 become broader and shifted to 3424 

cm- 1 when the clay was modified by Cops, this indicated that silicate layers linked to 

Cops molecules. 

The absence of other new peaks that were expected to be seen in FT-IR spectra of 

Cops-MMT and MET-MMT is clue to highly complicated FT-IR spectra of the clay itself, 

overlapping with the peaks of modifiers 18
• However, the appearance of the new bands in 

the FT-IR spectra of the modified clays at least indicates that Cops and MET indeed 

interacted with clay. For MET, the interaction indeed occurred via the sulphate group and 

this is in agreement with the finding of Choi and Chang 36
. They suggested the ability of 

adsorption of potassium persulphate (KPS) into clay is via the interaction between the 

hydroxyl groups of the silicates and the sulphuric ions of KPS. However, in the case of 

Cops, its hydroxyl group could be the other group that can help Cops to interact with clay 

65 

Stellenbosch University  https://scholar.sun.ac.za



Re ults and discussion 

together with the sulphate group. 

5.4.1.2 Amounts of Cops and MET inside the clay galleries 

TGA was used to determine the total amount of organic compounds that could enter into 

the clay galleries. Fig. 5.8 shows the TGA thermograms of unmodified clay and clay 

modified with different organic modifiers. The quantities of AMPS, Cops and MET 

inside the clay galleries, determined from TGA at 600°C, are summarized in Table 5.4. 

The quantities of compounds inside the clay galleries was determined from the difference 

in the weight loss found between unmodified clay and modified clay at 600°C. The 

weight loss of Na+-MMT in Fig. 5.8(a) is due to the loss of adsorbed water. The weight 

loss measured for the modified clays Fig. 5.8(b-d) is due to the decomposition of the clay 

modifiers in addition to loss of adsorbed water in the clay. 

102~--------------~ 

100 

98 

~92 "'~------~-
~ ~ ---

90 .. 

.. 
88 • - No-MMT(a) . -Cops-MMT(b) 

88 - MET-MMT (c) 
- AMPS-MMT(d) 

100 200 300 400 
Temperalu re (°C) 

500 800 

Fig. 5.8: TGA thermograms of(a) Na+-MMT, (b) Cops-MMT, c) MET-MMT, and (d) AMPS-MMT. 
(The insert shows thermal decomposition of dried Cops, MET and AMPS). 

Table 5.4 shows that the quantities of the different organic modifiers inside the clay 

galleries differ. This could be due to the different masses of clay modifiers that were 

used; each of the initial organic modifiers was used in the same molar ratios (i.e. I 00% 

CEC), and thus a different mass of each was used depending on its own molecular 

weight. Also, the difference in the thermal degradation of the clay modifiers could lead to 

a difference in the thermal behaviour of each of the organoclays. The degradation of the 
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organic modifiers themselves may have an influence on the thermal stability of the 

organoclays. The decomposition behaviours of pure dried AMPS, Cops and MET are 

included in Fig. 5.8. 

Table 5.4: Quantities of organic modifiers inside the clay galleries 

Organic 
Quantities of organic modifiers in 

% Weight loss at 600°C clay galleries 
modifiers 

%, mass mass (g) 

Na+-MMT 4.03 0.00 0.00 

Cops-MMT 5.86 1.66 0.003 

AMPS-MMT 8.60 4.60 0.019 

MET-MMT 7.95 3.92 0.012 

TGA results showed that Cops and MET can interact with clay surfaces, as did the FT-IR 

results. In the case of Cops and MET the interaction could occur via hydrogen bonding 

between hydroxyl groups in the Na+ -MMT lattice and the sulphate group of Cops and 

MET. This is consistent with the results of work done by Choi and Chung 36 who found 

that potassium persulphate can adsorb onto the clay surface by the formation of hydrogen 

bonds between the sulphate group of potassium persulphate and the hydroxyl group of 

the clay surface. 

Since the sulphate group has the ability to interact with the clay surface, as is occurring in 

the case of MET and Cops, hence, AMPS also can interact with the clay surface by 

formation of hydrogen bonding between sulphate groups of AMPS and hydroxyl groups 

of the clay surface. Again, this shows that AMPS adsorbs onto clay without an 

ion-exchange reaction. This in agreement with results obtained in Sections 5.3.2 and 

5.3.3. 

Table 5.4 also shows that the amount of AMPS inside clay galleries is greater than the 

amount of Cops and MET. This could be related to the fact that AMPS adsorb more 

readily onto clay, via both functional groups (i.e. amide and sulphate) simultaneously. 

Again this shows that AMPS adsorbs onto clay without an ion exchange reaction. This is 

in agreement with results presented in Sections 5.3.2 and 5.3.3. 
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5.4.1.3 Study of d-spacing of AMPS-MMT, MET-MMT and Cops-MMT by SAXS 

SAXS measurements allow us to see the changes in the basal spacing of clay, as the 

organic molecules insert inside the clay galleries. The changes in interlayer distance have 

been found to be dependent on the chemical structure of the organic clay modifier 37
. The 

d spacing (interlayer distance) of clay was calculated as described in Section 5.2.2. 

SAXS measurements were used to compare the basal spacing of three types of 

organoclay. These three different organoclays were prepared under similar conditions 

using the same ratio of organic modifiers relative to the clay (i.e. 100% CEC of clay). 

Fig. 5.9 below shows the SAXS patterns of unmodified clay, and clay modified with 

different organic modifiers. 

d 

0 3 

q ( nm f 1 

--Na-MMT( a) 
-- AM PS-MMT(b 
--MET-MMT(c) 
--Cops-MM T( d ) 

5 6 

Fig. 5.9: SAXS patterns for (a) Na+-MMT, (b) AMPS-MMT, (c) MET-MMT and (d) Cop -MMT 

Fig 5.9 shows that the SAXS diffraction peak position of modified clay shifted towards 

lower (q) values (i.e. high interlayer distance, as calculated using Bragg's law) when 

compared to pristine clay. The significant increases in the d-spacing of modified clay in 

Fig. 5.9(b-c), relative to that for pure clay in Fig. 5.9(a), confirmed that the three different 

compounds inserted inside the clay galleries were not just adsorbed on the external 

surface 20
• SAXS results in Fig. 5.9 also illustrate that the galleries of silicate layers 

undergo greater expansion when MET was used than when Cops and AMPS were used. 
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The d-spacing of MET-MMT was found to be about 1.97 run while the d-spacing was 

1.82 and 1.45 nm for AMPS-MMT and Cops-MMT respectively. This is due to the 

longer chain length of MET relative to AMPS and Cops. This was expected, according to 

the finding of Kalendova et al. 38 and Memut and Lagaly 39 who found that the interlayer 

distance of the clay increases as the chain length of the clay modifier increases. 

In general, the interlayer distance depends on the charge density of the clay 40
, and on the 

chain length of clay modifier 41
• Here the charge density of clay is the same because the 

same clay was used; the difference is only in the chemical structure of the organic 

modifier. Although Cops molecules have a slightly longer chain length (7 carbon atoms) 

relative to that of the AMPS chain (5 carbon atoms), the d-spacing of AMPS-MMT (1.82 

run) is greater than the d-spacing obtained for Cops-MMT (1.45 nm). In this case the 

difference in chain length between Cops and AMPS is small, and therefore negligible. 

This is in accordance with the finding of Usuki et al 41 
, who showed that swelling of 

montmorillonite modified with an w-amino acid increased significantly when the carbon 

number of the amino acid was greater than 8 atoms, whereas the effect of the chain length 

of organic modifiers is not significant when the chain is less than seven carbon atoms. 

The treatment of clay by AMPS exhibited higher d-spacing relative to that when Cops 

was used. This is because AMPS molecules can interact with the clay by both sulphate 

and probably the amide group. This allows greater amounts of AMPS to adsorb onto clay 

surface inside the galleries, compared to Cops (which can adsorb into clay only via 

sulphate groups). This is consistent with TGA results, which showed that the amount of 

AMPS inside clay galleries is relatively higher than the amount of Cops. 

According to SAXS and TGA results for Cops-MMT, AMPS-MMT, and MET-MMT, 

the interaction between those compounds and clay was confirmed. This could further the 

possibility of interaction between AMPS and clay by adsorption via the sulphate group, 

instead of an ion exchange reaction as stated by Xu et al 12
• 

5.4.2 Interaction via the amide groups 

The other interaction between AMPS onto and the clay could be via adsorption of AMPS 

into the clay via amide groups. In order to confirm the possibility of interaction between 
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AMPS and clay via an amide group, NIPA was also used as clay modifier. NIPA is 

similar to AMPS in terms of chemical structure except NIP A does not have a sulphate 

group. NIPA was therefore used to determine whether adsorption can also occur through 

the amide group of AMPS onto clay. 

The treatment of clay by NIPA was carried out according to the procedure described in 

Section 4.2.3. The samples of NIPA-MMT were characterized using FT-IR, TOA and 

SAXS. 

5.4.2.1 Characterization of NIPA-MMT using FT-IR 

The FT-IR spectra of modified clay were compared to the FT-IR spectrum of pristine 

clay. The FT-IR ofNIPA-MMT exhibited several new adsorption bands in the spectrum 

as shown in Appendix B: Fig. I (B). The strong band at 2920 cm· 1 is related to the CH of 

NIPA. The FT-IR spectra of pure NIPA exhibited a strong NH band at 3300 cm· 1
• This 

band shifted to a lower wavenumber, 3237 cm- 1
, in the FT-IR spectrum of NIPA-MMT 

and also became very weak and broader. This is related to the formation of hydrogen 

bonds between the NH of the amide group of NIPA and the hydroxyl group of silicate. A 

sirnilar result was observed with acetamide, the interaction of its NH with the hydroxyl 

groups of silicate via hydrogen bonding leads to a decrease in the NH stretching 

frequency, relative to that shown by unadsorbed molecules 18
'
26

• 

The appearance of new CH and NH bands in the FT-IR spectrum of NIPA-MMT 

indicates the presence of NIP A on the surface of silicate. 

5.4.2.2 Amount of NIP A inside the clay galleries 

Fig. 5.1 l(a) shows the TOA thermograms of unmodified clay, NIPA-MMT and 

AMPS-MMT. Clearly there is difference in weight loss between Na+-MMT and 

NIPA-MMT, this difference is due to the decomposition of NIPA. Therefore, NIPA 

interacts with clay. The decomposition behaviour of AMPS and NIPA are included in 

Fig. 5.11. 

NIPA might interact with the clay in two ways: hydrogen bonds may form between the 

amide groups and hydroxyl groups on the clay surface, or the amide groups could form 
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hydrogen bonds with water molecules or hydroxide groups coordinated to the interlayer 

cations as can seen in Fig. 5. IO(a and b) respectively 26
• 
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Fig. 5.10: Two possibilities for the interaction between NIPA and clay via hydrogen bonding between 
amide group of NIPA and (a) hydroxyl groups of silicate, and (b) with water molecules coordinated 
to the interlayer cations. 
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Fig. 5.11: TGA thermograms of (a) Na+-MMT, (b) NIPA-MMT, (c) AMPS-MMT. The insert shows 
thermal decomposition of dried NIPA and AMPS. 

The reason for the difference in weight loss between NIPA-MMT and AMPS-MMT is 

most probably due to that, the quantity of AMPS inside the clay galleries is greater than 

the quantity of NIPA inside the clay galleries. This is because the AMPS can interact 

with clay more strongly than NIPA, since NIPA can only interact via amide groups, while 

AMPS can interact via both amide and sulphate groups. Furthermore, AMPS is more 

hydrophilic than NIPA, because AMPS has a sulphate group making it more hydrophilic 

than NIPA. Therefore the AMPS can more easily enter into the clay galleries. 
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5.4.2.3 Study of the d-spacing of NIPA-MMT and AMPS-MMT 

SAXS measurements were used in order to compare the d-spacing of AMPS-MMT with 

NIPA-MMT. The SAXS patterns for the modified clays in Fig. 5.12(b and c) below 

show an increase in interlayer distance relative to the unmodified clay in Fig. 5. 12(a). 

.0 ·;;; 
c 
£ 
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-Na·MMT(a) 
- AMPS-MMT(b) 

NIPA-MMT(c) 

3 • 

q(nm)"
1 

Fig. 5.12: SAXS patterns for (a) Na+-MMT, (b) AMPS-MMT, and (c) NIPA-MMT. 

The increases in interlayer distances of Na+-MMT after modification by NIPA indicates 

that NIPA successfully interacts with clay. The interlayer distances of the two modified 

clays were different (i.e. 1.75 nm for AMPS-MMT and I .57 nm for NIPA-MMT), this is 

due to higher packing of AMPS inside clay galleries compared to that of NIPA as shown 

by TGA results. 

From Sections 5.4.1 and 5.4.2 it can concluded that AMPS does not ion-exchange with 

clay, as stated by Xu et al 12
• However, AMPS can strongly interact with the clay surface 

via adsorption of AMPS into clay by the amide and sulphate group sites. 
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Chapter 6 

Chairacteirization of polly(styirene-co-butyllaciryllate )-day 
nanocomposites 

6.1 Introduction 

This chapter focuses on the characterization of the structures and determination of the 

properties of poly(S-co-BA) nanocomposites, which were synthesized via batch emulsion 

polymerization using the different clay modifiers (AMPS, Cops, NIPA, and MET). The 

chemical structure of the clay modifiers was shown in Table 5.1. 

In order to study the effects of incorporation of clay into polymers, neat 

poly(styrene-co-butylacrylate) was synthesized under conditions similar to those used to 

synthesize the nanocomposites. The properties of the copolymer-clay nanocomposites 

were compared with those of pure copolymer. 

Different organic compounds were used to modify clay (see Chapter 5), before it was 

used to prepare nanocomposites. In the literature, AMPS has been used to synthesize 

nanocomposites materials and ex foliated structures were obtained 1
-
3

• On the other hand, 

attempts to prepare nanocomposites using Cops, NIPA, and MET as the clay modifiers 

have not been reported yet. 

SAXS TEM and SEM were used to characterize the structures of nanocomposites 

(conventional, intercalated and exfoliated). The thermal prope1ties of the products were 

characterized using TGA. DMA was used to determine the mechanical prope1ties and Tg. 

FT-IR was used to determine the compositions of the nanocomposites. The molecular 

weight of the polymer in the nanocomposites was determined by GPC. 

6.2 Synthesis of poiy(sty1rene-co-butylac1rylate) 

The main purpose of the synthesis of poly(S-co-BA) was to use it as a reference, to study 

the effect of the presence of the clay filler on thermal and mechanical prope11ies of 

poly(S-co-BA) relative to poly(S-co-BA) nanocomposites. Poly(S-co-BA) was prepared 
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under conditions similar to those employed for the preparation of nanocomposites (see 

Section 4.8.1). 

The 1 H NMR spectrum of poly(S-co-BA) is shown in Fig. 6.1. There are no ethylenic 

protons at - 5.2, 5.75 ppm. The small signal at 3.3-3.8 ppm is ascribed to the proton 

belonging to the butylacrylate. The relative amounts of styrene and butylacrylate 

monomer units incorporated into the copolymer were detennined using 1H NMR, by 

integration of specific peaks belonging to the styrene and butylacrylate monomer units. 

The following equation was used: 

PS OI _ fs 
10 

- Al Bl 
15 + 12 

where PS% is the percentage of polystyrene in the copolymer, and A and B are the 

integrated peaks of styrene and butylacrylate respectively. Poly(S-co-BA) contained 

64.0% styrene and 36.0% butylacrylate at 90% conversion. Poly(S-co-BA) was also 

characterized using FT-IR (see Section 6.4.1). 

P1i1 )~ ~1)Tcnc-c11-hut ylm.:rylatc) 

(A) (13) 

8 6 5 4 3 
ppm 

Fig. 6.1: 1H NMR spectrum of poly(styrene-co-butylacrylate). Note that the distribution of monomer 
units in the copolymer is expected to be random. 
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6.3 Nanocomposites via batch emulsion polymerization 

Batch emulsion polymerization was used to synthesise poly(S-co-BA) nanocomposites 

with different clay modifiers. The characterization of nanocomposite structures 

(conventional, intercalated and exfoliated), and the determination of their properties 

(thermal and mechanical) are described in the following sections. 

6.3.1 Analysis of the composition of poly(styrene-co-butylacrylate) nanocomposites 

by FT-IR 

Although FT-IR analysis of a polymer is rather complicated 4
, FT-IR is the most widely 

used technique employed to characterize polymers. In the case of polymer-nanocomposit 

es the FT-IR spectra are especially complicated due to the presence of clay paiticles plus 

the organic modifier molecules in the polymer 5
. Table 6.1 shows the main vibration 

bands that can be seen in the FT-IR spectra of poly(S-co-BA) and poly(S-co-BA)-clay 

nanocomposites (at 100% CEC). The FT-IR spectra are shown in Appendix C: Fig. l-5. 
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Table 6.1: FT-IR data of poly (S-co-BA)-clay nanocomposites (at IOO'Yo CEC) 

Po I y(S-co- BA) Poly(S-co-BA)- Poly(S-co-BA)- Poly(S-co-BA)- Poly(S-co-BA)-

AMPS-MMT Cops-MMT NIPA-MMT MET-MMT 

Groups Wavelength Wavelength Wavelength Wavelength Wavelength 

(cm- 1
) (cm- 1

) (cm- 1
) (cm- 1

) (cm -1
) 

Si-0 464,520, 1042 464,520 531,466 464,520 

Al-0 621 628 621 628 

>C-C< 1023,762, 692 1034, 761,698 1034, 761, 698 1031, 762,699 1036, 761,698 

-C-H 2936,2873 2922,2875 2922,2875 2930,2873 2930,2875 

C=O 1737 1737 1737 1737 1740 

Ar-H 3022, 3056, 3030, 3062, 3031, 3061, 3025, 3058, 3024,3070,3085 

3078 3078 3085 3085 

-CH2- 1454, 1490 1448, 1494 1448, 1494 1449, 19493 1448, 1494 

>C=C< 1941, 1624 1947, 1604 1947, 1064 1949 1947 

Evidence of the formation of poly(S-co-BA) nanocomposites was obtained by comparing 

the FT-IR spectmm of pure poly(S-co-BA) (Appendix C: Fig. I) with that of a poly(S-co

BA) nanocomposite (Appendix C: Figs. 2- 4). The vibration bands at 465 and -520 cm- 1 

are associated with Si-0 groups of clay 6
, while the adsorption band at -621 cm- 1 is 

related to Al-0 stretching of the clay 3•
7

. The adsorption bands at l 737cm- 1 and the bands 

in the range 3022-3085cm-1 are associated with C=O and with hydrogen atoms attached 

to aromatic carbon atoms (Ar-H) of poly(S-co-BA), respectively 8
. Some expected bands 

could not be seen in the FT-IR spectrum due to the presence of different bands belonging 

to polymer, clay and surfactant, leading to complication of the FT-IR spectrum. However, 

FT-IR analysis shows at least that all the components that form nanocomposite materials 

were found to be present in the final material. 

6.3.2 Characterization of nanocomposite structure 

Three different nanocomposites structures can be distinguished, depending on the 

ordering and the dispersion of clay layers inside the polymer matrix, namely 

conventional, intercalated and exfoliated 1
• 

The techniques most commonly used for characterization of the nanocomposite structures 
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are SAXS and TEM 9
. SEM is another alternative method that can be utilized to 

characterize the structures of nanocomposites. 

6.3.2.1 Characterization of nanocomposite structures by SAXS 

The intercalation of the polymer chains into clay galleries leads to mcreases 111 the 

interlayer spacing relative to the original interlayer spacing of the modified clay. The 

change in interlayer distance can be observed by SAXS analysis 10
. 

When the intercalated structure forms, some polymer chains penetrate between the clay 

galleries and the interlayer spacing is increased, leading to a shift of the diffraction peak 

towards lower angle values. In the case of an exfoliated structure no diffraction peaks 

appear in SAXS diffractograms due to loss of structural registry of the layers, i.e. the d

spacing becomes very large (> 10 nm) 11
'
12

, and consequently the individual clay sheets 

are no longer regularly oriented parallel to each other. 

The SAXS patterns in Fig. 6.2 shows Na+-MMT peaks for all nanocomposites at l % to 

10% clay loading, proving that the SAXS equipment is able to detect such small 

quantities of clay dispersed through the polymer matrix. 
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Fig. 6.2: SAXS patterns for poly(styrene-co-butylacrylate) nanocomposites: (A) poly(styrene-co
butylacrylate)-AMPS nanocomposites i-v represent nanocomposites containing 1%,3%, 5%, 7% 
and 10% clay respectively, (B) poly(styrene-co-butylacrylate)-NIPA nanocomposites i-iv represent 
nanocomposites containing I%, 3%, 7% and 10% clay respectively, (C) poly(styrene-co
butylacrylate)-Cops nanocomposites i-v representing nanocomposites containing I%, 5%, 7% and 
10% clay, (D) poly(styrene-co-butylacrylate)-MET-nanocomposites i-iv representing 
nanocomposites containing I%, 5%, 7% and 10% clay respectively. 

The SAXS patterns in Fig. 6.2 (A) have different profiles, depending on the quantities of 

clay incorporated into the poly(S-co-BA). According to the SAXS patterns, the structure 

of the nanocomposites was found to be influenced by the clay content. The peak 

appearing for poly(S-co-BA)-AMPS nanocomposites at low clay loading (I% and 3%) 

(Fig. 6.2 A (i and ii)), indicated that an intercalated structure was obtained at low clay 

percentage. However, in the case of nanocomposites with 7% clay (Fig. 6.2 A (iv)), a 

broad peak was observed, indicating the formation of a partially exfoliated structure 13
• 
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Even more surprisingly, no peak was found in the SAXS patterns of poly(S-co-BA)

AMPS nanocomposite with I 0% clay, suggesting that the clay platelets are fully 

exfoliated within the polymer matrix. 

The formation of an exfoliated structure at high clay level is unusual. It is known that the 

exfoliated structure is easily obtained when the clay percentage is less than 10% 14
• 

However, Choi et al. 2 successfully prepared nanocomposite structures at 20% clay 

loading. The author interpreted these results based on a thermodynamic factor. In the 

presence of high clay loading the clay platelets are close to each other, and consequent 

platelet movement can generate energy by friction. This energy might lead to more free 

movement of the clay platelets, thus randomizing their orientation. On the other hand, 

this energy cannot be generated at low clay loading due the huge distances between clay 

platelets. 

In the present work, the use of high clay loading (i.e. more than I 0%) yielded a very 

viscous latex after only 2 h of reaction, using the batch emulsion polymerization method. 

Semi-batch emulsion polymerization (see Section 6.4) was then used in an attempt to 

overcome these high viscosity problems. 

The SAXS patterns in Fig. 6.2 prove that the final nanocomposite structure is influenced 

by the clay modifiers used to modify the clay surface. These results also demonstrated 

that the structure of the obtained nanocomposites depends on the clay/polymer ratio. 

SAXS patterns for nanocomposites prepared using AMPS (see Fig. 6.2 A (i-iii)) show 

peaks when the clay loading is 1-5%, indicate that an intercalated structure was formed. 

A broad peak at 7% clay loading indicated that partially exfoliated was obtained. No 

peak at a clay loading of 10% suggests the formation of a fully ex foliated structure. Fig. 

6.2 (B) also shows SAXS patterns for a series of nanocomposites prepared using NIP A as 

clay modifier. The presence of Na+-MMT peaks for nanocomposites with 1-5% clay 

loading indicated that an intercalated structure was probably obtained. Broader peaks 

were observed as the clay loading increased, indicating that an exfoliated-intercalated 

(pa11ially exfoliated) structure formed when the clay loading was between 7% and 10%. 

The nanocomposite structures obtained using AMPS and NIP A were found to be slightly 

different. An exfoliated structure was obtained with AMPS while a partially exfoliated 
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structure was obtained when NIP A was used. This could be due to the high polarity of 

AMPS head groups compared to NIPA, and also because AMPS is adsorbed to the clay 

surface more strongly as was discussed in Section 5.4.2. 

The SAXS patterns of nanocomposites prepared using Cops as clay modifier, Fig. 6.2 (C) 

show peaks for all clay loadings. This means that the intercalated structure was formed 

for the full range of clay content. Although Cops molecules have the ability to enlarge the 

basal spacing of clay, as was demonstrated in Section 5.2.3, only intercalated structures 

were obtained, showing that the formation of exfoliated nanocomposites might not 

always depend on the expansion of the interlayer by a clay modifier. Similarly, Wan et al. 

15 found that although the clay interlayer distance was extended to 2.1 nm, when the 

clay was surface-modified using dimethyldioctadecyl ammonium, only intercalated 

structures were obtained. 

It was expected that nanocomposites obtained using Cops as clay modifier would result 

in an intercalated structure, due to the nature of the chemical structure of Cops itself. 

Cops molecules are hydrophilic molecules, due to the presence of the sulphate head 

group, and also due to a hydroxyl group on the main chain of the Cops molecule. The 

hydrophilicity of Cops may have limited the migration of hydrophobic monomers 

(styrene and butylacrylate) inside the clay galleries. Therefore, most of the monomers 

will polymerize outside the clay galleries (i.e. the rate of polymerization outside galleries 

will be greater than that inside), resulting only in intercalated structures. Fu1thermore, 

the formation of an intercalated nanocomposites structure by Cops could also be due to 

the very poor reactivity of its polymerizable group (i.e. the vinylic group) towards the 

monomers used (i.e. styrene and butylacrylate). Thus the few monomers which entered 

inside the clay galleries would not copolymerize with Cops molecules, and in tum acts as 

locus for more hydrophobic monomers. This subsequently limits changes to the 

interfacial adhesion between polymer matrix and clay, leading to the formation of an 

intercalated structure. Blumstein 16 found that in order to improve the strength of the 

interface between clay and the polymer matrix the organic modifiers used to modify the 

clay should have functional groups that can interact with the polymer matrix or initiate 

the polymerization. Qutubuddin and Fu 14 obtained intercalated structures when non-
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polymerizable surfactants were used, while exfoliated structures were obtained with 

polymerizable surfactants. 

On the contrary, the MET molecule is hydrophobic due to the long hydrocarbon chain 

length, thus rendering it compatible with hydrophobic monomers 17
• This facilitated the 

monomer entry between the clay galleries 18
, allowing much of the polymerization to 

occur inside the clay galleries, leading to a partially exfoliated nanocomposite structure. 

Furthermore, the nature of the polymerizable group of MET is an ester of methacrylic 

acid, and the methacrylic derivative is an example of a very reactive polymerizable 

surfmer 19
. The high reactivity of the polymerizable group of MET enables it to 

copolymerize easily with monomers. The copolymerization of monomers with MET 

resulted in the extensive movement of clay platelets, yielding the partially exfoliated 

nanocomposite as seen in Fig. 6.2 D (iv). 

SAXS patterns of poly(styrene-co-butylacrylate)-MET nanocomposites in Fig. 6.2 (D), 

shows two peaks coITesponding to a basal spacing at 3.07 nm and 1.57 nm. The second 

peak (i.e. 1.57 nm) is a second order peak due to the lamellar stmcture of clay. 

The reason for the difference in nanocomposite structures might be the result of 

thermodynamic effects. Here it is necessary to look at the interactions between the clay 

and polymer, clay and organic modifiers, and polymer and organic modifiers. An 

optimum balance of all these interactions generally leads to an exfoliated nanocomposite 

20
. AMPS molecules seem to have favourable balance of all interactions, the presence of 

sulphate and amide groups in the AMPS structure allows it to interact easily with clay by 

formation of hydrogen bonding. Fmthennore, because AMPS has an amphiphilic 

character 3
, it can also interact with monomer. All of these factors could be reasons for 

obtaining exfoliated structures when AMPS was used. 

The complete intercalation of silicate layers caimot be judged only from SAXS 

diffractograms. TEM was used to confirm the morphology of nanocomposites 
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6.3.2.2 Characterization of nanocomposite structures by TEM 

TEM is an excellent qualitative analytical technique for the characterization of the extent 

of clay disper ion in polymer-clay nanocompo ite 13
• Fig. 6.3 show TEM images of 

poly(S-co-BA)-AMPS nanocomposites containing I% and 5% clay, respectively. 

100 nm 100 nm 

Fig. 6.3: TEM images of intercalated poly(S-co-BA)-AMPS nanocomposites containing: (A) I% clay, 
and (B) 5% clay loading. 

Fig. 6.3 shows high stacking of clay layers. Thi indicates that the silicate layers did not 

disper e very well in the polymer matrix, leading to the fonnation of intercalated 

tructures. These results confirmed the result that were obtained by SAXS mea urement 

(Section 6.4.2) . Fig. 6.4 show TEM image for poly(S-co-BA)-AMPS nanocomposites 

containing 7% and 10% clay loading respectively. 

100 nm 

Fig. 6.4: TEM images for partiall exfoliated poly(S-co-BA)-AMP nanocomposite at: ( ) 7% clay 
loading, and (B) exfoliated poly( -co-BA)-AMPS nanocomposites at 10% clay loading. 

The dark lines represent the silicat layer and the polymer matrix appear a relatively 
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bright domains. The TEM image of poly(S-co-BA)-AMPS nanocompo ites at 7% clay 

loading is shown in Fig. 6.4 (A). Re ults indicate that some of the clay platelets dispersed 

a single layers, while ome other layers were till tacked in an orderly manner. Thi 

means that the silicate layers are pa1tially exfoliated in the polymer matrix, and the 

nanocomposite structure wa found to be dependent on the clay/polymer ratio. This 

confirmed the result of SAX measurement. On the other hand, as the percentage of clay 

loading increased to l 0%, the silicate layers are completely separated from each other, as 

can be seen in Fig. 6.4 (B). The silicate layer edges appear as thin dark lines, well 

di tributed through the polymer matrix. Hence an exfoliated strncture was obtained, 

which confirmed the SAXS results. 

TEM images for poly(S-co-BA)-NIPA nanocompo ites containing different clay loadings 

are shown in Figs. 6.5 and 6.6. 

IOOnm 100 nm 

Fig. 6.5: TEM image for intercalated poly(S-co-BA)-NIPA nanocomposites at: (A) 1 % clay loading 
and (B) 3% clay loading. 

Fig. 6.5 shows high stacking of clay layers with the aggregation in micrometer size. This 

indicated an intercalated structure and that the silicate layers maintained their ordering. 

This confirmed SAXS results. The intercalated structure was formed when NIPA was 

used as clay modifier at a clay loading of l % and 3%. 
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I 

IOOnm 

Fig. 6.6: TEM images for poly(S-co-BA)-NIPA nanocomposites at different clay loadings: (A) 7% 
and (8) 10% clay. 

It is clear from the TEM image in Fig. 6.6 that some of the clay layers were till stacked 

with each other, as seen by the very dark areas, while some individual clay layers were 

well distributed into the polymer matrix. Thi means that the clay layers were partially 

exfoliated into the polymer matrix and an exfoliated/intercalated (pa11ially exfoliated 

tructure) was obtained. This is in agreement with SAXS results given in Section 6.4.2. 

On the other hand the completely intercalated structures were obtained when Cops was 

u ed a clay modifier. Fig. 6.7 TEM image show an intercalated structure of poly(S-co

BA)-Cops nanocomposite at 10% clay loading. 

100 nm 

Fig. 6. 7: TEM image of intercalated true tu re of poly( -co-BA)-Cops nanocomposite at 10% clay 
loading. 

The nanocomposite ynthesized using Cops a clay modifier had an intercalated 
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structure. This was confirmed by TEM analysis, a can be seen in Fig. 6.7 , where the 

thick black lines are related to groups of clay layer still strongly bound to each other, 

yielding the intercalated structure. This was the ca e for all nanocompo ite prepared 

using Cops as a clay modifier. The TEM results are in agreement with the SAXS re ults. 

Fig. 6.8: TEM image of poly(S-co-BA)-MET nanocomposite at 10% clay loading. 

The TEM image of the nanocomposite prepared using MET as clay modifier illustrates 

that ome clay layers are bound to each other, while other clays layer are completely 

eparated from each other. This result indicated that a partially exfoliated tructure was 

obtained when MET wa u ed. 

6.3.2.3 Study of the morphology of nanocomposites using SEM 

SEM analysis is not a commonly used method to characterize the morphology of 

nanocomposite materials, because of a limitation of this technique it is difficult to see the 

clay pa1ticles in the polymer matrix. However, SEM was used by Zaman 
2 1 

to 

characterize the surface of nanocomposites; he used SEM to study the surface of 

unsaturated polyester nanocomposites. He found that the polymer region appears as a 

dark area, while the clay pa1ticles are appear as a light area, and finally concluded that the 

clay paiticles appeared to be not uniformly dispersed through the polymer matrix. SEM 

analysis was also used by Lei at al. 22 who ob erved the clay pa1ticles u ing SEM . They 

found that clay particles are randomly dispersed into the polymer matrix . Fig. 6.9 hows 

the SEM images of the urface of a film of exfoliated and intercalated nanocompo ite 

(i.e. nanocomposites synthesised using AMPS and Cop at I 0% clay loading) . 
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• 
Fig. 6.9: SEM images of (A) poly(S-co-BA)-AMPS nanocomposite containing 10% clay, and (B) 
poly(S-co-BA)-Cops nanocomposite containing 10% clay. 

From the SEM images in Fig. 6.9 it was not po sibl to see clay nanopa11icles, this might 

due to clay nanoparticles being completely covered by polymer matrix, and therefore the 

EM images just show the smooth region related to polymer, and the clay cannot be 

seen. 

6.3.3 Determination of the molecular weights of nanocomposites 

The molecular weights of the polymer in nanocomposites were determined after removal 

of all the clay. The re ult are shown in Table 6.2. 

In general all of the synthesized polymers were found to have very high molecular 

weight. This is commonly observed for polymers prepared by polymerization in 

emulsion. Indeed in emulsion polymerization, termination by recombination is unlikely 

since theoretically only one radical is present in the micelle 23
. This is verified in work 

done by Wang at el. 24 who synthesized polystyrene nanocomposites via different 

polymerization methods (bulk, suspension, solution, and emulsion polymerization), and 

showed that the highest molecular weight was observed for emulsion polymerization, 

followed by suspension, bulk, and solution polymerization 24
• 

Another reason for obtaining high molecular weight is the limitation of diffu ion of 

propagating species during the polyme1ization system due to the high vi cosity. The 

vi cosity inside the polymer pa11icles increases as the polymerization progresses, 

therefore the movement of propagating specie will become extremely low, making the 
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termination unlikely. Table 6.2 shows the molecular weights of all the nanocomposites 

synthesised in this study, using emulsion polymerization. 

Table 6.2: Variation of molecular mass and polydispersity index (PDI) with clay loading of the 
poly(S-co-BA)-clay nanocomposites 

Sample 

Poly(S-co-BA) 
Poly(S-co-BA)

AMPS 
nanocomposites 

Poly(S-co-BA)
Cops 

nanocomposites 

Poly( S-co-BA)
NIPA 

n N anocomposi tes 

Poly(S-co-BA)
MET 

nanocomposites 

Clay content 
(%) 

0 
1 

3 
5 
7 
10 
1 
3 
5 

7 
10 

5 
7 

10 

5 
7 
8 

Mn x10·3 

(g/mol) 

277 
290 

338 
279 
293 
109 
270 
299 
349 

305 
241 
417 

365 
367 

343 
380 
391 
356 
361 

Mwx10·3 PDI 

(g/mol) Mw/Mn 

848 3.05 
888 3.05 

839 2.56 
767 2.74 
721 2.45 
445 4.04 
955 3.52 
942 3.14 
843 2.41 

763 2.49 
765 3.16 
971 2.33 

912 2.5 
880 2.4 

823 2.40 
1140 3.00 
961 2.46 
1245 3.5 
916 2.54 

The concentration of clay has a significant effect on the molecular weight of polymer 

nanocomposites. The molecular weight of poly(S-co-BA) in the nanocomposites was 

found to slightly decrease as the clay concentration increased. Choi et al. 6 observed a 

similar effect of clay on the molecular weight. They found that the molecular weight of 

nanocomposite materials is 60-90% lower in the presence of clay than in its absence, and 

interpreted their results as follows: clay acts as an additional micelle, thus polymerization 

occurs in more micelles and the molecular weight consequently decreases 6
'
24

. 

Fm1hermore, the presence of clay particles in a polymerization system can hinder the 

growth of polymer chains, also leading to a decrease in molecular weight as the clay 

concentration increases. 
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6.3.4 Study of the thermal properties of nanocomposites 

Fig. 6.10 shows the thermal stability of pure poly(S-co-BA), and of some different 

poly(S-co-BA) nanocomposites, as determined by TGA analysis. 

All synthesized nanocomposites are more thermally stable relative to neat 

poly(S-co-BA). This ind icated that the incorporation of clay into the poly(S-co-BA) 

nanocomposite leads to improved thermal stability of the copolymer 25
. 
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Fig. 6.10: (A-D) Thermal stability of poly(S-co-BA)-clay nanocomposites as a function of clay 
loading. The inserts show the amount of clay in the thermograms, as a percentage and the organic 
compounds used to make the organoclays: (A) Poly (S-co-BA)-AMPS nanocomposites (8) Poly(S-co
BA)-MET nanocomposites (C) Poly(S-co-BA)-Cops nanocomposites (D) Poly(S-co-BA)-NIPA 
nanocomposites. 

The improvement in thermal stabi lity of the polymer in the presence of clay is generally 

attributed to the formation of clay char that acts as a mass transport barrier and an 
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insulator between the bulk polymer and surface area where the combustion of polymer 

occurs 26
•
27

. The presence of clay could also hinder the diffusion of volatile 

decomposition products within the nanocomposites 26
. The enhancement of the 

nanocomposites thermal stability has also been attributed to the restricted thermal motion 

of polymer chain inside the clay galleries 16
• 

TGA results shown in Fig. 6.10 indicate that the improvement in thermal stability is not 

simply a function of clay loading. For instance, the nanocomposites synthesized using 

AMPS as clay modifier (Fig. 6.10 (A)), showed the highest thermal stability for 3% clay 

loading. This is in accordance with findings of Doh and Choi 28
, who reported that the 

maximum thermal stability of polystyrene nanocomposites is reached when only 0.3% 

clay is used. 

In order to see the effects of the dispersion states of clay on the thermal stability, four 

different nanocomposites containing similar clay loading are compared to each other, as 

shown in Fig. 6.11 and Table 6.3 . 

80 

20 

0 

Exfoliatcd ----"....-. 

Panialy ex folia ted __ __,,,__,_,._ 
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300 

Pure po lymer _ __ _. 

- pol)(S·co·BA)·AMPS 
- pol) (S-co·BA)·M ET 
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Fig. 6.11: Comparison of the thermal stability of four different nanocomposites at similar clay 
loadings. The thermogram of poly(S-co-BA) is included as a reference. 
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Table 6.3 : TGA data for poly(S-co-BA) nanocomposites at similar clay loading (10%) 

T10% 
%Clayi.e. % 

Sample T50% 
Char* 600°C 

Poly(S-co-BA) 363 405 

Poly(S-co-BA)-AMPS-nanocomposites 365 415 10.00 

Poly(S-co-BA)-MET-nanocomposites 365 434 11.02 

Poly(S-co-BA)-Cops-nanocomposites 421 459 10.30 

Poly(S-co-BA)-NIPA-nanocomposites 413 454 11.00 

* T 10%, Tso% and% clay in nanocomposites i.e.% Char 600°c represents the onset of decomposition taken at 

10% decomposition, temperature at 50% decomposition and the% remains (char) at 600°C respectively. 

Table 6.3 and Fig. 6.11 show that the onset temperature for exfoliated nanocomposites is 

limited when compared to neat polymer, while in the case of intercalated nanocomposites 

the temperature sharply increased by 50 - 58°C. In addition, the temperature at which 

50% degradation occurs increased by l 0 - 30°C in the case of exfoliated and paitially 

exfoliated structures and by 55 - 60°C for the intercalated structure, relative to pure 

copolymer. These results indicate that the intercalated nanocomposites show higher 

thermal stability improvement than exfoliated and pattially exfoliated nanocomposites, 

i.e. poly(S-co-BA)-cops-MMT is more thermally stable than the poly(S-co-BA)-MET

MMT and poly(S-co-BA)-AMPS-MMT nanocomposites. However, it was repmted that 

exfoliated nanocomposite structures have higher thermal stability than intercalated 

structures 7
'
29

. Similar unexpected results have been repmted by Giannelis et al. 30 who 

synthesized ex foliated and intercalated poly( ethyleneimine ), both at similar clay loading, 

and found intercalated nanocomposites to be more thermal stable than exfoliated ones. 

Samakande et al. 31 also observed similar results with polystyrene-clay nanocomposites 

prepared by bulk free radical polymerization. They interpreted their results as follows: in 

the case of the intercalated structure there are several closely packed layers of clay 

(stacked layers) which provide a more efficient barrier between the burning zone and the 

underlying flammable material that is being gasified. 

Table 6.3 and Fig 6.11 show that the percentage of clay (i.e. %Char at 600°C), is slightly 
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higher than the theoretical clay percentage. Initially it was expected that the %Char at 

· 600°C would be close to the initial clay percentage. These unexpected results are 

probably because of incomplete conversion of polymerization. The conversion at the end 

of polymerization was found to be between 90 and 92%, giving an experimental clay 

content that is slightly higher than expected. 

6.3.5 Study of the mechanical properties of nanocomposites 

All nanocomposites that were synthesized showed higher storage modulus relative to that 

of the virgin copolymer, as shown in Table 6.4 below (where G1 is storage modulus). The 

storage modulus found in the plateau below Tg increased slightly as the clay loading 

increased, in agreement with the literature 1
'
14

'
32

. The incorporation of clay particles with 

a high aspect ratio, such as montmorillonite 33
, leads to increases in the storage modulus. 

This could be due to an interaction between the polymer and silicate layers at the 

interface of layers and the polymer matrix, which can suppress the mobility 111 the 

polymer segments near the interface, leading to improved mechanical prope11ies 17
,
26

'
34

. 
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Table 6.4: T!i values and storage modulus of nanocomposites 

Sample % clay G x 10 Tg (OC) 
(Pa) 

Poly(S-co-BA) 0 2.07 24 
1 2.25 27 

Poly(S-co-BA)-MET nanocomposite 5 2.81 32 
7 2.83 36 
10 3.00 36 
1 2.32 29 

Poly(S-co-BA)-NIPA nanocomposite 5 2.60 29 
7 2.60 33 
10 2.77 33 
1 2.54 27 

Pol y(S-co-BA)-Cops nanocomposite 5 2.68 30 
7 2.77 33 
10 2.58 33 

1 2.40 30 
Poly(S-co-BA)-AMPS nanocomposite 5 2.40 34 

7 2.73 38 

10 2.95 41 

Exfoliated poly(S-co-BA)-AMPS-MMT nanocomposites show a relatively higher storage 

modulus in comparison to the intercalated poly(S-co-BA)-Cops-MMT nanocomposites, 

and to the pai1ially exfoliated poly(S-co-BA)-NIPA-MMT nanocomposites. Similar 

results were reported by Choi et al. 1, who found that the exfoliated structure of 

poly(styrene-co-acrylonitrile) has a storage modulus higher than the intercalated structure 

of a similar copolymer. 

Fig. 6.12 shows the variation in storage modulus and tan 8 vs. temperature for pure 

poly(S-co-BA) and of four different nanocomposites. 
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Fig. 6.12: Variation of (A) storage modulus and (B) tan B vs. temperature for (i) pure poly(S-co-BA) 
and for different nanocomposites at 10% clay loading: (ii) poly(S-co-BA)-cops nanocomposite, (iii) 
poly(S-co-BA)-NIPA nanocomposite, (iv) poly(S-co-BA)-MET nanocomposite, and (v) poly(S-co-BA)
AMPS nanocomposite. 

All of the Tg values in Table 6.4 were obtained from the onset of tan 8 plot (see Appendix 

D). Fig. 6.12 (B) shows that the tan 8 peaks for the nanocomposites (ii-v) shifted to 

higher temperature relative to that for the virgin copolymer (i), indicating that the Tg 

value of the nanocomposites were higher than that of the virgin copolymer. The Tg values 

increased slightly with an increase in clay content, as shown in Fig. 6.13 . This is 

generally attributed to the restriction of the molecular chain motion of the copolymer, 

therefore the motion or relaxation of chain segments becomes difficult at the original Tg, 

but becomes easier at a higher temperature, i.e. the clay layers act as cross-linkers in the 

nanocomposite systems, leading to the restriction of motion 1
'
2

'
34

• Although Qutubuddin 

and Fu 14 obtained a fully exfoliated structure in polystyrene at the whole clay loading 

range, they observed decreases in Tg as the amount of clay increased. In their case, they 

interpreted these results as being due to the decrease in molecular weight of the 

nanocomposite with clay content. In our case the slight decrease in the molecular weight 

could not cause a decrease in the Tg due to the overall high molecular weight obtained. 
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Fig. 6.13: TK values vs. clay content of four types of nanocomposites 

The ex foliated nanocomposite prepared using AMPS at l 0% clay loading showed a 

higher Tg than that for the intercalated structures of the other types of nanocomposites at 

similar clay loading. 

In Fig. 6.12 (B) the tan () peaks for the nanocomposites are broader than the peak for the 

virgin copolymer. This also could be ascribed to the restricted polymer chain mobility 

due to the presence of clay fillers 34
. The broadening of the tan () peak is more 

pronounced with exfoliated nanocomposites than with intercalated structures because the 

highly dispersed exfoliated clay inhibits the mobility to a greater extent than when clay is 

only intercalated; this could also interpret the higher Tg for exfoliated nanocomposites 

compared to the Tg of intercalated nanocomposites 31
• 

6.4 Nanocomjposites via semi-lbatch emudsion JPOllymerizadon 

In order to study whether the method of monomer addition during polymerization 

influences the structure and properties of the final nanocomposites, the polymerization 

was carried out in two stages, following a semi-batch process (see Section 4.2.3). The 

idea was to add only 10% of the monomers in the initial stage so as to ensure that the clay 

galleries become wider. In the second stage of the polymerization a slow feeding of 

monomers was done in order to allow time for the monomers to diffuse into the clay 

galleries. The objective here was to promote propagation inside the galleries at the 

expense of polymerization outside the clay galleries, so as to favour exfoliation. 
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Poly(S-co-BA) nanocomposites were prepared u ing AMPS as clay modifier, at range 

clay loading from 3% - 15%. 

The tructures of nanocomposites were studied by TEM and SAXS. The thermal tability 

and mechanical properties of nanocomposite were tudied by TGA and DMA 

re pectively. 

6.4.1 Characterization of the structure nanocomposites prepared via semi-batch 

emulsion polymerization. 

TEM was used to monitor the distribution of the clay through the polymer matrix. Fig. 

6.14 shows the TEM image of the poly(S-co-BA)-AMPS nanocomposite at 3% clay 

loading. 

Fig. 6.14: TEM image of poly(S-co-BA)-AMPS nanocomposite at 3% clay loading 

Th ilicate layers of clay appear as dark line stuck to each other, indicating an 

intercalated structure. The same intercalated structure was obtained by batch free radical 

emulsion polymerization (also using also 3% clay). This shows that the semi-batch 

polymerization method does not bring any improvement in terms of exfoliation in theses 

conditions. Fig. 6.15 below shows a TEM image of poly(S-co-BA)-AMPS 

nanocomposite at 10% clay loading. 
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. , 

Fig. 6.15: TEM image of a poly( -co-BA)-AMPS nanocomposite at I 0% clay loading. 

For a I 0% clay loading it i clear that the individual clay layers are dispersed uniformly 

in the polymer matrix. Silicate layers look like dark trip , and poly(S-co-BA) copolymer 

appear as relatively bright domains. Delaminated layer of silicate are well distributed 

through the entire copolymer matrix, so an exfoliated morphology of poly(S-co-BA) 

nanocomposites at 10% was obtained. Fig. 6.16 show TEM image of a poly(S-co-BA) 

nanocomposite at 15% clay loading. 

Fig. 6. 16: TEM image for poly(S-co-BA)-AMP at 15 % clay loading. 
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The TEM image in Fig. 6. 16 indicates that the silicate layers are still bound to each other; 

they appear as dark lines, meaning that the intercalated structure is obtained at 15% clay 

loading. 

Fig. 6.17 shows the SAXS patterns of poly(S-co-BA)-AMPS nanocomposites at different 

clay loadings (3%, 10% and I 5%). 

Fig. 6.17 shows a difference in the nanocomposite structure. SAXS patterns for 

nanocomposites with 3% and 15% clay loading show a diffraction peak. This indicated 

that an intercalated structure was obtained at 3% and 15% clay loading. On the contrary, 

no peak was observed in the SAXS patterns of the nanocomposite with 10% clay loading, 

confirming the fully exfoliated structure observed by TEM. 

2 3 4 
q (nm)"' 

5 6 

Fig. 6.17: SAXS patterns for poly(S-co-BA)-AMPS nanocomposite at different clay loading: (i) 3%, 
(ii) 15% and (iii) 10% 

The structure of the nanocomposites prepared using semi-batch free radical emulsion 

polymerization was found to be identical to that observed for nanocomposites prepared 

using a batch emulsion polymerization process. This confirms that a slow rate of 

monomers does not play a significant role in the structure of the final nanocomposites 

obtained. 

More surprisingly, the nanocomposite with 15% clay loading was found to have an 

intercalated structure. This is probably linked to thermodynamic and kinetic 

100 

Stellenbosch University  https://scholar.sun.ac.za



Results and discussions 

considerations, and more research in this area is recommended. The author believes that 

at this clay loading, the proximity of the clay platelets seems to hinder a full ex foliation 

as the polymerization takes place. 

6.4.3 Study of the thermal stability of nanocomposites synthesized via semi-batch 

emulsion polymerization, by TGA 

The nanocomposites (see Fig 6.18 below) were found to be more stable than neat 

poly(S-co-BA), as shown by a slight increase in thermal stability as clay loading 

increased. 
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Fig. 6. 18: Thermal stability of poly(S-co-BA)-AMPS nanocomposites at different clay loading. Pure 
poly(S-co-BA) is included in the figure as reference. 

The thermal stabilities of the nanocomposites synthesized from semi-batch emulsion 

polymerization were found to be similar to those synthesized using batch emulsion 

polymerization. The intercalated nanocomposites with 15% and 3% clay loadings 

displayed greater thermal stability relative to the ex foliated structure with I 0% clay. This 

could be related to the presence of some close packed layers in the case of intercalated 

structure, which can provide a suitable barrier between the burning zone and the 

underlying flammable material being gasified 31
• 
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Chapter 7 

Conchnsnons and recommendations 

7.1 Conclusions 

e AMPS was used as an organic modifier for the modification of clay. (SAXS 

analysis showed that increasing the concentration of AMPS caused an 

increase in the cl-spacing from 1.14 nm (for virgin clay) up to 1.82 nm for 

modified clay). Depending on the quantity of AMPS inside the clay 

galleries, four different types of an-angements can occur namely: 

mono-layer, bi-layer, paraffin-type mono-layer and paraffin-type bi-layer. 

e The interaction mechanism between AMPS and the clay was studied in 

depth. Firstly, it was proved that AMPS cannot interact with Na+-MMT via 

an ion-exchange reaction as suggested in the literature. The interaction of 

AMPS with clay is however likely to occur by adsorption, via formation of 

hydrogen bonds between both the amide and sulphate groups of AMPS, and 

the hydroxyl groups of the clay surface. This was confirmed by modifying 

the clay using other organic compounds (modifiers) having similar chemical 

groups to those of AMPS. Among the alternate compounds used as 

modifiers for clay, Cops and MET contain sulphate groups, whereas 

N-isopropylacrylamide (NIPA) has amide groups. These three compounds 

all readily adsorbed into the clay galleries, but to a lesser extent than AMPS, 

showing that AMPS interacts with the clay surface via both the amide and 

the sulphate groups. 

e Styrene and butylacrylate were copolymerized by emulsion polymerization 

in the presence of various amounts of clays. The clay was first modified 

with AMPS, Cops, MET, and NlPA respectively. The morphology of the 

nanocomposites obtained was found to be dependent on both the organic 
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modifier and the ratio of clay to polymer. Cops, NIPA, and MET-modified 

clays yielded intercalated to partially exfoliated structures, while AMPS

modified clay gave a fully exfoliated structure (only for LO% clay loading). 

This was attributed to two features of AMPS, namely the high reactivity of 

its polyrnerizable group with styrene and butylacrylate, and its capacity to 

strongly adsorb into clay by hydrogen bonding. Surprisingly, the degree of 

exfoliation was found to be enhanced as the AMPS-MMT loading increased, 

with an optimum at 10% clay/polymer 

o All polymer-clay nanocomposites were found to be more thermally stable 

than neat poly(S-co-BA). The extent of thermal stability was directly 

correlated to the structure of the nanocomposite and not to the amount of 

clay dispersed in the polymer matrix. The1111al stability was found to be 

higher for intercalated than for exfoliated nanocomposites. 

o An increase in the storage modulus of the nanocomposites was frrnnd to be 

directly correlated to the mo1vhology of the nanocomposites. Exfoliated 

structures exhibited higher G 1 than pai1ially exfoliated structures, and 

intercalated structures showed the lowest G 1 values. 

• Batch and semi-batch emulsion polymerizations of styrene and butylacrylate 

in the presence of clay, were carried out so as to evaluate what effect the 

monomer feeding rate would have on the structures and properties of 

nanocomposites. Both methods (batch and semi-batch) yielded 

nanocomposites with similar properties and morphologies, showing that the 

exfoliation driving force is not monomer diffusion controlled, but the ability 

of the clay modifiers to adsorb inside clay galleries and their ability to 

copolymerize with the monomers. 

7.2 Recommendations for future work 

The following areas require fu11her research: 

e To study the isotherm adsorption of AMPS and other organic molecules into 
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clay. This could provide more understanding of the interaction between 

organic molecules and the clay surface, and support the results obtained using 

TGA and SAXS. 

o Study the kinetics of free radical polymerization inside and outside the clay 

galleries. 

o Using surfactant-free, starved-freed emulsion polymerization to prepare 

nanocomposites seeds, which on further reaction could enable us to 

encapsulate these clay layers inside latex particles which probably provide 

more improvement of nanocomposite properties. 
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Appendixes 

Ap]pendixes A: 'fhe amount of Amps onto clay vs. time of clay 

modification 
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Fig. A I: The amount of AMPS onto clay vs. the time of clay modification 
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Appendix B: FT-IR spectra of modified clay 
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Fig. B 1: FT-IR spectra of the clay modified with different clay modifiers. (A) i-iii, represents: Na+_ 

MMT, AMPS-MMT, AMPS (B) i-iii, represents: Na+-MMT, NlPA-MMT and NIPA (C) i-iii, 

represent Cops-MMT, Cops and Na+-MMT, ( D) i-iii, represents Na+-MMT, MET-MMT and MET. 
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Appendix C: lFT-IR spectra of poly(S-co-BA) nanocomposites 
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Fig. B 1: FT-IR spectrum of poly(S-co-BA). 

100 

90 

80 

Q) 
70 () 

c 
l1l 
:t:: 

E 60 

621 

~ 
531 466 

"' c 2873 
l1l 50 .:: 

>12. 0 40 

30 2930 

20 1735 699 

3000 2500 2000 1500 1000 500 

Wavenumbers (cm.1
) 

Fig. C 2: FT-lR spectrum of poly(S-co-BA)-NIPA nanocomposites. 
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Fig. C 3: FT-IR spectrum for poly(S-co-BA)-Cops nanocomposite. 
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Fig. C 4: FT-IR spectrum of poly(S-co-BA)-MET nanocomposite. 
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Fig. C 5: FT-IR spectrum of poly( S-co-BA)-AMPS nanocomposite. 
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Appendix D: Tg measurement by using DMA 
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Fig.Cl: The determination of Tg of nanocomposites from the onset temperature of tan() peak. 
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