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Abstract
A variety of m odified clay minerals have been screened to determ ine their effectiveness as agents
for the production o f polystyrene-clay nanocomposites.
The n-alkylammonium and nalkyltrimethylammonium surfactants em ployed to com patibilise the aluminosilicate layers of the
minerals were shown to d egrade through a series of stages and mechanisms to yield a hydrocarbon
product mixture consisting of a homologous series of saturated and unsaturated hydrocarbons, also,
the dehydrocyclisation (DHC) of fragm ented alkyl chains was shown to lead to the production of
various ring com pounds which included substituted cycloalkenes, benzene and toluene.
The therm al stability of various cation exchanged m odification treatments have been analysed.
These organoclays have been characterised by XRD, TGA and TG-MS. The evolved gas analysis
c o n d u cte d by TG-MS was em ployed to identify which products were being thermally desorbed
under thermal events previously seen when using TGA. In particular attention was paid to the activity
of these materials with respect to the formation of linear, branched and cyclic aliphatics and
arom atics from the feedstock surfactants.
Intra-series comparisons of different organoclays showed that as the alkyl chain length of the nalkylammonium surfactants was increased the concentration of thermal desorption products at
approxim ately 400 °C was also increased. However, characterisation of n-alkyltrimethylammonium
exchanged MMT showed that the concentration of thermal desorption products a t lower
temperatures (approxim ately 250 °C) increased with alkyl chain length between Cn = 8 - 16. TG-MS
analysis showed that this was mostly due to the DHC of alkyl fragments. These com pounds a p p e a r to
have been largely overlooked in related literature.
SWa-1, a clay containing greater concentrations of structural iron, showed higher Tmax values for nalkylammonium surfactant thermal desorption than similarly exchanged SAz-1. This m ay be evidence
of a current theory tha t structural iron acts as a ra d ica l trap. This is thought to significantly reduce the
catalytic activity of the clay's acid sites until higher temperatures.
The formulation of polystyrene-clay nanocomposites (PSCNs) by in-situ polymerisation led to various
results pertaining to their thermal stability. The relative effectiveness of various initiator species for the
production of the most thermally stable PSCNs was AIBN > BPO > SPS > APS » A IB A . Lower radical
initiator and organic modifier concentrations led to the production of PSCNs with higher thermal
stability. The relative effectiveness of these various organoclays for the production of more thermally
stable PSCNs was MCBP-Cn > C15A > C20A » C10A. The preparation method was shown to be
effective for producing exfoliated nanocomposites for up to 1 wt% of the various organoclays using
AIBN and BPO as initiators. The MCBP-Cn PSCNs rem ained exfoliated up to 5 wt% , they also showed
higher therm al stability when com pa re d with the com m ercial products, which XRD results showed to
remain stacked at organoclay loadings > 1 wt%.
A novel one-pot synthesis m ethod for the production of PSCN, by the in-situ polymerisation of PS in
the presence of d e ca na m id e (an uncharged surfactant) and Na-MMT, was shown to be successful.
Whereas, other novel PSCN formulations incorporating N-vinylformamide and the am photeric
surfactant foam taine SCAB were shown to be encouraging but have, so far, had limited success.
In contrast, the analysis of industrially produced unsaturated polyester-clay nanocomposites showed
very little increase in the thermal stability of the material. Associated analyses indicated increased
dimensional stability of the material, AFM analysis showed that imaging of the clay dispersal was
possible by this m acroscopic technique. Also, ATR-FTIR analysis of the UPR and UPCN, showed that
although not exfoliated the silane modified-MMT had a good synergistic effect on the overall
material by reducing the formation of combustion products.
The thermal stability and associated studies of kaolin-phenylphosphonic acid (KPPA) complexes was
also conducte d. PPA was shown to intercalate the kaolin crystal structure forming an expanded
phase that exhibited rem arkable therm al stability (Tmax = 660 °C). 31P MAS NMR of all the KPPA
samples showed three peaks (at +1.2, -3.7 and -7.3 ppm) which represented PPA existing in three
non-equivalent bonding states a t the kaolin surface. The high thermal stability of these hybrid
materials was evident from these studies. This research into the use of covalently bound intercalates
in nanocom posite m anufacture signifies the necessity for further research.
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1.1

Introduction

1.1.1

Clays, O rganoclays an d N anocom posite Materials

N anotechnology has been widely recognised as one of the most promising directions of
technological
currently

developm ent for the 21st century.

This new class of polymer system is

the source of great interest within the plastics industry.

These materials

incorporate organically modified layered silicates, often referred to as organoclays, within
a host matrix as low quantity (i.e. < 5 wt%) fillers dispersed at the nanometre-level. This
dispersion o f clay platelets has led to the general description of this class o f materials as
p o lym e r-cla y’nanocomposites' (PCN) [1-1].

Nanocomposites have shown substantial property improvements when com pared to virgin
polymers, properties which have shown improvements include:
i)

M echanical properties e.g. strength, modulus and dimensional stability

ii)

Decreased permeability to gases, w ater and hydrocarbons

iii)

Thermal stability and heat distortion tem perature (HDT)

iv)

Flame retardency and reduced smoke emissions

v]

Chem ical resistance

vi)

Surface a p p earance

vii)

Electrical conductivity

viii)

O ptical clarity in comparison to conventionally filled polymers

Also, in the majority of cases, this enhanced material perform ance occurs w ithout a
significant increase in the density o f the polymer, a nd without any reduction in the
materials potential recyclability.

In the field of materials science, the developm ent and

study of nanocom posite hybrid materials is a multi-disciplinary research activity which is
generating both a cad em ic and industrial interest. Applications for PCNs have so-far been
proposed for use in the materials, construction, aerospace, food-packaging sectors.
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Current trends favour the use of fillers like m etal-trihydrate/hydroxide and halogenated
com pounds to im part therm al stability/flame retardency; however, the use of these
systems has definite environmental and safety concerns [1-2].

An exam ple of the

im practicality of these systems comes from the application of aluminium trihydrate (ATH)
and magnesium hydroxide in wires and cables. This application requires loadings in excess
o f 60 wt% to achieve a suitable level of flam e retardency, which leads to an inflexible
product due to its higher density and can cause processing problems.

Whereas,

halogenated flam e retardants are expensive and may release biologically harmful toxins
into the environment under combustion conditions [1-3, 1-4]. Nanocomposites avoid the
disadvantages of these traditional flam e retardant systems.

Until recently the use of mineral based systems had not been considered for flam e
retardency, however, reports of the im proved thermal stability of siloxane polymer-clay
composites [1-5] and a polyim ide-clay composite has generated new interest in the use of
these mineral based systems [1-6].

Initial studies in this thesis concentrated on the thermal characterisation of a range of
alkylammonium and alkyltrimethylammonium organoclays. This was followed by in-depth
studies of polymer-clay nanocom posite (PCN) materials. These materials were form ulated
from their base com ponents and the production processes which were used derived a
large num ber of different quaternary ammonium exchanged montmorillonite (MMT) clay
dispersed in polystyrene (PS) matrices and

several novel formulations for PS-clay

nanocomposites. Whereas, another study was centred on the dispersion of silane-modified
MMT within unsaturated polyester matrices that were then subjected to different curing
profiles. The objective behind the work in this thesis was to quantify and characterise the
increased thermal stability which these hybrid systems im parted on in-house m anufactured
thermoplastic and thermoset materials, and then, relate any differences to the formulation
criteria of the various organo-silicate dispersions.
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1.1.2

The Commercial Market for Polymer-Clay Nanocomposites

Polymer-clay nanocom posite materials are value-added materials, th a t with further
research and industrial foresight will be able to bring about a revolution in the plastics
industry that w ould be beneficial to both the production industry (reduced costs, better
processibility) and the consumer market (improved functionality, reduced cost, additive
enhancem ent).

Prospective market growth for the use of nanocom posite materials in

various com m ercial sectors is shown in fig. 1.1.
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Figure 1.1

Global market analysis of the growth of nanocomposites in different
commodity sectors, predicted to 2009 [1-7].

1.2

Classification of Minerals
Class

Subclass
— tectosilicates —

Group
— silica

Subgroup
quartz
alkali series

feldspars
plagioclase series

Silicates'
smectites
kaolinites

phyllosilicates

illites
chlorites

Table 1.1

The sub-division of the silicate class.
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Clay is the com m on term for a num ber of fine-grained, soil materials that becom e ‘plastic’
when w et.

Chemically, clays are hydrous aluminium silicates, ordinarily containing

impurities, e.g., potassium, sodium, calcium , magnesium, or iron, in small amounts [1-8].

All minerals are divided into several classes, and the group which was the main focus for
this research was the silicates. The silicates are divided into several sub-classes based on
the types o f linkages betw een the basic units of their structure (i.e. SiC>4 tetrahedra).

The sub-classes found in sedimentary rocks are the tectosilicates and the phyllosilicates [19, 1-10], see table 1.1. To understand the properties of phyllosilicates it is necessary to look
at the individual structural com ponents that give rise to their characteristic structure and
properties.

1.2.1

Phyllosilicates (Clay Minerals)

1.2.1.1

C la y Structure

The basic structural feature o f all minerals in this subclass are SiCU4- tetrahedra linked by
sharing three of the four oxygens, which form sheets (fig. 1.2) with a pseudo-hexagonal
network (referred to as silica-tetrahedral sheets).

O and O = Oxygens
Figure 1.2

o and • = Silicons

Diagrammatic sketch of (a) single silica tetrahedron and (b) the sheet
structure of silica tetrahedra arranged in a hexagonal arrangement.

It can also be seen that the resulting layer structure (fig. 1.2) gives rise to a hole in its
network o f tetrahedra, this is referred to as a ditrigonal cavity. The oxygen atoms in the
Si0 4 4' sheets can be external groups (i.e. hydroxyl) or form part of the bonding to a second
layer as described below.
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This tetrahedral sheet is com bined with other sheet-like groupings of cations (mainly Al, Mg
and Fe) and co-ordinated with six oxygen and hydroxyl anions. This is referred to as the
octahedral-layer since the anions are arranged around the cations in an octahedral
arrangem ent. Anions are shared betw een adjacen t octahedral groups which results in a
planar network (fig. 1.3).

These silica and octahedral sheets can be superimposed on

each other. They m ay share oxygen atoms and thus becom e fused together in layers by
chem ical bonds betw een the tw o sheets.

(»)

o
Figure 1.3

nnd i

(b)
Aluminums, Magnesiums, etc.

t “ Hydroxyl*

Diagrammatic sketches showing a single octahedral unit and
the sheet structure of the octahedral units.

The ratio of tetrahedral to octahedral sheets and the type of cation in the sheets is the
basis for the classification system used to assign clays to various groups. These sheet-like
structures are represented in fig. 1.4. For exam ple, when an SiC>4 and an AI(OH)6 sheet are
joined together, as shown in fig. 1.4a, the structure is designated a 1:1 layer arrangem ent
and is typical of minerals such as kaolinite.

X

z

Z

(a)
Figure 1.4

x

(b)

Tetrahedral sheet
O ctahedral sheet

(c)

Clay layer arrangements, (a) 1:1, (b) 2:1 and (c) 2:1:1.

The octahedral layer may also join with a second silica tetrahedral layer and form a 2:1
layer silicate, this structure is designated as a 2:1 layer arrangement. This occurrence is
evident in smectites, pyrophyllite, talc, vermiculite, illite, mica and chlorite. It was this type
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o f clay (fig. 1.4b) which is o f most interest, particularly the smectite group because o f their
ability to undergo cation exchange and swell in the presence of solvent.

In fig. 1.4c it ca n be seen that chlorite has an extra sheet and is characterised by a 2:1:1
layer structure. All these structures m ay be stacked up into successive layers. Clay minerals
m ay also be subdivided into groups based on their octahedral layer type, an overview of
the main clay mineral groups ca n be seen in table 1.2.

Layer type

Group
Serpentines
Kaolinites
Smectites

Di/Trioctahedral
trioctahedral
dioctahedral
trioctahedral

Subgroups

Species

Table 1.2

chrysotile
kaolinite, dickite
saponite,
hectorite
dioctahedral
montmorillonites
montmorillonite,
beidellite
trioctahedral
Micas
trioct. mica
biotite
dioctahedral
dioct. mica
muscovite
Classification of clay minerals (1:1 and 2:1 layer arrangements) [1-11]

1.2.1.2

Clay Mineral Properties and Characteristics

1.2.1.2.1

Isomorphous Substitution

1:1

2:1

serpentines
kaolins
saponites

(b>
+
+

+

Figure 1.5

Schematic diagram for associated charge in (a) 1:1 structure and (b) 2:1
structure. Note that positive ions are attracted to the light-grey tetrahedral
basal oxygen surface, whilst negative ions are attracted to the dark-grey
octahedral hydroxyl surface. The case for low-charge 2:1 structures is
notably different from 1:1 structures. In (b) the negative charge on the
layer attracts cations to the gallery surfaces.
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Isomorphous substitution is a m odification process that occurs when the mineral is formed,
usually w hen there is an excess of w a ter present. Ions of a lower charge replace those of a
higher charge in the different layers, i.e. M g2+ substitutes Al3+ in the octahedral sheet or Al3+
substitutes Si4+in the tetrahedral sheet, this results in an excess of electrons.

This generates a net negative charge which is satisfied by the adsorption of cations such as
Na+, C a2+, M g2+ or K+ which together with the presence o f w ater leads to a charged
aqueous environment betw een the clay layers.
cations bonds the cla y layers together.

The sharing of these exchangeable

These cations are term ed the interlayer or

exchange cations and may be readily exchanged in the laboratory for other cationic
species.

The num ber of cations required to neutralise the negative charge on the layer is known as
the cation exchange ca p a city (CEC) and is measured in milliequivalents (mEq) per 100
grams o f clay. Different clays have different CECs, some o f which are shown in table 1.3.
These cations can be exchanged by other cations, this can be done by simply dispersing
the cla y in a solution of the desired cations that are com m on in clay minerals found in
nature, e.g. Na+, C a2+, Mg2+ or K+ (fig. 1.5). Exchangeable cations can also be associated
with the edges of silicate layers, where the structural ions have unsatisfied valences. These
are often referred to as broken bonds. Approxim ately 20% of the CEC is associated with
broken bonds and 80% is situated in the interlayer region.

Table 1.3

Clay species

CEC Range (mEq/lOOg)

Kaolinite

1-15

Chlorite

< 10

lllite

10-40

Smectite

80-150

Vermiculite

120-200

CEC of various clay species [1 -11].
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1.2.1.2.2

Swelling/Hydration of Clay
Dehydrated

. ‘ r ' t

one water
layer

-

• - cati on

Figure 1.6

two water
layers

Q -w a te r

Swelling of clay (e.g. MMT),

The exchangeable cations are often hydrated and this w ater may be replaced by polar
organic liquids. When w a ter is adsorbed betw een the layers, the distance betw een the
layers (d(ooi)-spacing) increases.
represented in fig. 1.6.

This is the result of a swelling of the cla y layers and is

When an organic solvent is adsorbed betw een the layers it is

referred to as intercalation. Another feature of cla y’s structure that has a direct bearing
upon the chemistry of the complexes is the acidic nature of the clay surface [1-12]. The
clay can show Bronsted and Lewis acidity with the structure governing the degree to which
these occur. For exam ple, Lewis acidity is more com m only associated with exposed Al3+
and Fe3+ a t the edges of the clay sheets and can be increased by the thermal treatm ent
of the clay.

Similarly, the Bronsted acid characteristics are usually governed by the

availability of w a ter in the interlayer around the cations and are the result o f the
dissociation of w a ter molecules in a hydration space betw een the cations. The degree to
which this e ffe ct is seen depends on the nature of the substitution, i.e. w hether it is mainly
from the tetrahedral or octahedral sheet, and on w a ter content, the lower the w a ter
content the higher the acidity. Bronsted acidity is also very dependent on the polarising
pow er of the interlayer cation.
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1.2.2

Clay Minerals of Particular Relevance to this Thesis

1.2.2.1

Montmorillonite (MMT)

The composition o f montmorillonite (MMT) always deviates from the ideal formula,
Al2Si40io(OH)2.xH20, due to a relatively high am ount of isomorphous substitution.
idealised structural formula for MMT is Nao.3(Ah.7Mgo.3)Si40io(OH)2.

An

Fig. 1.7 shows the

m olecular structure o f MMT, this m odel is the most widely a cce p te d and was first proposed
by Hofmann, Endel and Wilm [1-13] and m odified by M agdefrau and Hofmann [1-14], and,
Hendricks [1-15]. The other known model was proposed by Edelman and Favejee [1-16].
The outstanding feature of the montmorillonite structure is that w ater and polar molecules
can easily enter betw een the layers. This is because the electrostatic bonding betw een
the layers and exchangeable cations is w eak and the chances of swelling or intercalation
are excellent.

Figure 1.7

The 2:1 clay structure of montmorillonite (ball and stick model) [1 -17].

1.2.2.2

Kaolinite

Kaolinite is the most com m on of four polymorphs, the others being dickite (rare), nacrite
(rare) and halloysite (m oderately com mon).
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Fig. 1.8 shows the m olecular structure of

kaolinite, the ideal structural formula of kaolinite is Al2Si20s(0H)4, although Fe, Ti, K and Mg
may also be present.

Interlayer
H-bonding

Figure 1.8

The 1:1 clay structure of kaolinite (ball and stick model) [1 -18].

There is no charge (at most, a very w eak one) on the lattice due to isomorphous
substitution in kaolinite and thus no interlayer cations are present. If exchangeable cations
are present these are usually associated with broken bonds at the crystal edges. The layers
in kaolinite are held together by hydrogen-bonding and intercalation may o ccu r if this
bonding network can be entered into. A summary of the com parative physical properties
of MMT and Kaolinite can be seen in table 1.4.
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CEC
Particle size
(microns)

MMT

Kaolinite

80-150

1-15

0.1-2

0.5-5

30-80

15-25

Surface area
BET - N2 m2 g-1
Table 1.4

Summary of t lie properties of the clay minerals used [1-19].

1.3

Organic-Mineral Interactions

The interactions betw een minerals and organic molecules have been a source o f interest
to industry for a num ber o f years.
interested

by

such

interactions

Some of the industrial sectors that are specifically
include:

geological

[1-20],

oil

exploration

[1-21],

pharm aceutical [1-22], waste treatm ent [1-23], plastics, catalysis [1-19], laundry powders
[1-24], agricultural [1-25 - 1-27], am ong others.
minerals because o f their high reactivity.

Most interest is associated with clay

An exam ple of this is the vital role that cla y

minerals may play in the control of hazardous organic molecules. Environmental problems
associated with the presence and accum ulation of pollutants/pesticides in soils as well as
in surface and ground waters are becom ing increasingly important. The biorem ediation of
hazardous materials (e.g. fuel contam ination - BTX) may be achieved by adsorption of the
organic pollutants by synthetic organoclays. The entrapm ent of these materials within the
galleries of the cla y can slow the migration of pollutants through soils and waterways, but
this process may also be applied to change their decom position activation energy [1-28, 129]. MMT may be used as a catalyst because of its intercalation and retention properties
and this can be m odified so that their catalytic behaviour can be tuned/m anipulated [130, 1-31]. Haderlein & Schwarzenbach [1-32] studied the adsorption of a large num ber of
nitroarom atic com pounds on MMT, illite and kaolinite surfaces in order to predict their
m ovem ent through soil systems. After studying the effects of environmental factors on the
adsorption process, such as pH, they found these to be very important. Their experiments
gave a fuller understanding to the interactions betw een nitroaromatic molecules and
minerals [1-33, 1-34].
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A second exam ple is the addition of organoclays, as thixotropes in paints and as fillers in
dye suspensions [1-35]. The latter can lead to changes in the colour of the dye due to

-

71

interactions betw een the arom atic com pounds and the oxygen plane of the clay,
know ledge of these interactions is therefore vital. The adsorption behaviour of surfactants
and polymers on MMT has also been studied [1-36] because mixtures of polymers,
surfactants and clays m ay be used in treatm ent fluids for enhancing oil recovery.

Many techniques, which will be discussed later in this section, have been used to
characterise organoclay mineral complexes and properties. The techniques which have
been used may determine:
a. w hether adsorption complexes have been form ed or whether the clay and organic
material are present simply as a m echanical mixture,
b. the type and strength of interactions between organic molecules and clay layers,
c. the e ffe ct of the cla y surface on the stability or degradation mechanism o f the
adsorbed organic.

1.3.1

Types of Organo-Mineral Interactions

Each type of clay mineral will interact with an organic m olecule differently since e ach clay
surface and its interlayer space have different types and populations of Bronsted a n d /o r
Lewis acidic and basic sites.

The principal interactions observed betw een clays and

organic molecules are of the acid-base type.

1.3.1.1

Typical Smectite and Organo-Molecular Interactions

The processes by which sm ectite clays interact with organic molecules are very com plex.
Lacher e f a/. [1-37 - 1-39] co nd ucte d a detailed study of the interactions occurring
betw een different cationic exchanged MMTs and benzinine (i.e. a pesticide); the results
showed that various types of interactions occurred. Other examples of complexes form ed
through organoclay interactions include; sulfolane adsorbed on cationic exchanged MMTs
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[1-40], the interactions of alachlor (herbicide) with homoionic MMTs [1-41], and, the
adsorption o f atrazine on MMTs [1-42]. In addition to the five main types of interactions,
described in ta b le 1.5, it is possible for positively charged organic molecules to be
exchanged with the inorganic cations in the gallery [1-43].

However, the num ber and

variety of organic com pounds which can acquire a positive charge is limited. Many such
com pounds (e.g. alkylammonium ions) contain nitrogen, of which the amines form the
largest class.

A benefit of such cation-exchanges is that a fixed internal porosity is achieved since the
pore size and shape de p e n d on the alkylammonium ion. Harper & Purnell [1-44] used this
fa ct to create a novel adsorbent system for organic vapour sampling which would
overcom e problems encountered by other adsorbent systems (e.g. activa te d carbon).
Also, Barrer [1-45], has reviewed his own studies, lasting 40 years, on the behaviour of clay
minerals (in particular smectites) and their derivatives as sorbents.

C ation-exchange with organic molecules may also occu r indirectly. Ruiz-Conde et al. [146]

studied

the

interaction

o f aqueous solutions o f formamide,

a ce ta m id e

and

propionam ide with vermiculite. Vermiculite is similar in structure to MMT but a higher CEC.
These situations showed that amides were hydrolysed to liberate NH4+.

There are a num ber of factors that govern the adsorption of organic molecules to
smectites. Dashman & Stotzky [1-47] examined the e ffe ct of molecular weight and basicity
on the adsorption and binding ability of am ino acids to hom oionic MMTs. It was found that
these factors were not as im portant as the type of exchangeable cations in their
adsorption.
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Protonation of Organic Molecules

1.

W ater coordinated
+H B -------- O—Mn+
1
H

to exchangeable

metallic cations

serves as a proton donor (Bronsted acid).

Depending on

the polarising pow er of the metal (Mn+) and the basic
strength of the organic m olecule (B), the organic m olecule
m ay be protonated by a ccep ting a proton from a w ater
molecule, thus gaining a positive charge (1.).
Water Bridges

2.

The organic m olecule may form a H-bond with the polar
B --H — 0 —Mn+
1
H
3.

w a ter m olecule (2.), i.e. the w a ter acts as a bridging
m olecule.
Lewis Acidity
After thermal dehydration or a t room tem perature the
exchangeable cations may serve as Lewis acids and

B -M n +

adsorbed bases becom e co-ordinated directly to the
cations.

If M is an alkali m etal cation, then the bond

betw een

it and

B is mainly electrostatic,

ion-dipole

attraction.
Water Bridge Associations
+c

1
O—X
1

1

X1

1

CO
1

CO

O rganic molecules may also be associated to molecules of
type 2. The presence of these depends greatly on the size
of the molecule.
Other Associations
O rganic molecules may also be associated with broken
edges, external clay surfaces, with substitutions in the
tetrahedral layer or clusters between stacks of clay layers.

Individual
organic
molecules

Clusters

Table 1.5

Possible organic-mineral interactions.

1.3.1.2

Factors Affecting the Adsorption of Organic Molecules onto Minerals

In addition to the previously m entioned properties of minerals and organic com pounds
that effe ct adsorption, ta b le 1.6 gives a more comprehensive list of the properties of
minerals and organic com pounds that a ffe ct the adsorption process.
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Surface Properties:
a. Surface configuration

a. Size

b. Exchangeable ions on surface

b. Shape

c. Total surface area

c.

d. Interlayer spacing

d. Charge

e. Surface Chemistry (O or OH)

e.

f.
Table 1.6

Organic Molecular Properties:

Flexibility

Polarity

Particle size and crystailinity
Surface and organo-molecular properties affecting adsorption.

In addition to these m olecular factors, certain reaction conditions are also significant:
i)

Raising the tem perature may disrupt the structure of the interacting liquid due to its
greater thermal motion; this w ould increase the relative number of free molecules
and the rate of intercalation.

ii)

Addition of w a te r to the intercalating liquid, this would e ffe ct the extensive
associated structure o f some pure liquids into smaller aggregates o f molecules,
which in turn w ould increase the rate of intercalation. Too m uch w a te r w ould result
in the solvation of the intercalating molecules, which in turn, would result in
relatively few unsolvated molecules being available to intercalate, thus decreasing
the intercalation rate.

Hi)

Reaction medium. For exam ple the selectivity of adsorption o f organic ammonium
ions to smectite clays can chan ge depending on whether w ater or other solvents
are used [1-48]. Batouti e f al. [1-49] showed that the rate of exchange of Cu2+ on
Na-MMT clay was faster in acetonitrile than dimethylformamide.

There are no well-defined trends to determine w hether an organic m olecule will intercalate
or how fast it will do so. For example, a large dipole moment will favour the form ation of a
complex, but a large dipole m om ent may cause extensive association fco m p le xin g ') in
the liquid state and this will decrease the rate of intercalation.
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1.3.1.3

Alkylammonium Exchanged Clays

The native m etal exchange cations on clays can be replaced with different cations by
simple ion exchange reactions. A variety o f organic cations may be used in this regard to
form organoclays [1-50].

26

I

d ooi

24
P s e u d o i r ’ la y e r “

[y> \^[c^t0.}ayer- v-C \ \ j

22
*<

\\\\>iH eate■iayepo ^\ \ x

20

O
c

, V ^ ''xsiijc^t&.layer ~
' ^\SXj
_-

o

+ * s S s /\

f;v O \s llic ^ € '^ e r'''N N J

6

8

10

12

14

16

18

n
'silcateSayef \

Figure 1.9

\ j

Idealised relationships
expansion [1 -52,1 -53].

between

basal

spacing

and

alkylammonium

The substitution of organic cations for inorganic gallery cations dram atically alters the
properties of a clay, the specific nature of the gallery spaces changing from hydrophilic to
organophilic. This occurs because the heat o f hydration of the organic cations are very
low which do not a ttra ct water, and because of the substantial am ount of organic carbon
associated with the clay layers and interlayer [1-51]. Also, the intercalated organic cations
pack in betw een the aluminosilicate layers resulting in greater interlayer spacing than
would occur due to swelling in the presence o f water.

The arrangem ent of organocations within the clay gallery can be indicated by the degree
of interlayer expansion. Depending on an o rg an ocation’s size (i.e. alkyl chain length) and
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the layer charge o f the mineral, the organocations may reside as monolayers, bilayers,
pseudotrimolecular layers or paraffin complexes, which correspond to dooi spacings of
approxim ately 13.5A, 18.0A, 21.5A and 30.0A. These types of interlayer alkylammonium
complexes are illustrated in fig. 1.9.

1.3.1.4

Typical Kaolinite and Organic Molecule Interactions

There are fewer molecules that intercalate into kaolinites than smectites, types of
com pounds that are known to do so include:
a. inorganic salts [1-54]
b. organic salts [1-42, 1-55]
c. long chain fatty acids [1-56]
d. small and large highly polar organic molecules such as; urea, form am ide,
glycerol and benzidine [1-42, 1-54, 1-57]

Polar organic molecules do not intercalate into kaolinites as readily as with smectites
because the strong H-bonding that exists betw een the kaolinite layers needs to be
overcom e.

Some molecules intercalate directly into kaolinites from either a liquid or a

concentrated aqueous solution, whilst others can only enter by means o f an entraining
age nt (carrier), or by displacem ent of a previously intercalated com pound [1-58]. The
possible organic-clay interactions for kaolinites are not as varied as for smectites.

The

bonding betw een the clay and the organic molecules, involves the inner-surface-hydroxyls
and sometimes the basal oxygens of the ad ja ce n t kaolinite surface. Some molecules that
are known to intercalate and bond to the surface of kaolin are formamide, Nmethylformamide, N,N-dimethylformamide and phosphonates.

Non-reacting guest com pounds can be entrained betw een the layers by reactive guest
molecules. The basic principles of intercalation reactions have been highlighted by Lagaly
[1-59]. The reactive guest molecules enter the clay galleries and essentially break the H-
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bonds betw een the hydroxyl groups and the a d jacen t siloxane layer which leads to an
expansion of the kaolinite layers. H-bonds are then form ed with either the oxygen surface
of the siloxane layer, or more likely the hydrophilic hydroxyl surface of the gibbsite like layer.
The possibility also exists th a t the m olecule m ay also interact with the edges of the kaolinite.
However, it is more difficult to intercalate non-polar organic molecules because the strong
H-bonding betw een the kaolinite layers needs to be broken. Intercalation is strongly
d ep ende nt on a variety of factors as highlighted by Olejnik ef al. [1-60].

The following exchange factors may equally apply to swelling and non swelling minerals:
a.

Dipole m om ent-m olecular size balance.

To achieve direct intercalation, the organic com pound should be small and possess a
large dipole moment. However, in general high polarity is associated with large molecules.
These characteristics m ay a c t in opposition to e ach other.
b.

Extent o f association in the liquid or solid.

The more 'free' solution molecules which are present, the faster the intercalation.

It is

suggested th a t a t higher concentrations there is a larger proportion of molecules which are
relatively free, i.e. not solvated by the solvent, com pared to the situation in concentrations
below 10 M.
c.

Temperature.

If the tem perature of the liquid is raised, the greater thermal motion results in disruption of
the structure.
d.

M olecular dimensions.

The size of the intercalating m olecule is a ffe cte d by the size and type of functional groups.
The electron donating effe ct of methyl groups can enhance delocalisation of the charge
in amides and increase the basicity of the carbonyl atom , resulting in a marked variation in
the intercalation of species into the gallery. Therefore, the m olecular size of a potential
exchange m olecule should be as small as possible for several reasons.

Firstly, the most

im portant adsorption sites are usually 'acid centres’ which may be located in narrow pores
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or in cavities which are only accessible through narrow channels. Secondly, the acid site,
in particular aprotonic Lewis acid sites, may be exposed in an oxygen va ca n cy and
therefore may be sterically hindered by neighbouring oxide ions. Thirdly, larger molecules
may be aligned to one site and in turn be blocking other potential sites in close proximity,
e.

Orientation a n d packing o f intercalated molecules.

Olejnik e t al. [1-60], found th a t the difference betw een the minimum dimensions o f non
expanded kaolinite and the d-spacing of a variety of complexes, suggested that there was
considerable keying o f the molecules into the kaolinite surface. Considering the lack o f
exchangeable cations in kaolinite and the absence of multi-layers in the gallery (as seen in
montmorillonite complexes), it suggested that the polarity of kaolinite plays a m uch more
im portant role in swelling behaviour than MMT.

The gross m olecular orientation of an

intercalated com pound ca n be determ ined by XRD (via the d-spacing).

There is never more than a single layer of organic molecules taken up by kaolinite or
halloysite, whereas MMT m ay intercalate up to three layers of organic molecules. O ther
sites at which organic interactions may occur w ould be broken edges, external clay
surfaces or clusters betw een stacks of kaolinite layers. The main discriminating fa c t that
differentiates betw een the intercalation of organic molecules into smectites and kaolinites
is that the organic molecules are specifically aligned when in the gallery spaces of
kaolinites.

1.3.1.5

Other Organo-Mineral Interactions

lllites are 2:1 layer phyllosilicates, but they have an adsorption capa city that is less than that
of MMT, this is due to its non-expanding structure, which in turn confines organo-mineral
interactions to the external crystal edges [1-61]. A study of the adsorption of a num ber of
antibiotics (e.g. streptomycin) on several clay types showed that adsorption decreased in
the order MMT > illite > kaolinite [1-62]. Another study com pared the ca p a city o f different
clays to take up non-ionic herbicides and found adsorption to decrease in the same order
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[1-63]. Grim ef al. showed th a t illite reacted with organic ions up to its CEC. The ions were
previously thought to be limited to the exterior surface of the illite particles, i.e. they did not
replace the potassium cations betw een the silicate layers [1-63]. The adsorption of organic
molecules to chlorite has not been investigated in much detail because its adsorption
ca p a city is very small. It is believed that if adsorption does occur then it would be limited
to external crystal edges [1-42].

1.4

Compatibilising Agents

In addition to the applications stated earlier, the main application of the surface
m odification

applied

compatibilising agent.

in the

following studies

had

the

purpose of acting

as a

These agents com patibilised various clay minerals with the host

polymer matrices o f polystyrene and unsaturated polyester, which would lead to the
formation of polymer-clay nanocomposites (PCNs).

Historically, the first compatibilising age nt used to generate PCNs, were amino acids which
w ere used in the synthesis of polyamide-6-(Nylon 6)-clay nanocomposites [1-64, 1-65]. The
success of this material was due to the molecules acid function which had the ability to
polymerise with e-caprolactam monomers intercalated within the clay galleries.

This

intragallery polymerisation led to the delam ination o f the clay throughout the polymer
matrix and a PCN was formed.

Since then, a w ide range of am ino acids have been

successfully intercalated between the layers of MMT [1-66].

N-Alkylammonium and quaternary alkylammonium cations have most com m only been
reported as the compatibilising agents for more general PCN formulations. This is because
they enter readily into cationic exchange with the inorganic cations situated betw een the
layers of clays like MMT. However, other compatibilising agents have recently been used
to produce PCNs which either participate in or initiate the polymerisation process.
Ethylene-vinyl alcohol copolymers, have

been shown to incorporate hydroxylated
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quaternary alkylammonium cations; these im proved the com patibility betw een the clay
and the EVOH through the introduction of favourable hydroxyl group interactions. Some
other suitable compatibilising agents for the synthesis of nanocomposites with a variety o f
host polymers are listed by O gaw a e f al. [1-67].

In other attem pts to produce PCNs, m aleic anhydride grafted polypropylene has been
shown to lead to the production o f polypropylene-clay nanocomposites. Also, the use of
aminomethyl-styrene [1-68] and living free-radical initiators [1-69] have been shown to
have limited degrees of success in the formation o f polystyrene-clay nanocomposites.

Silanes are another form of compatibilising agent which have been used in this regard,
most particularly with thermoset resins.

These molecules have shown the potential to

covalently bond with the surface and edges of the clay layers through condensation
reactions with the available hydroxyl groups on the clay surface.

1.4.1

n-Alkyl- / Quaternary Ammonium Exchanged Clays

Jordan (1949) [1-66] was the first to discover that organoclays could be dispersed in polar
organic liquids, w hen long-chain alkylammonium ions w ere cation exchanged with MMT,
these dispersions resulted in the formation of gels with a high liquid content.

The

com patibility of clay gallery spaces with various polymers can be accom plished by
modifying the silicate surface with organocations via a cation exchange reaction [1-70].
The cationic head group of the alkylammonium m olecule preferentially resides a t the layer
surface, while the aliphatic tail radiates along or aw ay from the surface. The nature of the
gallery space is altered by the presence o f these aliphatic chains modifying it from its
hydrophilic state to a hydrophobic/organophilic state.

The organocations m ay also

contain various functional groups, which could react with polymers and im prove the
adhesion betw een the clay platelets and a host matrix. Therefore, it is possible to obtain a

22

goo d dispersion o f organoclays in organic solvents and increase the d-spacing of a
swelling clay by increasing the chain length a n d /o r the charge density of the clay [1-71].

The most widely used alkylammonium ions are produced when the am ine function of
primary alkylamines is protonated in an a cidic medium. The basic formula of an
alkylammonium cation is CH3-(CH2)n-iNH3+, where n is betw een 1 and 18. It is interesting to
note that the length of the am monium ions has a strong im pact on the resulting structure of
nanocomposites.

Alkylammonium ions based on secondary amines have also been

successfully used [1-72].

Depending on the layer charge density of the clay, the alkylammonium ions a d o p t
different structures betw een the d a y layers (monolayers, bilayers, pseudo-trilayers, and
paraffin type monolayers]. In fig. 1.9, p. 17, the alkylammonium ions were shown to a d o p t
a paraffin type structure (clay with high layer charge density) and the spacing betw een
the clay layers increases by abo ut 10 A. Alkylammonium ions lower the surface energy of
the clay so that organic species with different polarities can intercalate betw een the clay
layers. n-Alkylammonium derivatives of smectites have been extensively studied and the
results obtained are summarised in numerous publications (e.g. Grim [1.74], Theng [1.75],
Lagaly [1.76], Jones [1.77], Newman [1.78], Favre [1.79] and Hackett [1.80]).

In the early 1990's, Lan & Pinnavaia used alkylammonium exchanged clays during a study
o f the formation o f epoxy resin-clay nanocomposites. Three types o f Na-MMT were cation
exchanged with CH3(CH2)n-iNH3+, where n = 7, 11, 18, which produced different results
relative to the nature of the d a y. XRD and com posite testing showed that the synthesis of
delam inated nanocomposites favoured exchange with alkylammonium cations with a
chain length greater than Cn = 8 whereas alkylammonium cations with shorter chain
lengths led to the form ation of intercalated nanocomposites [1-70, 1-71]. This study was
substantiated by Messersmith & Giannelis [1.73] who were concurrently conducting
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research a t Cornell University incorporating functionalised quaternary alkylammonium
cations (i.e. CH3(CH2)i7N+CH3(CH20H)2) in epoxy resin materials.

1.4.2

Silane Treated Clays

Silanes have been used in the synthesis o f unsaturated polyester-clay nanocomposites.
Silanol coupling agents are a family o f organo-silicon monomers which can

be

characterised by the formula R-SiX3, w here R w ould be an organo-functional group
a tta ch e d to silicon in a hydrolytically stable m anner and X would designate groups which
w ould be converted to silanols upon hydrolysis.

Silanol coupling agents interact with

"receptive" inorganic surfaces forming tenacious bonds a t the interface. These receptive
inorganic surfaces are characterised by the presence of hydroxyl groups (OH) which would
be principally a tta ch e d to silicon and aluminium, which are particularly favourable for
bonding with silanes.

In a smectite, hydroxyl groups would be present on the gallery

surfaces, and also, particularly on the edges. The silane coupling agents would first be
hydrolysed to form a reactive silanols. These silanols w ould then H-bond to the hydroxyl
groups present on the inorganic surface, before forming oxano bonds.

1.4.3

Thermal and Physical Analysis of Alkylammonium Exchanged Clays

In the years following the reports on Nylon-6 by Kojima and his co-workers a t TCRD, a
critical g a p in the understanding o f the behaviour o f these nanocomposites has em erged.
Most methods for fabricating PLS nanocomposites rely on very direct methods for
achieving mixing, such as in-sifu polymerisation or extrusion with high shear.

Mixing the

organoclay and m onom er during polymerisation eases penetration o f the clay galleries,
but only works for systems where the polymerisation process is 'simple'.

1.4.3.1

Aluminosilicate Catalysis

The gallery surfaces of smectites, which are primarily com posed of silicon and aluminium
oxides, are covered by a layer of hydroxyls.
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This study is chiefly concerned with the

aluminosilicate surfaces showing acid character. On a surface which has been partially
dehydroxylated by heating, both Bronsted (acids due to the presence of protons) and
Lewis (acids which only liberate protons on reaction with water) acid sites w ould be
expected to be present. Isomorphous substitution occurring in the silicon tetrahedral sheet,
where Al3+ can proxy for Si4+. If the Al3+ remained three co-ordinate, the neighbouring SiCV*
would carry an excess negative charge, which could be balanced by a proton in the form
of a hydroxyl group. Such an aluminium atom w ould constitute a Lewis a cid centre, which
may react with the silanol group to form the Bronsted acid centre in the form of a proton.
The proton could then catalyse hydrocarbon reactions that proceed by a carbonium ion
mechanism [1-81].

1.4.3.1.1

Hofmann Degradation of Alkylammonium Surfactants

Ammonium salts (in this thesis primary and quaternary) may be converted to alkenes and
am monia by an elimination reaction, known as the Hofmann degradation reaction. In the
case of n-alkylammonium cations, this reaction could be thermally driven, am m onia w ould
be released as the tem perature was increased. The hydrogen atoms on the alkyl chain's 15carbons would enter into nucleophilic substitution reactions (SN2) with hydroxyl groups on
the clay surface.

This decom position pathw ay would yield ammonia in the case of n-

alkylammonium cations and tertiary methyl am ino groups in the case o f quaternary
alkylamines, as well as alkenyl fragments and water.

In the case of organoclays, the proximity of the Lewis base sites (i.e. hydroxyl groups) and
the basic aluminosilicate surface to the intercalated alkylammonium molecules would be
conducive

to

enhancing

(i.e.

lowering

the

activation

energy of)

the

Hoffmann

degradation reaction. This has been shown by the lower onset tem perature of the thermal
desorption of alkylammonium cations in organoclays com pared to their virgin state and
increased alkene production.

The presence of branched alkanes also implies that
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secondary reactions, such as alkene addition, may occur betw een desorption products,
which com plicates a simple explanation of product generation.

1.4.3.1.2

Catalytic Cracking

The mechanisms for the reactions occurring during catalytic ‘cracking’ are quite well
understood, and ca n be summarised as follows.

Small concentrations of alkenes are

form ed by dehydrogenation of the linear hydrocarbon and these react with protons on the
acid catalyst to give carbocations (carbonium ions). The stability of these ions is primary <
secondary < tertiary; m ovem ent of a hydride ion (H~) changes a primary into a secondary
ion, while methyl group migration forms tertiary ions. Carbocations with long chain lengths
are unstable with respect to short chain lengths, and carbon-carbon bonds are broken by
/3-scission to give an alkene and a primary carbocation. This and other unit steps are set
out in table 1.7 [1-82, 1-83].

Dehydrogenation
to alkene
Formation of
carbocation
Methyl group
migration
Hydride transfer
/3-scission
Table 1.7

R1CH2 -CH2 R2 -> RiCH=CHR2 + H2
RiCH=CHR2 + H+ -> R1CH2-OHR 2
CH3-CH2-OHR 6 -> C+H^CH(CH3)R6 -> CH3-C+(CH3)R6
R1CH2-CHR2 + R3CH(CH3)-CH2R4 ->
Ri CH2-CH2R2+ R3C+(CH3)-CH2R4
R3C(CH3)-CH2-CH2R5 -> R3C(CH3)=CH2 + C+H2Rs

Reactions occurring during catalytic cracking.

The dom inant side reactions which can occur are thought to be intram olecular chain
transfer reactions, sometimes referred to as back-biting o f the aikyi chain.

This process

could involve the abstraction o f a backbone hydrogen by Lewis acid sites, or the donation
of a hydrogen ion by Bronsted acid sites on a clay surface, both of which w ould result in
the formation of a tertiary radical centre.

This radical species would be c a p a b le of

termination (i.e. through radical coupling/disproportionation), m onom er addition and 13scission. The /3-scission step would be the main cause of branched chain alkane formation
(Table 1.7), causing the m olecule to form an ion that w ould rearrange into a more stable
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form. This m ay result in the form ation of branched aliphatic species or various arom atic
species [1-84].

More recent studies have conce ntrated on fundam ental research like that within this thesis
regarding the com patibility of organoclays with polymer-clay nanocom posite formulations.
The products o f thermal desorption have been the focus of several papers [1-85 -1-87], the
findings of which will be com pared against the results of TG-MS analysis on nalkylammonium and quaternary ammonium exchanged smectites in chap ter 3.

1.4.3.1.3

Catalytic Reforming

protonation

Clay Surface

-2H2

ring closure

ring dehydrogenation
Clay Surface

Figure 1.10

Dehydrocyclisation on an acidic clay surface [1 -88].

The decomposition products that are form ed (and which have subsequently been
identified by TG-MS) are the following:
(i)

the dehydrocyclisation of n-alkanes to alicyclics, and hence to aromatics,

(ii)

dehydrogenation of alicyclic species to aromatics,
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(iii)

ring enlargem ent of cyclopentane derivatives to cyclohexanes,

(iv)

isomerisation of n-alkanes to iso-alkanes.

All o f these reactions lead to the formation of branched alkanes, ring com pounds or
aromatics species (fig. 1.10).

Alkanes and cycloalkanes undergo dehydrogenation to alkenes and hydrogen.

The

alkenes then migrate to a cid ic sites where they react to form carbocations and undergo
either skeletal rearrangem ent, ring closure or ring enlargem ent. It can then lose a proton,
becom ing an alkene again, before being re-hydrogenated. This apparently com plicated
sequence of steps occurs with remarkable facility under these reaction conditions [1-88].

1.5

Polymers, Composites and Nanocomposite Principles

Polymer-clay nanocomposites (PCNs) are form ed as the result of the hybridisation of
organic polymers and specific clay minerals. More specifically, a PCN is a polym er that
contains well dispersed nanom etre sized (i.e. lO 9 m) cla y particles.

1.5.1

Polymers

In contrast to the clay minerals industry, the polym er Industry has been built with synthetic
chemicals as its basis, although this has begun to chan ge recently with the introduction of
polylactic acid and other polymers derived from biomass [1-89 & 1-90]. Polymers have their
origin in the 1930s when polyvinyl chloride (PVC - originally reported by Baumann, 1870)
was the first of m any thermoplastics to be com m ercially developed (by BASF). Following
this work, Carothers [1-91] a t Du Pont synthesised polyesters, neoprene and the first
polyam ide - nylon 66 as a replacem ent for silk which was patented in 1935. A frenzy of
developm ent in the synthetic polymer industry followed, spurred on by the need for
com m odity independence in times of war.
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Other notable polymers deve lop ed during this period were:
1935 - polyethylene (PE) by 1CI.
1935 - polym ethylm ethacrylate (PMMA) by ICI, also goes by the tradenam es acrylic and
Perspex, its shatter-resistant properties were first applied to protective screens and
aircraft canopies.
1937 - polystyrene (PS) by BASF, originally reported by Simon (1839) and again by
Staudinger (1922), although it was not mass produced until 1937.

Since

then,

new

polymers

were

introduced

every

few

years

including

polytetrafluoroefhylene (PTFE/Teflon), polycarbonate (PC), polyethylene ferephfhalafe
(PET), polypropylene (PP), polyurethane (PU) and a c e ta l [1-92].

Other materials developed during the period 1935-1945 were silicones, widely used as
w ater repellents and in heat resistant paints, epoxy resins for their excellent adhesion and
chem ical resistance properties and polyester resins which com bined with glass fibre
offered a structural material for boa t and car bodies. Also, the large-scale production of
artificial rubber deve lop ed rapidly, spurred on by a boom ing autom obile industry, the
military demands of WWII and the Japanese occupation of Eastern India. By 1930, tw o
new forms of artificial rubber were developed, both based on the petroleum by-product
butadiene (e.g. acrylonitrile butadiene styrene (ABS)). Because many o f these polymers
beca m e malleable when heated, they beca m e generically referred to as "plastics", a term
taken from the Greek word "plastikos" meaning "to be moulded".

Plastics are classified as being of tw o basic types [1-93]:
I.

Thermoplastics by definition

are polymers which soften with heat. Example

polymers are PMMA, PTFE, nylons, PC, PP, PE, PS, PVC,
II.

PET and others.

Thermosets or thermosetting plastics which harden with the application of heat.
Heat is usually applied in the form of a chem ical which generates heat in the liquid
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plastic, causing it to beco m e hard. Example polymers are unsaturated polyester
(e.g. fibreglass resin), phenolic (e.g. bakelite) and epoxy resins (e.g. araldite).

1.5.2

Polymer Additives

From the time of their inception, polymers and polymer derivatives have been applied to
an increasingly varied range of products and com ponents that impinge on all areas of life.
This is best seen in the food packaging industry where traditional glass, m etal and paper
have been, and continue to be, displaced by polymers. The autom obile industry has also
em braced polymers to reduce the w eight o f cars and im prove manufacturing methods.
However, polymers have certain limitations in both the food packaging and the
autom otive industries. In the packaging industry, for instance, certain foods (e.g. tom a to
products and beer) are sensitive to oxygen and cannot be stored in polymer containers
because of the oxygen perm eability of the polymer.

In the autom otive industry, low

stiffness and tensile strength and the tendency to w arp and creep under heat, load and
pressure have limited the use of polymers in autom otive applications.

Polymer com posite materials have been developed since the 1950's to m eet the
requirements m ade of polym er materials. These plastics have been reinforced with respect
to a specific failing through the incorporation of mineral fillers and fibres.

Generally, polymers have disadvantages including [1-94]:
•

Poor stability in light, oxygen, air, flame, etc;

•

Poor m echanical properties, i.e. hardness, stiffness, Young's modulus, rigidity, tensile
strength, tear strength, fatigue strength, hysteresis loss, interlaminar fracture
toughness, shear strength, com plex modulus, storage modulus, loss modulus, etc;

•

High heat generation under dynam ic conditions;

•

Easy crack initiation and crack propagation;
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•

Poor processing properties like com plex viscosity, storage viscosity, loss viscosity,
extrudate swell;

•

High cost.

Due to the short-fall in desirable polym er properties mineral fillers, metals, and fibres have
been a d d e d to thermoplastics and thermosets for decades to form composites. In terms of
function these are classified into a large num ber of groups, of which the following are the
most im portant [1-95]:
•

Antioxidants (0.1-10 wt%), used to prevent the oxidation o f the polymer in the
presence

of

oxygen/air.

E.g. acetone-diphenylam ine-acetone-am ine,

4,4'-

dioctyldiphenylam ine.
•

Crosslinking agents (0.1-5 wt%), used to increase hardness, modulus, stiffness, tensile
strength, fatigue strength, shear strength, abrasion resistance and reduce crack
initiation/propagation. E.g. sulphur and hydrogen peroxide.

•

Coupling agents (10 wt% of filler), provide goo d adhesion betw een filler and
polymer. E.g. coating CaCC >3 with stearic acid to create a link betw een tw o active
sites.

•

Extenders (10-30 wt%), tolerated by the polym er up to a certain extent, to reduce
the product cost. E.g. refinery oil and chlorinated wax.

•

Fillers (30-150 wt%), generally used to increase bulk, modulus, stiffness, tensile
strength, fatigue strength, shear strength, abrasion resistance and to reduce crack
initiation/propagation, cost. E.g. carbon black, silica, clay, zinc oxide, fibre.

•

Flame-retarders (0.1-5 wt%), used to reduce the polymer degradation against
flame.

E.g.

antim ony

(III)

oxide,

aluminium

trihydroxides,

brom inated

and

phosphorous based flam e retardants.
•

Peptisers (0.2-0.5 wt%), used to reduce Mw. E.g. Zn salt of pentachlorothiophenol.
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Com pared to their respective pure polymers and resins, com posite materials show a
number of im proved properties. Thus, for structural applications, composites have becom e
very popular and are sold in million tonne quantities [1-96]. These filled thermoplastics are
sold in larger volumes than their virgin polymers and the volume of fillers sold is roughly
equal to the volume of thermoplastic resin sold. From these quantities it has been shown
that modified polymers already com m and a large market share o f the plastics industry.

In recent years, advances m ade in synthetic techniques and the ability to readily
characterise materials a t the atom ic level have led to an interest in nanometre-size
materials. Nanometre-size plates, grains and fibres have a dram atically increased surface
area and different chemistry when com pared to traditional polymer additives. Nano-sized
polymer additives have a very long tradition in the plastics industry.

Carbon black/

acetylene black is produced by thermal decom position of acetylene gas and known to
have surface areas that are >1000 m2/g, particle size <50 nm [1-97]. For m any decades
carbon black has been applied to the im provem ent o f rubber. It reinforces the structure of
rubber, improves w ear and abrasion resistance in vehicle tyres. Carbon black is also used
In plastics because it imparts UV protection, enhanced conductivity and structural
reinforcem ent [1-98]. To put the relative quantities into perspective, hundreds of thousands
of tons of carbon black are used every year for the production of vehicle tyres.

Clays have also been used as low cost fillers and extenders in polymers for many years.
However, the advantages of using clays for more than just packing a polymer matrix have
only becom e evident in recent years through the work o f various research groups.

1.6

Polymer-Clay Nanocomposites

Nanocomposites are particle-filled polymers in which a t least one dimension o f the
dispersed particles is in the nanom etre range (lO 9 m). Three types of nanocomposites can
be distinguished:
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i)

Isodimensional nanoparficles, particles with three dimensions o f nanometre
scale, examples are spherical silica nanoparticles obtained by in situ sol-gel
methods [1-99, 1-100] or by polymerisation prom oted directly from their
surface [1-101], but also can include sem iconductor nanoclusters [1-102].

ii)

Nanotubes (also referred to in the literature as whiskers), tw o dimensions are
in the nanom etre scale, forming an elongated structure.

Examples are

carbon nanotubes [1-103].
ill)

Sheets, the third type o f nanocom posite is characterised by one dimension
in the nanom etre range. The sheets range in thickness from one to a few
nanometres and hundreds to thousands of nanometres long. This family of
composites can be gathered under the nam e of polymer-layered crystal
nanocomposites, and their study will constitute the later stages of this thesis.
These materials are almost exclusively obtained by the intercalation of a
m onom er or polymer inside the galleries o f the layered host crystals.

Amongst all the potential nanocom posite precursors, those based on clay and layered
silicates have been more widely investigated probably because the starting materials are
readily available and because their intercalation chemistry has been studied for m any
years [1-104 - 1-105]. Owing to the nanometre-size particles obtained by dispersion of the
clay, these nanocomposites exhibit markedly im proved m echanical, thermal, barrier,
optical and physico-chemical properties when com pared with the pure polymer or
conventional (microscale) composites as first dem onstrated by Kojima e t al. [1-106] for
nylon-clay nanocomposites.

1.6.1

Nanocomposite Structures

Depending on the nature o f the com ponents used (layered silicate, organic cation and
polymer matrix) and the m ethod of preparation, three main types of composites may be
obtained (fig. 1.11):
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i)

Phase separated composite (fig. 1.11a) is form ed when the polymer is
unable to intercalate betw een the silicate sheets.

ii)

Intercalated structure (fig. 1.11b) in which a single (and sometimes more
than one) extended polymer chain is intercalated betw een the silicate
layers resulting in a well ordered multi-layer morphology.

iii)

Exfoliated / delaminated structure (fig. 1.11c) is produced when the silicate
layers are com pletely and uniformly dispersed in a continuous polymer
matrix.
uL_XTl-e
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Layered Silicate
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Figure 1.11

Polymer

(b)

(c)
v \>

\£-

Phase separated
(microcomposite)

^

Intercalated
(nanocomposite)

Exfoliated
(nanocomposite)

Scheme of different types of composite arising from the interaction of
layered silicates and polymers: (a) phase separated microcomposite;
(b) intercalated nanocomposite and (c) exfoliated nanocomposite.

XRD is used to identify intercalated structures, the intercalation o f the polymer chains
usually increases the interlayer spacing, in comparison with the spacing of the organoclay
used (fig. 1.12), leading to a shift o f the diffraction peak towards lower angles (the angle
and dooi values are related through the Bragg equation (see Ch. 2, section 2.4.1)).

When exfoliated structures are achieved, no diffraction peaks are visible in the x-ray
diffractograms, either because spacing betw een the layers is too large or because the
nanocom posite no longer presents any ordering.
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200 nm

XRD patterns and (b) TEM images for the different types of nanocomposites
[1-107- 1-109].

Transmission electronic microscopy (TEM) may be used to demystify and characterise the
nanocom posite mprphology.

Fig. 1.12 also shows the TEM micrographs obtained for an

intercalated and an exfoliated PS nanocom posite.

Besides these tw o well defined

structures, other interm ediate organisations can exist representing both.

1.6.2

Nanocomposite Preparation

Several

strategies

have

been

considered

to

prepare

polymer-layered

silicate

nanocomposites. The three main processes are [1-110]:
i)

In-situ intercalafive polymerisation. The layered

silicate is

swollen in liquid

m onom er so that the polymer form ation can occur in betw een the
intercalated sheets.

Polymerisation ca n be initiated by heat,

diffusion of a suitable initiator or by fixation of
galleries before the m onom er swelling step.

radiation,

an organic initiator inside the

ii)

Melt intercalation. The layered silicate is mixed with the polymer matrix in a
molten state.

Under these conditions, if the layer surfaces are sufficiently

com patible with the polymer, the polymer would migrate into the interlayer
space to form either an intercalated or an exfoliated nanocomposite.
iii)

Solvent adsorption. The layered silicate is exfoliated into single layers using a
solvent in which the polym er is soluble. The weak electrostatic forces that
attract the silicate layers w ould be dispersed in an organic solvent.

The

polymer would then be adsorbed onto the delam inated sheets and when
the solvent was evaporated (or the mixture precipitated), the silicate sheets
w ould reassemble, sandwiching the polymer to form, in the best case, an
ordered multi-layer structure.

Nanocomposites are also obtained through

emulsion polymerisation, under this process, where the layered silicate is
dispersed in the aqueous phase.

1.6.3

Nanocomposite Property Enhancement

Blumstein [1-111] was the first to report the im proved thermal stability of polym er layered
silicates in the literature. PMMA was blended with MMT, with the clay forming the larger
portion of the mixture. PMMA synthesised by in-situ intercalative polymerisation showed a
higher thermal stability which was most likely due to a decrease in the relative am ount of
PMMA end -ca pped by carbon-carbon double bonds and as a result o f reduced coupling
/disproportionation reactions.

Extracted PMMA chains were less stable than when

intercalated, Blumstein proposed that this enhanced thermal stability was not only due to
difference in chem ical structure, but also to the macromolecules in the silicate galleries
having restricted thermal motion.

Polymer-clay nanocomposites have their origin in the pioneering research c o n d u cte d at
Toyota Central Research Laboratories (TCRL) w here nylon and MMT w ere successfully
integrated.

In the late 1980's, TCRL developed a com pletely new c o n c e p t for the
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im provem ent o f plastic parts for the autom otive industry by incorporating nanocom posite
fillers. This research incorporated a bentonite clay which had been used in industry for
more than 100 years.

Fukushima & Inagaki [1-112], showed that the replacem ent of the inorganic cations in the
clay galleries with alkylammonium cations could be used to compatibilise the surface
chemistry o f the clay with a hydrophobic polymer matrix, e-caprolactam was polymerised
in the gallery region of the organoclay to form a nylon(6)-clay nanocom posite [1-113]. At
a clay loading o f only 4.2 wt%, the hybrid exhibited a doubling o f modulus, a 50 % increase
in strength, and the heat distortion tem perature (HDT) increased by 85 °C com pared to the
pristine polymer (table 1.8).

Clay

Sample

composite
Nylon-6
Table 1.8

HDT

Impact

(°C @ 18.5

Modulus

(MPa)

(GPa)

4.2

107

2.1

2.8

5.0

61

1.0

2.2

|

89

0

69

1.1

2.3

1

65

Nylon-6-MMT

Nylon-6-MMT

Tensile

Strength

(Wt%)

Nanocomposite

Tensile

(KJ/m3)

Kg/cm 2)
152

1

Comparative physical data for Nylon-6, Nylon-6-MMT composite and
Nylon-6-MMT nanocomposite [1 -113 & 1-114],

It was also demonstrated that organoclays exfoliated in a nylon-6 matrix greatly im proved
the dimensional stability, the barrier properties and even the flam e retardant properties [1115- 1-117]. The breakthrough of the nylon-6-MMT nanocom posite led to the first practical
application as the material used for the timing belt covers on Toyota Camry vehicles [1118]. Other recent applications o f nanocom posite materials are:
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(a)

Wilson's Double-Core tennis balls developed at Cornell University. This material is
com posed of vermiculite exfoliated in butyl-rubber which reduces the materials
perm eability to gases.

(b)

GM introduced an exterior step com ponent on their midi-vans in the USA.

This

material has been described as a thermoplastic olefin (TPO) with a 2.5 wt%
organoclay content.

The resulting material is reported as being as stiff as and

m uch lighter than parts with 10 times the am ount of talc filler.

Supplier & Tradename

Matrix Resin

Nano-Filler

Target Market

Bayer AG (Durethan
LPDU)

Nylon 6

O rgano-clay

Barrier films

Clariant

PP

Organo-clay

Packaging

Creanova (Vestamid)

Nylon 12

Nano-tubes

Electrically
conductive

GE Plastics (Noryl GTX)

PPO/Nylon

Nano-tube

Autom otive
painted parts

Honeywell (Aegis)

Nylon 6
Barrier Nylon

O rgano-clay
O rgano-clay

Multi-purpose
Bottles and film

Hyperion

PETG, PBT
PPS, PC, PP

Nano-tube

Electrically
conductive

Kabelwerk Eupen of
Belgium

EVA

O rgano-clay

Wire & ca b le

Nanocor (Imperm)

Nylon 6
PP
Nylon MDX6

O rgano-clay
O rgano-clay
O rgano-clay

Multi-purpose
Molding
PET beer bottles

Polymeric Supply

Unsaturated
polyester

O rgano-clay

Marine,
transportation

RTP

Nylon 6, PP

O rgano-clay

Multi-purpose,
electrically
conductive

Showa Denko (Systemer)

Nylon 6
Acetal

Clay, mica
Clay, mica

Flame retardance
Multi-purpose

Ube (Ecobesta)

Nylon 6, 12
Nylon 6, 66

O rgano-clay
O rgano-clay

Multi-purpose
Auto fuel systems

Unitika

Nylon 6

O rgano-clay

Multi-purpose

Yantai Haili Ind. &
Com m erce of China
Table 1.9

Earthquakeresistant pipe
Nanocomposite suppliers, components and applications.
UHMWPE

O rgano-clay
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Table 1.9 shows a partial listing of com panies marketing nanocom posite materials for
different applications.

Polymers filled with nanometre-size materials have different properties than polymers filled
with conventional materials. Some properties attributed to nanocomposites, like increased
thermal stability and tensile strength can be achieved by using a higher conventional filler
loading, but this w ould be a t the expense of increased w eight of the material.

Also,

properties like material clarity or im proved barrier properties cann ot be duplicated by filled
resins a t any loading. The best nanocom posite properties are believed to be obtained if
the d a y is fully exfoliated into single clay layers with a thickness of about 1 nm and a
diam eter of 20-500 nm. During delam ination o f the clay agglomerates, the cla y structure
reduces from cuboid agglom erates to flat platelets. The shape of clay platelets is usually
expressed in terms of its aspect ratio, i.e. the ratio betw een the diam eter and the thickness
of a platelet.

As a result of their small dimensions, the clay platelets have a large specific surface area of
about 700 m2/g. Their small size also

results in small inter platelet distances in a

polymer-clay nanocomposite. At a loading of 1 wt% o f cla y these distances are ab o u t 250
nm while they are merely 10 nm a t a loading of 20 wt%.

The additive benefits o f nanocomposites have been identified to include [1-119 -1-121]:
•

increased thermal stability and fire resistance

•

increased reinforcem ent and im pact strength

•

im proved gas/liquid barrier properties

•

improved abrasion resistance

•

reduced shrinkage and residual stress

•

altered electronic and optical properties
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1.6.4

Fire Resistance

Nanocomposites offer a new flam e-retardant approach, these benefits have been
identified and NIST has form ed a consortium to study the flammability of polymer-clay
nanocomposites.

1.6.4.1

Thermal Stability

100

jc

D)
'a>
5

Siloxane elastomer -0% MTS
Siloxane elastomer -10% MTS

0

100

200

300

400

500

600

Temperature (°C)
Figure 1.13

TGA traces for PDMS (solid line) and PDMS nanocomposite (dashed line)
containing 10 wt% organo-modified MMT.

The thermal stability o f materials has been traditionally assessed by thermogravim etric
analysis (TGA), where the sample mass loss by volatilisation o f d eg ra ded by-products is
monitored as a function of temperature. Since Blumstein's early work, several authors have
drawn attention to the thermal stabilisation brought by polymer-clay nanocom posite.

Burnside & Giannelis [1-122] used TGA (under N2 ) to measure the thermal stability of crosslinked poiy(dimethylsiloxane) (PDMS) in which 10 wt% of org-MMT was exfoliated.

When

com pared to unfilled cross-linked PDMS (fig. 1.13), the TGA showed a large shift in w eight
loss towards higher temperature, with a stabilisation as high as 140 °C at 50 % w eight loss.
This was attributed to hindered out-diffusion of the volatile decom position products (i.e.
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mainly cyclic silicates), which may have been a direct result of the decrease in
perm eability which has been theorised for exfoliated nanocomposites.

Wang e t al. [1-123] also studied nanocomposites based on cross-linked PDMS using slightly
different operating conditions in order to produce mainly intercalated structures. These
materials showed increased thermal stability for nanocomposites intercalated with 8.1 vol%
o f org-MMT but it was limited to abo ut 60 °C at 50 % of w eight loss. The increased thermal
stability (also reported for silica-based nanocomposites in the same study) was attributed
to the inactivation of the active centres in the main silicone chain, decom position by
interaction with the filler or by prevention of the unzipping degradation occurring through
physical and chem ical cross-linking points built up betw een polymer chains and filler
particles.

A shift to a higher decomposition onset tem perature was reported for intercalated
nanocomposites of PMMA [1-124], PS [1-125] and Epoxy [1-126] when prepared by
emulsion polymerisation in the presence of w a te r swollen Na-MMT.

Doh & Cho [1-108]

measured the onset of thermal decom position by TGA (N2 ) for intercalated PS-based
nanocomposites produced by in-situ polymerisation of styrene using various org-MMTs.
They collected the decomposition onset temperatures o f PS-based nanocomposites with
increasing filler content together with a Na-MMT m icrocom posite for comparison. It was
shown that a large increase in the onset of decom position occurred for nanocomposites a t
very low filler content and quickly levelled off. The threshold was reached for filler content
as

low

as

0.3

wt%

when

intercalating

an

organoclay

m odified

with

a

dim ethylbenzyloctadecylam m onium cation, which was considered to be co m p a tib le with
PS. In contrast, Na-MMT did not m odify the decom position onset of the PS matrix. Another
useful feature of nanocomposites in which the thermal properties im provem ent occurs at
very low filler content, is that it often makes the obtained material cheaper, lighter and
easier to process than more conventional microcomposites.
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The extent of the thermal stabilisation in nanocomposites may also arise from the nature of
the thermal degradation mechanism, w hich is often different from one polymer to another.
When polyim ide-clay nanocomposites [1-127] were thermally d e g ra ded under N2 , their
thermal stability was only enhanced by approxim ately 25°C (at 50% of w eight loss) which
was much less than the 140°C shift observed in exfoliated PDMS nanocomposites.

The thermal stability of EVA intercalated-exfoliated nanocomposites were investigated with
TGA under helium (therm o-degradation) and under air (thermo-oxidative degradation) [1128]. EVA is known to degrade in tw o consecutive steps, the first one, identical for both
oxidative and non-oxidative degradations, results from the loss of a ce tic acid and occurs
betw een 350 and 400°C.

The second step involves the thermal degradation of the

unsaturated backbone either by radical scission (non-oxidative route) or by thermal
combustion (oxidative route). The samples studied were an unfilled EVA matrix with a vinyl
a c e ta te content of 27 wt%, a 5 wt% Na-MMT/EVA m icrocom posite and a 5 wt% orgMMT/EVA nanocomposite. When the second degradation step was com pared under the
different atmospheres, the Na-MMT was shown to have no influence on the thermal
degradation of EVA under helium, however, a positive shift of 40 °C was observed in the
DTG Tmax when measured under air.

An explanation for this behaviour is the generation of char that clearly appears under
oxidative degradation.

Char formation acts as a physical barrier betw een the polymer

medium and the zone where flam e combustion occurs.

Also within this study, the effects on DTG

Tmax

under oxidative degradation conditions at

different Na-MMT loadings in the EVA-based nanocomposites were studied. No additive
thermal stability was observed until a 2.0 wt% loading was reached, the optim al thermal
stability was shown to be between 3.0 - 5.0 wt%, and abo ve this loading the thermal
stability was shown to decrease. This behaviour may a cco u n t for a chan ge in the ratio of
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exfoliated to intercalated species with increased clay loading. At lower clay loadings, an
exfoliated phase m ay have been dom inant, but the loading of exfoliated platelets may
not have been sufficient to prom ote the thermal stability of the polym er matrix through
char formation. The increase in clay loading betw een 2.0-5.0 wt%, w ould have increased
the concentration of exfoliated platelets dispersed throughout the EVA matrix. This could
have led to the creation o f an optim al platelet dispersion, from which, a char layer w ould
have form ed more com pletely, and by doing so, increased the thermal stability o f the
PCN.

At higher clay loadings, the agglom eration o f these clay platelets m ay have

increased, char form ation would have been discrete and increasingly reduced.

This

change to the physical arrangem ent of com ponents in the PCN w ould not create a
physical barrier to decomposition and w ould not maintain good thermal stability.

1.6.4.2

Flame Retardancy

The flam e retardant properties of nanocomposites have been reviewed by Gilman [1-129].
The pilot-scale m ethod used to measure the flam e retardant behaviour o f a material was
cone calorimetry which produced d ata relating to the heat release rate (HRR), peak heat
release rate (pHRR), mass loss rate (MLR), heat of combustion and smoke emission.
Samples were exposed to a given heat flux (often taken as 35 kW/m2) and the results were
recorded as a function o f time. The reduction o f a pHRR has previously been used as the
evidence for the efficiency of a flam e retardant (fig. 1.14 and 1.15).

Experiments which were cond ucte d in a radiative gasification apparatus [1-130] showed
that the flam e retardant effe ct of nanocomposites mainly arises from the form ation o f char
layers obtained through the collapse of the exfoliated a n d /o r intercalated structures. This
multi-layered silicate structure may a c t as an excellent insulator and mass transport barrier,
slowing down the escape of the volatile decom position products as observed in nylon-6
but also in thermoset nanocomposites [1-131].
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Nylon-6

Nylon-6/clay (5 wt%)
nanocomposite

3CO s

Figure 1.14

Formation of char layer in Nylon-6 / 5wt% org-MMT. This char formation
impedes the movement of volatilised polymer from the interior of a plastic,
denying fuel at the air/surface interface. Char formation delays fire
propagation and prevents the formation of burning droplets of polymer
material, e.g. Nylon-6/5wt% clay, pHRR 1 70%, HDT T 130% [1 -129].

Both thermoplastic and thermoset nanocomposites with exfoliated and intercalated
structures have been reported, and the same interlayer spacing (~ 13 A) has always been
reported for the recovered chars as analysed by XRD.

This implied the form ation by

combustion of a residue of the same nature. A Nylon-6 nanocom posite, filled with 2 wt%
org-MMT has also been used as an additive to replace pentaerythritol (in order to avoid
exudation and w ater solubility) in an intumescent flam e retardant formulation using
ammonium polyphosphate (APP) [1-130]. This formulation showed very g oo d fire retardant
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properties, increasing the low oxygen index (LOI) values by 5% for the best APP/nylon-6
nanocom posite composition and highly decreasing the HRR values.
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<=- - Nylon 6
•
Nylon 6 silicate
nanocomposite (5 wt%)
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Figure 1.15

Comparison of the HRR plots for nylon-6 and nylon-6-MMT nanocomposite (5
wt%) at 35 kW/m2 heat flux - showed a 63 wt% reduction in HRR for the
nanocomposite [1-129J.

1.6.5

Mechanical Properties

An unexpected large increase in the moduli (tensile or Young's modulus and flexural
modulus) of PCNs with organoclay loadings as low as 1 wt% has previously been shown.
PCN material stiffness was shown to be substantially enhanced w hatever the m ethod of
preparation, examples o f this have been shown through PCN polymerisation within orgMMT (NCH) [1-115], polymerisation within protonafed f-ca p ro la cta m swollen MMT (L-NCH)
[1-133], and polymerisation of e-caprolactam, an a cid catalyst and natural MMT (one-potNCH) [1-134].

1.6.5.1

Tensile Modulus (Young's Modulus)

The tensile or Young's modulus of a material is a measurement o f its stiffness. This property
has been shown to be strongly im proved when PCNs are form ed. Nylon-6 PCNs obtained
through the in te r c a la te ring opening polymerisation o f c-caprolactam , leading to the
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formation of exfoliated nanocomposites, which showed a dram atic increase in tensile
modulus a t low organoclay loadings.

Nylon-6ADA-MMT
(wt%)
0%

Flexural Modulus
(MPa)

Tensile Modulus
(MPa)

HDT(°C)

2836

2961

56

2%

4326 (53%)

4403 (49%)

125(123%)

4%

4578 (61%)

4897 (65%)

131 (134%)

6%

5388 (90%)

5875 (98%)

136(143%)

8%

6127(116%)

6370 (115%)

154(175%)

Table 1.10

The property effects on Nylon-6-ADA-MMT with increased organoclay
loadings [1-115].

The tensile modulus and other properties of exfoliated nylon-6 PCNs with various clay
loadings were measured a t 120 °C [1-115] (table 1.10). The samples were produced by the
in-situ polymerisation of e-caprolactam in the presence o f protonated am inododecanoic
acid (ADA)-modified MMT (average length: 1000) and saponite (500). The tensile modulus
showed greater increase with the MMT, which showed that the average length o f the
layers, and in turn to the aspect ratio of the dispersed platelets.

Also, the nylon-6-MMT

PCNs were believed to show greater levels of exfoliation [1-134].

In contrast to the above results, intercalated structures (i.e. no exfoliation) such as for
PMMA [1-124] and PS [1-125] based PCNs, obtained by emulsion polymerisation in
presence of water-swollen Na-MMT were considered. The increase in tensile modulus was
shown to be relatively weak, for exam ple an increase of only 0.09 GPa was shown, from
1.21 GPa for PMMA to 1.30 GPa for PMMA containing 11.3 wt.% intercalated MMT. These
results attested to the inefficiency of intercalated structures to improve the stiffness o f these
PCNs.
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1.6.5.2

Stress at Break

In intercalated and exfoliated PCNs, the stress a t break (which expresses the ultimate
strength that the material can bear before break) has been reported to vary greatly,
depending upon the nature o f the interactions betw een the matrix and the filler. In PS
intercalated nanocomposites [1-125], the ultimate tensile stress was reported to be lower
than an exfoliated PS nanocom posite and reduced further as the clay loadings were
increased. This reduction in properties was attributed by the authors to the fa ct that only
weak interactions existed a t the PS-MMT interfaces in the intercalated hybrids, whilst the
exfoliated hybrids had stronger, polar interactions which strengthened the clay-polym er
interface.

1.6.5.3

impact Properties

The im pact properties have been measured for nylon-6-based nanocomposites prepared
either by in-situ polymerisation o f e-caprolactam using protonated am inododecanoic acidexchanged MMT [1-115] or by melt intercalation o f nylon-6 in octadecylam m onium
exchanged MMT [1-135]. Both methods lead to exfoliated nanocomposites especially
when the filler content does not exceed 10 wt% (at higher loadings, m elt-intercalation
provides partially exfoliated/partially-intercalated materials). The im pact properties have
not been shown to be significantly reduced by the formation of nylon-6-MMT PCNs,
whichever preparation process was used.

In the case of in-situ polymerisation, the Izod

im pact strength is reduced from 20.6 to 18.1 J/m w hen 4.7 wt% of organoclay was
incorporated. Charpy im pact testing showed a similar reduction in the im pact strength
with a drop from 6.21 kJ/m2 for the filler-free matrix dow n to 6.06 kJ/m2 for the 4.7 wt%
nanocomposite.

This relatively good resistance to im pact, together with a high tensile

modulus, g oo d flexural modulus (i.e. measure o f resistance to bending under load) and
enhancem ent of the increase in the HDT going from 65 °C for pure nylon-6 to more than
150 °C for the nanocomposites, have allowed this material to replace glass fibre reinforced
nylon or PP in the production of timing belt covers of autom otive engines [1-118].
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The

timing belt cover, produced by injection-molding, showed good rigidity, excellent thermal
stability and no warp. Another additional benefit was a 25 % reduction in the weight of the
material, this was due to the very small content of inorganic material in the final
composition.

1.6.6

Gas/Liquid Barrier Properties

The high aspect ratio characteristic of clay platelets in exfoliated nanocomposites has
been found to impart a tortuous path (fig. 1.16) to the diffusion of gas and liquid molecules,
highly reducing the permeability in films prepared from such materials [1-136].
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Schematic diagrams representing the barrier to diffusion expressed in the
Tortuous Path Theory [1-136].

The effect on w a ter permeability of both partially and totally exfoliated poly(im ide)-based
nanocomposites has been reported by Yano e f a/. [1-137], using organoclay with different
layer lengths. Fig. 1.17 presents the clay length d e p ende nce o f the relative perm eability
coefficient for poly(imide) filled with 2 wt% of organoclay, either exfoliated MMT and
synthetic mica, or intercalated clay tactoids (hectorite and saponite). A relatively g o o d
agreem ent betw een the experimental values and the corresponding theoretical curve
was achieved, as the length of the clay increases, the relative perm eability decreases
drastically. These results indicated that the best gas barrier properties w ould be obtained
in exfoliated PCNs with a high aspect ratio.
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Figure 1.17

Clay length dependence on the relative permeability coefficient for
poly(imide)/clay nanocomposites [1-138].

The permeability to carbon dioxide has been

measured for a partially-exfoliated

poly(imide)-PCN by Lan e f a/. [1-138]. The relative perm eability values, i.e. Pc/Pp w here Pc
and Pp are the com posite and the unfilled polymer permeability, respectively, were
plotted as a function of the filler volume fraction (fig. 1.18). These plots show the dram atic
e ffect that increased aspect ratio has on the relative permeability.

Permeability to w a ter vapour has also been investigated for exfoliated nanocom posite
based on poly(£-caprolactone) (PCL), synthesised by in-situ polymerisation of the lactone
m onomer inside an org-MMT [1-139].

In order to produce nanocom posite films with

different filler contents, PCL nanocom posite containing 15 wt% (6 vol%) o f exfoliated MMT
was separately prepared and mixed in variable composition with a com m ercial preform ed
PCL by co-dissolution in toluene followed by solvent casting.
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CO2 permeability of polyimide ciay composites prepared by curing
CH3(CH2)i7NH3 MMT-poly(amic acid) films at 300°C. Curves A and C were
calculated for filler with an aspect ratio of 20 and 2000, respectively, Curve B
was generated by (east squares fitting of the permeability equation to the
experimental data [1-138].

Again, a dram atic drop in the relative permeability o f the polymer coefficient is triggered
by dispersing increasing amounts o f layered nanofiller.

A relative perm eability o f 0.2

(unfilled PCL permeability) was measured for a filler loading of 4.8 vol%. Curve fitting for the
relative permeability against organoclay loading led the authors to conclude to an aspect
ratio of 70, which was well below the value expe cted for exfoliated MMT w ould offer the
greatest barrier to permeability. The authors explained this apparent discrepancy by the
fact that the fitting m odel was originally developed for particles totally oriented parallel to
the film plane. However, under the experimental conditions used for the film form ation, the
clay platelets may not have been so well aligned within the host polymer and may have
even formed aggregates.

Bayer has recently com m ercially produced a new grade of

plastic film for food packaging, this material is known as Durethanl LPDU 601. This film is
based on a exfoliated nylon-6-PCN. Studies on the films have shown this material to offer
improved gas barrier properties (i.e. the oxygen transmission rate was halved com pared
with the pure nylon-6), im proved transparency, gloss and increased tensile modulus [1-140].

50

1.7

Polystyrene Clay Nanocomposites (PSCN)

Several attempts to produce polystyrene-clay nanocomposites

(PSCN) have been

reported in the literature. Early attem pts by Friedlander & Grink [1-141] and Blumstein [1111 ] to im pregnate clay with styrene m onom er followed by polymerisation, showed little or
no expansion of the d-spacing of the clay layers, which lead to confusion over the state of
the polystyrene within the clay galleries.

Kato e t al. [1-142] were the first to report the

intercalation of styrene into a stearyltrimethyl-ammonium (Cis) cation exchanged MMT.

1.7.1

in-situ Polymerisation

Alternative methods for the inclusion o f polymer into the gallery spaces have been
reported. Akelah & M oet [1-143] prepared PSCN from acetonitrile using Na-MMT which
was cation exchanged with vinyl-benzyltrimethylammonium chloride. The products were
reported to be intercalated PSCN with a maximum d-spacing of 24.5 A. Similarly, Fu &
Qutubuddin [1-144] developed the process o f in-situ polymerisation further by using
vinylbenzyldimethyldodecylammonium

chloride

(VDAC) surfactant, which again this

included a vinyl bond. The vinyl bond of the VDAC surfactant was soluble in the styrene
m onom er and was thought to enter into the polymerisation reaction, which lead to the
production of an exfoliated PSCN. This PSCN was prepared by the direct dispersion of
organoclay within styrene m onom er which was followed by initiating with AIBN, before
curing a t 60 °C/48 hrs.

Another process for fabricating polystyrene-clay nanocomposites was d e ve lop ed and
reported by Giannelis e t al. [1-145] via polymer melt intercalation.

Problems associated

with this are similar to those mentioned earlier, i.e. those o f organophilic-organophobic
interactions, and as such, the diffusion of molten polymer into the galleries is very slow,
dep enda nt on

factors such

as temperature,

organocation chain length [1-146 & 1-147].

m olecular w eight of

polym er and

Doh & Cho [1-108], prepared PS-MMT

intercalated nanocomposites by polymerisation in the presence of organophilic clay. This
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intercalated PSCN showed greater thermal stability than pure PS.

In PSCNs with an

organoclay containing benzyl-units similar to styrene, the thermal stability was shown to be
higher than for other PSCNs with organoclays containing quaternary alkylammonium
cations.

This study concluded that the structure and properties of surfactant used in

production of an organoclay could play an im portant role in determining the properties of
PCNs.

1.7.2

Melt Intercalation

Melt intercalation of PS and its derivatives has been widely studied. Vaia & Giannelis [1147] studied PS as the matrix for dispersing different clay species. Li-fluorohectorite (CEC =
150 mEq/100 g), saponite (100 mEq/100 g), and Na-MMT (80 mEq/100 g) were m odified
using various ammonium cations: dioctadecyldim ethylam m onium , octadecyltrim ethylammonium and a series o f primary alkylammonium cations with Cn = 6, 9, 16 & 18. PSCNs
were synthesised by statically annealing (i.e. without mixing) an intimate pelletised mixture
o f organoclay in PS (Mw = 30,000, M w/M n = 1.06) under vacuum at 170 °C, a tem perature
well above the PS glass transition [1-148].

The results of this study indicated that for a given alkyl surfactant, increasing the CEC from
80 to 120 mEq/100 g allow ed for PS intercalation to occur. At lower CECs and when the
organic content of the gallery was lowest, no intercalation was observed.

Under these

conditions, the aliphatic- alkyl chains of the organocations a d o p te d a m onolayer
arrangem ent characterised by low gallery height. Interestingly enough, intercalation took
p lace at lower CECs at the condition to m odify the clay surface with am m onium cation
bearing tw o long alkyl chains.

However, excessive packing of the chains all along the

layer surface (high CEC and tw o long alkyl chains per cationic head) lead to the form ation
of a non-intercalated structure as predicted by the theory introduced by Vaia & Giannelis
[1-147]. The authors also found that polymer intercalation dep ende d on the length o f the
exchange ammonium cation as well as on the annealing tem perature.
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At annealing

temperatures < 160 °C and for Cn < 12, no intercalation was d etected, while for higher
chain length organocations PS was readily intercalated. At 180 °C, intercalation occurred
at whatever the am monium chain length. Also reported within this study w ere the effects
of PS m olecular w eight (MW).

Contrary to the prediction that high MW PS w ould be

excluded on the basis o f size, intercalation was shown to occur at all different PS MWs. The
only difference betw een the preparation processes for these samples was the period of
time needed for the intercalation to proceed; this period increased from 6 h for a MW =
30,000 to 24 h for MW = 90,000 and up to 48 h for MW = 400,000 a t 160°C. The high MW PS
chains were believed to have decreased the kinetic rate of intercalation by decreasing
the diffusion of the PS chains into the galleries.

Vaia et al. [1-149] studied the kinetics of melt intercalation by following the time evolution
of XRD diffraction patterns for statically annealed PS/octadecylamm onium exchanged
fluorohectorite. The chan ge in intensity of the pristine and intercalated diffraction peaks
with time was reported as a reflection of the kinetic rate o f the PS intercalation process (fig.
1.19). By integrating the intensity o f both the non-intercalated and intercalated peaks, the
fraction of intercalated fluorohectorite was estimated as a function o f the annealing time.
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Figure 1.19

XRD patterns for a organo-fluorohectorite/PS pellet annealed In situ at 160°C
in vacuum, p(ooi) and p ( 002) locate the basal reflections for the unintercalated
fluorohectorite while /(ooi), /( 002) and i\oo3) correspond to the basal reflections
for the intercalated nanocomposite that is forming with time [1-149].
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The influence of both the annealing tem perature and PS MW were then determined.
Higher annealing temperatures and lower MW were reported to increase the rate of PS
intercalation.

To give a more concrete interpretation o f the kinetic d ata, the m orphology of the modified
MMT was examined by TEM. The authors found that the average silicate agglom erate
(approx. diam eter -175 .mm) consisted o f m any smaller cubic platelets, and were term ed
primary particles. Based on this m orphology and TEM observations of partially intercalated
composites, it was reported that the accessibility of the interlayer to the polymer chains
dep ende d on the location and orientation of the primary particles within the agglom erates
and on the location and orientation of the crystallites within, the primary particles.. This
m eant that the crystallites near the edge would be more accessible to polym er chains
than those closer to the centre. Since the clay layers are im penetrable, the polymer must
have entered the gallery from the edges o f the crystallites. The authors observed that,
under their experimental conditions, the polymer penetrated the agglom erate and
surrounded the primary particles before the occurrence of substantial intercalation,
therefore, they assumed that the polymer penetration within the agglom erate was not a
limiting step for intercalation.

Furthermore, they dem onstrated th a t the rate o f PS

intercalation was dependent upon the size of the primary particles, bigger primary particles
being less intercalated than smaller ones, for a given annealing time.

This size dep ende nce was explained by the lack o f a significant difference in the mass
transport between and through the crystallites within a given primary particle, and so, PS
intercalation was described as a Fickian process with a single diffusivity. The PS diffusion into
the primary particles was sketched as a mass flow through the curved lateral surface of a
cylinder bearing im perm eable flat circular faces of area equal to the m ean primary
particle size. The activation energy o f the melt intercalation was ca lcu la te d based on the
experimental values of the effective diffusional rate obtained at different tem perature.
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Assuming an Arrhenius tem perature dependence, the activation energy for the PS (Mw =
30.000 and

Mw/Mn -

1.06)/ m odified fluorohectorite com posite was

166 kJ/mol,

com parable to the activation energy measured for self-diffusion o f PS (167 kJ/mol) [1-149].
This indicated that the largest energy barrier to PS intercalation is com parable to that of PS
chain motion within the polymer melt. Since mass transport into the primary particle had
been observed to be the limiting step to com plete intercalation, any dynam ic mixing
should decrease the intercalation time by breaking d o w n . the primary particles and
increasing the sample uniformity, this opened the w ay to the preparation o f intercalated PS
mixture within a few minutes.

Vaia

e t al.

[1-146]

have

synthesised

both

ordered

and

disordered

intercalated

nanocomposites by mixing PS with MW = 30,000 or MW - 400,000, respectively, with
octadecylam m onium -exchanged. fluorohectorite; and, PS. with a MW = 30,00.0. or MW =
55.000 with poly(3-bromostyrene) with dodecylam m onium -exchanged fluorohectorite on
the other side.

TEM characterisation showed that the ordered intercalated materials

exhibited regular microstructures which were similar to the non-intercalated organofluorohectorite.

.In this case, the polymer intercalation occurred as a front which

penetrated the primary particles from the external edges while for disordered intercalated
systems, a heterogeneous microstructure is observed, with pronounced interlayer disorder
with greater spacing towards the polymer-primary particle boundary. In the latter PSCNs,
individual silicate layers, were observed near the edges, whereas, small coherent layer
packets separated by polymer-filled gaps were prevalent inside the primary particle. This
study also showed that intercalation was favoured by the presence of defects in the layer
stacking that would allow the polymer to penetrate more easily into the gallery spaces.

PCNs can also be form ed using emulsion polymerisation, i.e. the clay is dispersed in an
aqueous solution containing a surfactant.

In an aqueous environment the interlayer

expands and the presence of surfactant is thought to stabilise the m onom er by reducing its
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hydrophobicity, allowing it to enter the clay galleries more readily.

Polymerisation is

achieved by using a free-radical initiator and the resulting PCN would then be precipitated
by using a m etal salt of high ionic strength, e.g. Al(lll) salts. The resulting latex then requires
extraction with organic solvents to remove the included water. Examples of this have been
reported using PS and PMMA [1-124 & 1-125].

PSCNs have been prepared by both the in-situ polymerisation and melt intercalation
methods. Zhu e t al. [1-150] prepared both intercalated and exfoliated structure PSCNs
using a bulk polymerisation technique; and reported that the intercalated or exfoliated
structure of the nanocom posite depended upon the nature of the organocation.

Tseng

et

al.

[1-151]

reported

the

preparation

of

syndiotactic

PS/modified-clay

nanocomposites by solution blending a mixture o f pure s-PS and an organophilic clay in
dichlorobenzene. PSCNs have also been prepared from PS and Na-MMT using an emulsion
polymerisation technique [1-125]. A comparison of the solution, emulsion, suspension and
bulk polymerisation techniques along with melt blending has also been perform ed [1-152].

Zeng e t al. [1-153, 1-154] prepared PSCNs via in-situ bulk polymerisation and studied the
effects of initiators and clay surface chem ical m odification.

A shear-induced ordered

structure in an exfoliated PSCN was reported by Chen e t al. [1-155]. The self-assembly
behaviour was measured by XRD patterns, TEM, and FTIR dichroism technique. C om pared
with the broad amorphous peaks of the PS, a series o f sharp XRD peaks were observed for
the extruded PS/clay nanocom posite pellet sample, showing that an ordered structure
occurred under shear flow.

1.8

Unsaturated Polyester-Clay Nanocomposites (UPCNs)

Conventional composites are based on microscale reinforcement. Unsaturated polyesters
are widely used as a matrix for composites because of their low cost and excellent
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chem ical resistance. Research in the area of unsaturated poiyester-clay nanocomposites
(UPCNs) has to d a te been limited. As a result w hat follows are the results o f an almost
exhaustive list.

Lee & Giannelis [1-156] were the first to report partially-exfoliated MMT in UPCNs. Kornmann
e t al. [1-157] later synthesised UPCNs by modifying MMT with silanes and dispersing it in
unsaturated polyester resin (UPR) prior to curing.

The clay was reported to be partially

delam inated and substantial improvements of in its m echanical properties w ere observed
over UPR.

They also found that the fracture toughness doubled by dispersing merely 1.5

vol% of MMT with concom itant increases in other m echanical properties.

Suh e t al. [1-158] reported that the properties seen with UPCN were greatly depende nt on
the preparation procedure, with respect to the order of mixing of the clay, polyester resin
and prom oter (styrene monomer), as well as, the cure conditions. The structures o f UPCN
with Na-MMT were investigated by XRD (fig. 1.20) and TEM and the form ation mechanism
was studied using DMTA, solution and melt rheometry.
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Figure 1.20

XRD data for UP with dodecyl ammonium-treated silicate nanocomposite
system (C20A): (a) virgin MMT; (b) dodecyl ammonium-treated MMT; (c)
virgin MMT and UP nanocomposite; and (d) dodecylammonium-treated
MMT and UP nanocomposite [1-158].
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These techniques enabled the authors to elucidate that the styrene m onom er m oved
more easily than uncured UP chains, which may generate higher styrene m onomer
concentrations in the MMT gallery than in any other part in a simultaneous mixing system.
When polymerisation occurred in these conditions, the total cross-linking density of the
sample decreased, due to the low concentration of styrene in the uncured UPR.

This UPCN formation mechanism, beca m e clearer when a sequential mixing m ethod was
used. The styrene m onom er was thought to diffuse to the gallery of the MMT already pre
swollen with UPR to an extent. It was thought that the cross-linking density and Tg of UPCNs
increased to some extent.

As mixing time increased, the styrene monomers and curing

agents w ould be more dispersed inside and outside o f the silicate layers. Therefore, the
cross-linking reaction w ould take p la ce homogeneously inside and outside o f the silicate
layers, and cross-linking density would reach the degree of cross-linking density of the
cured UPR.

This work highlighted that nanocom posite form ation mechanisms and

m anufacturing processes need to be carefully considered when UPCNs are m anufactured
using several kinds of polymers or m onom er-polym er pairs which have large MW
differences.

The experimental considerations should be based around multi-intercalating

nanocom posite

systems,

nanocom posite

systems

using

compatibilisers

and

multi-

com ponent polymer nanocom posite systems.

Bharadwaj e t al. [1-159] produced UPCNs by dispersing m ethyltallow bis-2-hydroxyethyl
quaternary ammonium chloride m odified MMT in pre-prom oied polyester resin and
subsequently cross-linked a t room temperature. The form ation of a nanocom posite was
confirm ed by XRD and TEM. The structural m orphology was studied at different length
scales and was reported as being a dispersion of intercalated/exfoliated aggregates of
clay sheets in the matrix. The resulting UPCNs were characterised for thermal, rheological,
m echanical, gas transport and optical transmission properties.
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Although there was m orphological evidence which showed the formation of a UPCN
structure, the tensile modulus and loss of storage modulus were progressively decreased
with increased clay loadings. The rate of thermal degradation was also hastened upon the
formation of a nanocom posite (fig. 1.21).
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Figure 1.21

TGA thermal degradation profiles for the cross-linked UPCN at different
concentrations of clay [1-159].

These trends were hypothesised as being due to a progressive reduction in the degree of
cross-linking with increasing clay concentration. While this explanation was reasonable, the
authors noted that a lack of detailed knowledge of the structure of the polyester resin
prevented then from making a detailed explanation.

Oxygen permeability was found to be reduced with increasing clay concentrations. The
barrier properties were found to correlate well with the observed m orphology, this result
was in keeping with the increasingly tortuous path for the diffusing penetrant (fig. 1.22).
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An observed reduction in the loss and storage modulus, tensile modulus and oxygen
permeability values a t the 2.5 wt% clay concentration was found to be greater when
com pared to that seen a t higher concentrations.

This behaviour was traced to the

exfoliation occurring on a more global scale in the 2.5 wt% case presumably leading to a
greater drop in the degree of cross-linking. However, the authors also recognised that this
property reduction m ay in part be due to the clay-com patibiliser-polym er interface and
the effects of the organic compatibiliser on the matrix resin.
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Figure 1.22

Oxygen permeabiliiy of the cross-linked polyester-clay nanocomposites as
a function of clay volume fraction at 40°C and 90% relative humidity.
Experimental data and theoretical fits are displayed [1 -159].

UPR nanocomposites have recently been produced by incorporating nanoparticles o f TiC>2
(titania) [1-160] and AI2 O 3 (alumina) [1-161], which produced mixed results. The dispersal of
TiC>2 in a com m ercially available, highly cross-linked polyester resin, had a significant e ffe ct
on fracture toughness. Even a t volume fractions as low as 1,2, and 3 vol.%, increases in
toughness of 57, 42, and 41%, with respect to the neat polyester. The slight decrease in
toughness beyond 1 vol.% is attributed to a slight increase in agglom erations beyond this
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point. Also, the inclusion of the nanoparticles was reported to contribute to a m oderate
stiffening behaviour of the material.

Alternatively, when

AI2O3

particles were incorporated at various volume fractions, any

enhancem ent of fracture toughness was strongly influenced by the particie-m airix
adhesion [1-158]. Untreated particles exhibited very poor bonding with the unsaturated
polyester matrix, which resulted in a lack of crack trapping, and so, no enhancem ent of
fracture toughness. Similar results were obtained independent of particle size. However,
the use of an organofunctional silane to enhance particle-matrix bonding alleviated this
issue and resulted in significantly higher fracture toughness values [1-161].
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In this section the materials, procedures and experimental techniques used in this thesis will
be described.

2.1

Clay Preparation and Exchange Procedures

2.1.1

Sodium Ion Exchanged Clays

2.1.1.1

Mineral Colloid British Pharmacopoeia (MCBP)

Bentonite is a soft clay substance essentially com posed o f the montmorillonite group. The
impurities in bentonites can include quartz, calcite, dolom ite, feldspar, gypsum and iron
oxide, depending upon the nature of the weathering, environment and the original
composition of the volcanic material.

The first series of experiments used Mineral Colloid British Pharm acopoeia (MCBP), a
bentonite clay supplied by ECC International Ltd. The raw material was dispersed in 1 kg
batches in an excess o f deionised w a te r within tw o 45 litre polypropylene containers. The
cla y/w ate r mixture was then stirred a t regular intervals until a clay suspension was formed.
The containers a cte d as sedimentation tanks, the impurities within the processed clay
settling to the bottom and the largely purified montmorillonite composition remaining in
suspension.The clay that was suspended within the to p

10 cm of the mixture was

collected, centrifuged (17,000 rpm / 1 hr) and air-dried. When dry, the clays were ground
and sieved to pass through a 105 pim mesh, to ensure particle scale.

This procedure

provided purified montmorillonite clay which could be further utilised for exchange
procedures.

The aim of this approach was to produce a sodium exchanged form o f the montmorillonite
clay, into which it would be easier to exchange quaternary ammonium cations and make
the gallery surfaces organophilic. To m ake this possible, it was necessary to convert the
purified MCBP (with its various hydrated gallery cations (E.g. majority N a \ K \ C a2+, M g2+))
into sodium clay by exchange with NaCI.

68

MCBP was mixed in an excess Na+ solution, 6 g in 120 ml (1M NaCI) a t 200 rpm/24 hr, after
which the clay-slurry was centrifuged at 17,000 rpm/1 hr. The supernatant of each sample
was then extracted to measure its conductivity; the product was then homogeneously re
suspended in deionised w a ter and spun down. This process was repea ted 8-10 times until
the supernatant conductivity was measured to be below 50 p.S, a measurement below
which there was designated to be no ionic product remaining in the solution. The samples
were then air-dried for 48 hr.

2.1.1.2

Sodium Ion Exchanged Cloisite

Na-MMT (Cloisite) is a natural Na+ montmorillonite supplied by Southern Clay Products. This
high purity montmorillonite was subjected to the same Na+ exchange procedure as MCBP.

2.1.2

Organoclay Exchange

The cationic exchange ca p a city (CEC) is reported in terms of milliequivalents (mEq) of the
m olecular w eight o f surfactant per 100 g o f the dry solid. The am ount used was varied for
the different clay minerals. The CEC of a clay species is a measure o f the num ber of
cations adsorbed on its surface once it has been washed free of excess salt solution. CEC
is stated in milliequivalents per 100 g o f dried material (mEq/100 g).

The measured am ount of fixed cation varies with the charge of the exchange cation. The
charge on the external surface of clays is usually of the order of 5-10 mEq/100 g, whereas
the charge present on sites betw een the layers of a clay can vary betw een 40-150
mEq/lOOg. This phenom enon makes it possible to distinguish tw o kinds of clay, those with
low exchange capacities (-10 mEq/100 g, E.g. Kaolinite) and those with high exchange
capacities (40-150 mEq/100 g, E.g. MMT) [2-1].

The soluble gallery cations m ay a ffe ct the adsorbed w a te r arrangem ent in several ways.
Principally, by providing a bond of varying strength, which holds the layers together and
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controls the concentration o f adsorbed water. The effectiveness of the soluble cations (in
this regard) depends on their size and charge, i.e. Na+, K+ would develop a weak clay
structure; clay slurry containing these ions w ould be ca p a b le o f adsorbing large
concentrations of water.

C a2+, M g2+ w ould develop stronger links and clay slurry

containing them would adsorb lower w a te r concentrations.

The replacing pow er of

exchangeable cations increases with increasing valence and decreasing radius.

A

frequently quoted order o f replacing pow er is sodium < potassium < calcium < magnesium
< am monia < hydrogen < iron < aluminium.

2.1.2.1

Quaternary Ammonium Exchanged Na-MMT (MCBP)

The exchange of cationic species was perform ed by immersing quantities of Na+ clay in
aqueous solutions containing various quaternary ammonium salts, (i.e. bromide). Na-MCBP
samples were exchanged with alkyltrimethylammonium cations of varying alkyl chain
length:

octyltrimethylammonium, OTAB (Cn = 8)
dodecyltrim ethylam monium,

DTAB (Cn =

tetradecyltrimethylam monium ,

12)

TTAB (C n =

cetyl(hexadecyl)trim ethylam m onium ,

14)

C TAB (Cn =

16)

The cation loading of the surfactants on the clay was related to the CEC o f MCBP (80
mEq/100 g). This was calcula ted from:

Mass o f
O rganocation =

1
1
1

Table 2.1

0.8
0.8
0.8

Mass o f C lay/g x CEC o f Clay/m Eq/g x Multiple o f CEC
x (Mw O rganocation (amu) / Cation Charge)
_ _

0.5
1
2

364.46
364.46
364.46

1
1
1

CEC Exchange Mass, Example: Organocation = CTAB (Cn = 16).
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0.145784
0.291568
0.583136

For the purposes of initial experiments Na-MCBP was loaded a t different multiples o f the
CEC to study w hat e ffe ct organocation deficiencies and excesses w ould have on the
thermal decomposition of the products (table 2.1).

The mass of Na-MCBP to be exchanged, usually betw een 5-10 g (due to the need for a
well dispersed mixture), was suspended in 100 ml deionised w a ter within a 250 ml conical
flask. This clay slurry was sonicated for 10 minutes to swell the clay galleries with water. The
calcula ted mass of alkyltrimethylammonium salt was then a d d e d to the conical flask,
stoppered and placed on a NBS Gyrotory Shaker G76D a t 200 rpm/24 hr.

These samples were repeatedly washed with deionised w a te r and then centrifuged at
17,000 rpm/1 hr and then air-dried for 48 hr to produce the exchanged samples for analysis.
This m ethod of preparation was also used to prepare the samples which were used as the
organoclay species in subsequent polymer-clay nanocom posite preparations. To alleviate
any anomalies that may have occurred in sample preparation all samples were prepared
in triplicate.

2.1.2.2

Industrially Produced Organoclays: Tal5-MMT, Ta20-MMT and Bz-MMT

Industrially produced organoclays were supplied by Southern Clay Products.
organoclays

were

prepared

by

cation

exchanging

Na-MMT

These
with

dialkyldimethylammonium cations and a benzyl variation of this surfactant. The alkyl chains
were derived from hydrogenated tallow which is com posed predom inantly o f o cta d e cyl
chains (Cn =

18)

with small amounts of lower homologues, specifically
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% - Cn =

18;

30 % -

C n = 1 6 ; 5 % - C n = 14).

These samples were used for further studies on the e ffe ct of incorporating greater
concentrations of alkyl groups than were used in the previous Na-MCBP samples and
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possibly the effe ct of the concentration of quaternary ammonium cations within the
galleries of MMT (fig. 2.1 & 2.2):

ch3

I
C H ,— N *— HT

I
HT

Figure 2.1

Tal5-MMT (C15A), modifier concentration = 125 mEq / 100 g ciay
dim ethyl dihydrogenated tallowalkyl ammonium MMT

ch3

I

*

C H , — N+— HT

I
HT

Figure 2.2

Ta20-MMT (C20A), modifier concentration = 95 mEq / 100 g clay
dim ethyl dihydrogenated tallowalkyl am monium MMT

and also, to study the com patibility of organoclays with benzyl functionality (Bz-MMT) (fig.
2.3) with PS:
ch,

CH, — Nr+— C lf2

(O )

HT

Figure 2.3

Bz-MMT (C10A), modifier concentration = 125 mEq / 100 g clay
dim ethyl hydrogenated tallowalkyl benzyl ammonium MMT

2.1.2.3

Siiane Modified MMT (Prepared by Scott-Bader)

Silanes were used as coupling agents to surface-modify Na-MMT for a further reaction with
unsaturated polyester resin.

The silanes th a t were used were alkylammonium silanes.

Hydrolysed siiane com pounds were condensed to form highly reactive silanols, these w ere
expected to hydrogen bond to hydroxyl groups on the clay surface.

By drying these

exchanged materials, a condensation reaction occurred betw een neighbouring silanols
and the surface hydroxyls would have led to the form ation of multiple covalent bonds
betw een the coupling agent and the clay surface (fig. 2.4).

72

These coupling (cross-linking) agents are believed to a c t as m olecular bridges betw een the
polymer and the clay surface and have the potential to substantially improve the bond
strength betw een organic polymers and clay particles. This organic surface m odification
provides a route for the introduction o f polymer molecules into the MMT gallery spaces.
Another possible ad va n ta g e of siiane m odification was the satiating of Al and Si atoms
exposed at the clay edges which are only partially hydrolysed to silanol (SiOH) and
aluminol (AIOH) groups.

Any unsaturated e d g e sites are much more reactive than the

saturated basal sites, and so, any unfavorable interactions betw een these e dg e sites on
the clay and the intercalating polymer matrix may be overcom e by the use of siiane
coupling agents to m odify the edges [2-2,2-3].

condensation
Y

Y

I

HO

Y

I

Y

\

OH

OH

OH

OH

OH

OH

I
I

HO— S i-O

S i-O — S i-O — S i-O H

RO— Si-O R

I

OH

RO

I
Clay Surface

Y
HO

S i-O — S i-O

H

\

H

No H

\

I

SI-OH
H

Y

I

Y

\

HO— S i-O — S i-O — Si-O H

I

\

o H xo 1

O

I

O

OH

ClaySurface

ClayiSurface
* a'iK r

hydrogen bonding

covalent bonding

Figure 2-4

Schematic diagram of the siiane modification of a generic clay surface
(Y = alkyl modification).

2.1.2.4

Phenylphosphonic Acid (PPA) Modification of Kaolin

Phenylphosphonic acid

(PPA) undergoes a to p o ta c tic reaction with the available

hydroxyls of the gibbsite sheet of kaolin during reflux in a w ater-acetone mixture a t 70 °C.
This reaction should result in significant structural modifications to the kaolin host, resulting in
the formation of covalent bonds.
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1.5 g of a kaolin sample was dispersed in 300 cm 3 of a 1:1 (v/v) distilled w aterracetone
mixture to which was add ed 2.75 g o f PPA. The reaction was carried out a t 68 °C in a 500
cm 3 round-bottom ed flask fitted with a reflux condenser. The kaolin-PPA sample (KPPA)
was treated for periods of 3, 9, 15, 21 and 28 days. At the end of the reaction time the
samples were subjected to five consecutive processes of centrifugation (i.e. 4000 rpm/30
min) and washings with acetone. The solid white residue was then allowed to dry in air a t
room tem perature for 24 h, before characterisation tests w ere conducted.

2.2

Polystyrene-Clay Preparation and Formulation

2.2.1

Styrene Distillation

Styrene (99 %) was supplied by Aldrich Chemicals. The standard product was supplied
containing an inhibitor (4-tert-butylcatechol, 10-15 ppm) to hinder self-polymerisation whilst
in storage, to remove this, and im prove the quality o f the styrene, batches were washed
and distilled when required.

Distillation Procedure: Styrene was washed with w eak (10-20 %) aqueous NaOH (caustic
soda) in a separating funnel to rem ove the inhibitor. After separating and washing with
deionised w ater followed by a salt w a ter wash (to aid layer separation), the styrene was
then 'dried' by adding anhydrous MgSC>4 and leaving for 1 hr. The styrene was then distilled
under vacuum /N 2 to give the final fractions and the major yield. Note: Styrene could have
been distilled under atmospheric pressure (i.e. reduced pressure/greater separation of
boiling points) to get purer fractions, but yield w ould have been reduced.

2.2.2

Polystyrene-Clay Nanocomposites (PSCN)

In experiments, similar to those co n d u cte d by Doh and Cho [2-4] and LeBaron e t al. [2-5],
polystyrene-clay nanocomposites (PSCN) w ere prepared with variations in the procedure,
temperature, composition and reaction vessel.

These nanocomposites w ere produced

based on the basic nanocom posite theory that if the polarity of the m onom er was
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sufficiently m atch ed by the organoclay, it w ould be intercalated into the galleries o f MMT,
which following polymerisation w ould lead to an exfoliated PS-clay structure. During this
research the majority of nanocom posite materials that have been produced used styrene
to produce a polymer matrix, with different organoclays incorporated as additives to
confer thermal and physical enhancements.

2.2.3

PSCN - Procedure

2.2.3.1

PSCN - Sample Mass and Mixing Speed

O rganoclay, initiator and 50 ml/45 g o f styrene (N.b. relative density (water = 1) : 0.9,
0.9g/cm 3 [2-6]) w ere a d d e d to a 150 ml round bottom ed flask. A variety o f organoclays
and initiators were a d d e d a t a range o f concentrations as wt% equivalents to the volume
of styrene. The organoclays were a d d e d in the range 0.09 g/0.2 wt% to 2.25 g/5.0 wt% and
the initiators were a d d e d a t 0.23 g/~0.5 wt%, 0.45 g/1.0 wt% and 0.90 g/2.0 wt%.

The

styrene was stirred (15 mins/200 rpm /N 2 ). The organoclay was a d d e d gradually (over 1-5
mins) whilst the styrene was being mixed, then the initiator was a d d e d and the mixture
stirred for a further 30 mins/200 rpm.

The mixing and pre-polymerisation stages were

co nd ucte d under a nitrogen atmosphere to reduce oxidation of the final product.

2.2.3.2

PSCN - 1st Cure Profile

Samples produced early in this study, to investigate the e ffe ct of varying initiator type, were
transferred after mixing to stoppered glass tubes (50 x 25 mm) and polymerised a t 50 °C/72
hr to obtain the PS-clay hybrids. The polymerised PS-clay samples w ere then rem oved from
the tubes, and post-cured at 80 °C /12 hr, before being cooled to RT and rem oved from the
mold. The glass stoppered tubes were chosen as casting molds to produce samples with a
regular size and shape that could be easily sectioned for analytical samples.
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2.2.3.3

PSCN - 2nd Cure Profile

Samples produced later (and for the majority of the remainder of the study) were cured by
heating the PSCN mixtures to -110 °C/5 mins to induce polymerisation, then cooling at
RT/15 min/Nz before then heating the samples a t 80 °C/30 min/N 2 to propagate the
polymerisation. The viscous mixtures w ere then transferred to circular aluminium moulds (10
x 550 mm) and cured a t 80 °C/24 hr followed by a post-cure period a t 50 °C/24 hr.

The aluminium molds with polished inner surfaces w ere chosen as an alternative to glass
stoppered tubes to resist tem perature and to give an end-product with as smooth a
surface as possible.

As well as speeding up production of PSCN, the final disc-shaped

samples produced from the 2nd cure profile also reduced post-production sample
preparation for XRD analysis.

2.3

Unsaturated Polyester-Clay Nanocomposite (UPCN),
Preparation and Formulation

The unsaturated polyester-clay nanocomposites (UPCN) were synthesised by silane-treating
the clay (as described in section 2.1.2.3) and mixing it with the resin prior to curing.

2.3.1

Resin Reactor

A two litre resin reactor was used to contain the unsaturated polyester resin (UPR) mixture, a
tem perature controlled heating mantle, m echanical overhead stirrer, steam heated reflux
condenser were add e d and nitrogen was bubbled through the mixture.

2.3.2

Reaction Mixture/Procedure

The polyester resins were produced by the polymerisation reaction betw een glycols with
unsaturated and saturated anhydrides. The UPCNs were synthesised by reacting the clay
with a siiane compatibiliser and then mixing it with the resin (i.e. 4 wt%) prior to curing. The
procedure used to produce the UPCN materials was as follows:
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i)

590 g (4 moles) of phthalic anhydride, 196 g (2 moles) of m aleic anhydride and 180
g (2.5 moles) of propylene glycol were a d d e d to the resin reactor.

ii)

The

reaction mixture was then heated a t 190-200 °C for 10 hours (until an

equivalent am ount of w ater had been collected).
iii)

Then 150 mg of hydroquinone (inhibitor) was add ed.

iv)

The mixture was then cooled to 140 °C.

v)

The resin was then discharged and blended with

600 g of co ld styrene,

3.0 g

Benzoyl Peroxide (BPO) initiator and 60 g silane-modified MMT.
vi)

The mixture was then poured into moulds, which consisted o f w axed glasssheets
spaced 5 mm apart by dividers, sealed with silicon grease and cla m pe d together.

vii)

The mixture cured a t RT for 24 hrs, before the different post-cure treatments were
applied.

The materials were subjected to tw o different post-curing processes:
■

The lower tem perature - Lloyds post-cure (LDS): 50 °C for 16 hours

■

The higher tem perature - Scott-Bader post-cure (SB): 70 °C for 16 hours
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2.4

Analytical and Characterisation Techniques

The following techniques were used within this thesis to analyse and characterise clays,
organoclays and nanocom posite materials.

2.4.1

X-Ray Diffraction (XRD)

2.4.1.1

XRD Theory

X-Rays were discovered by Wilhelm Rontgen in 1895, for which he was aw arded the first
Nobel Prize in Physics in 1901.

He discovered that in an experiment with high-energy

electrons, another type o f radiation was being produced which had the following unique
properties:
a. it travelled in straight lines
b. it was exponentially absorbed in m atter with the exponent proportional to the mass
o f the absorbing material
c. it darkened photographic plates
d. it m ade shadows of absorbing material on photosensitive paper (this led directly to
the use of X-rays in medicine.)

Max von Laue (1912) theorised that x-rays could also be diffracted if the slits w ere small
enough. Since it was understood that m olecular spacing in crystalline materials w ere in the
order of 1CH0 m, he devised an experiment in which x-rays were allow ed into a lead box
containing a crystal, with sensitive film behind the crystal. When the films w ere deve lop ed
there was a large central point from the incident x-rays, but also m any smaller points in a
regular pattern. These could only be due to the diffraction of the incident beam and the
interference of many beams.

By using a crystal as a diffraction grating, von Laue had

proved the x-rays were not particles, but waves of light with very small wavelengths.
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Lawrence Bragg and

his father W.H. Bragg used von Laue's discovery and, for

m onochrom atic radiation, w ere able to show th a t diffraction couid

be

treated

geom etrically like reflection, and derived Bragg's law, which allows diffraction to be
treated in simple m athem atical terms. The Bragg equation provides a simplified fram ework
for diffraction that works for basic calculations:

Eqn2-1

nA = 2d sin0

where:
n = integer, A = w avelength of x-rays, d = basal spacing of crystal, 0 = diffraction angle

In the early 1930's XRD was applied by soil scientists to elucidate the crystalline structure of
clay minerals. Hendricks & Fry (1930) [2.7] and Kelley e f a/. (1931) [2.8] provided evidence
for these postulations.

Subsequently, Hendricks & Teller [2.9] introduced the theoretical

basis for XRD from a stack o f clay mineral layers. XRD is a powerful technique th a t ca n be
used to identify the crystalline phases in materials [2.10-2.12].

In the context of this thesis, XRD was used to:
a. evaluate the

dooi

spacing of swelling minerals to determine if potential probe

molecules have successfully intercalated into the interlayer space.
b. determ ine the m olecular orientation of surfactant molecules in the interlayer space
of swelling minerals.
c. identify the level of dispersion within polymer matrices indirectly via the presence of
crystalline mineral phases.

In terms of reproducibility, XRD is dep ende nt on m any factors including sample length,
thickness, position, alignment, sample hom ogeneity and the quality of the standards used.
Also, quantitative XRD does not have the ability to determ ine the differences betw een
surface and bulk mineralogy. Instead, it provides information abo ut the bulk properties of
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w hole m olecular populations, information averaging as m any as perhaps IC ^-IO 12 unit cells
o f billions o f crystals [2.13].

XRD Analysis

2.4.1.2

Detector

X-rays m ay be
scattered or
absorbed by
the sample

Incident
X-rays

T
X-ray tube

Figure 2.5

Sample

Schematic diagram of the XRD analytical process.

X-rays are produced when high speed electrons strike the atoms of another substance.
Within the X-ray diffractom eter, the tube where the X-rays are produced is under vacuum ,
inside this tube the electrons are generated by a glowing tungsten filam ent (the cathode).
The electrons are then accelerated by voltages (15-60 kV) in order to strike a Cu or Cr
target (the anode). The accelerated electrons strike the inner more tightly bound electrons
of the target and knock them out of their orbital positions, aw ay from the influence of their
respective nuclei.

This produces electron vacancies, which are filled by higher orbit

electrons dropping inwards to fill the vacancy.

The subsequent drop involves the

production of an X-ray photon, the energy of which is proportional to the difference
between the energy levels o f the orbitals.

This energy difference is d e p ende nt on the

number of protons in the nucleus attracting the electrons.

The wavelength o f Cu K a

radiation is about 1.5418 A while the w avelength o f Cr K a radiation is abo ut 2.928 A, in the
resultant XRD spectra Cu radiation does not spread the peaks out as much as Cr radiation.

When X-rays pass through sample matter, the radiation interacts with the electrons in the
atoms, which results in scattering of the radiation. If the atoms are organised in planes (i.e.
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the m atter is crystalline) and the distances betw een the atoms are of the same m agnitude
as the w avelength of the X-rays, constructive and destructive interference will occur [2.14].
In a typical experiment the diffracted intensity (of the scattered x-rays th a t obey Braggs
Law) is measured as a function of the diffraction angle (20) and the orientation of the
sample, which yields the diffraction pattern.

Diffraction will occur if a beam o f x-rays falls on a series o f atom -bearing planes, each a
distance d apart, at an angle 9, if the Bragg Law:
Eqn2-2

nA = 2d sin 9

By rearranging this equation the d spacing m ay be calculated, i.e.
Eqn2-3

The terminology used for the spacing, i.e.

d = n A /sin 9

d o o i,

derives from the particular plane of the

crystals in the unit cell that is being measured [2.15]. As the sample is rotated through the
incident beam different planes of regular crystalline form are encountered and it is these
that are given the indices according to their position in the unit cell.

2.4.1.3

XRD Experimental Parameters

All clay and organoclay samples were prepared by grinding them for 30 seconds and then
adding distilled w a ter to form a dilute suspension, followed by application o f the
suspension to a glass slide with a pipette. The sample was then allowed to air-dry under a
protective cover. Samples were offered to a d e te cto r as either:
a. a deposited film, obtained by smearing a clay solution on a glass slide and allowing
the film to dry as described above,
b. a powder, by co m pactin g a finely ground sample into an aluminium sam ple
holder, or,
c. a solid sample (polymer-clay nanocomposites)
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Studies were cond u cte d

on either a

Philips PW3710 (Cu) or PW1710 (Cr) X-ray

Diffractometer, operating a t 40 kV and 40 mA. During experiments, it was possible to rotate
the de te cto r by using a goniom eter in order to reach the required angle (possible range
1.8-75°). For preliminary identification of clay minerals, scanning from 1.8-40° 20 is usually
considered a d e q u a te [2.16]. The diffraction patterns were recorded with an angle range
of 1.8-40° 20 at a scan rate o f 2° 20 per minute unless otherwise stated.

2.4.2

Thermo-Gravimetric Analysis (TGA)

2.4.2.1

Thermal Analysis Techniques

The thermal stability of mineral complexes may be investigated using a variety of thermal
techniques; these include thermo-gravimetric analysis (TGA), differential thermal analysis
(DTA), differential scanning calorimetry (DSC) and therm o-m echanical analysis (TMA). In
this research, TGA was the main thermal analysis technique (also coupled with mass
spectrometry (TG-MS)), TGA was used to measure the shifts in mass desorption as a function
of the type or am ount o f additive in a clays and polymer materials.

2.4.2.2

TGA Analytical Process

TGA weight loss curve

Weight
Loss

Temperature
-

6

DTG curve

w / 6t

>
Temperature
Figure 2.6

Diagrammatic representation of TGA / DTG data output curves.
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TGA is the process o f continually recording a sample's w eight when subjected to a precise
tem perature program [2.17]. Samples m ay be heated from room tem perature to 1200°C.
The TG w eight loss curve plots w eight loss on the y axis and tem perature increasing to the
right on the x axis (fig. 2.6).

However, in this format, subtle w eight changes m ay be difficult to determine.

As an

alternative representation, the negative derivative curve o f the TG w eight loss (i.e. - d w / d t :
DTG) may be derived from the software, which is the rate of change in mass, with respect
to the rate of change in temperature. These changes are shown as maxima, w hich can be
related to changes observed in com plem entary thermal techniques, i.e. TG-MS.

TG analyses were able to resolve decomposition w eight changes, however, TGA/DTG was
not able to assign specific com pounds to individual w eight losses. TG-MS provided these
results for organoclay decomposition.

Previous examples of com plim entary thermal

analysis were shown by Paama et a/. [2.18], w ho used TGA/DTG-FTIR analysis to determ ine
the characteristic reactions occurring as archaeological samples were heated. Similarly,
Thornley & Primmer [2.19] utilised TGA-evolved w a te r analysis (EWA) to quantify clay
minerals in whole rocks.

Several factors may influence the shape of a TG curve [2.20]:
A.

Sample size: Large samples may produce poorly resolved events. This m ay be due

to: (i) a significant tem perature gradient within the sample, a n d /o r (ii) the difficult evolution
of volatile products escaping from the sample.

It was necessary to use a sam ple mass

consistent with the capabilities of the therm o-balance. The samples which w ere analysed
in this thesis were in the mass range 9.5-10.5 mg.
B.

Particle size distribution and packing density: These should vary as little as possible

in order to optimise reproducibility.
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C.

The use of an inert atmospheres/gas flow:

Nitrogen was used to suppress the

oxidation of the organic material in the clays and composites analysed in this thesis. The
effect of interaction o f the sample and the gas involved with it is crucial. An atmosphere
rich in decomposition products w ould have delayed the corresponding decom position of
the heated material until a higher tem perature was reached. This principal is known as the
Le Chatelier principal. Thus for the equilibrium:
X(solid)

Y(solid) + Z(gas)

where when Z was produced by the system it w ould make it more difficult for X to
decompose. Therefore a nitrogen flow rate of 20 cm 3 min-1was used to remove Z.
D.

The sample holder: The sample container must not react with the sample as silica

containers do with certain carbonates. Refractory crucibles were used in these studies (4
mm x 4 mm). The depth of the sample holder was also an im portant issue, as a shallow
container would allow better exchange betw een the sample and its gaseous environment.
E.

Heating rate: Slow heating rates are used as standard for a variety o f reasons.

Often with increased heating rates the resolution of the TG curve will decrease as the
difference between the actual tem perature o f the sample and the recorded tem perature
increases. Secondly maxima temperatures also increase with heating rate.

Therefore,

heating rates of 10°C min-1 have been used throughout.

2.4.2.3

TGA Experimental Parameters

For samples where no evolved gas analysis was required, TGA was perform ed on a MettlerTelodo TA8000 thermo-gravimetric analyser where a nitrogen gas flow was m aintained a t a
rate of 20 cm 3 min*1. The heating profile ensured that samples were first conditioned a t 35
°C for 15 minutes in order to remove low tem perature physisorbed com ponents and obtain
a stable weight reading. The tem perature was then ram ped at a rate of 10 °C min-1 up to
800 °C.
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2.4.3

Evolved Gas Analysis (EGA) by Thermogravimetric-Mass Spectrometry
(TG-MS)

A Unicam-Synergic Chem ical Analysis System (‘Synergy’ system) was used to perform
evolved gas analysis (EGA).

The Synergy system consists o f a therm obalance which

recorded the w eight loss o f a sample, and the evolved gases were then d e te cte d by Mass
Spectrometry (MS), where the output corresponded to different w eight losses in real-time.
This was referred to as real-time analysis because tim e/tem perature related w eight losses
recorded using TGA could be related to spectrom etric features shown by MS.

For the

purpose of this thesis, EGA by real-time MS will be known as TG-MS. MS produces a pattern
consisting of a diagnostic pattern o f charged particles and m olecular fragments based on
the ratio of mass:charge (m/z). Com ponent analysis equipm ent of the TG-MS is linked via a
series of tem perature controlled transfer lines.

Further parallel EGA by gas-phase FTIR and

post-run analysis by OTM-GC-MS have so far been unavailable due to com ponent failures.

EGA by TG-MS

MS

GC

Organic trap module (OTM)

TG
Analyser

Gas
cell

FTIR
Transfer lines ensure transport of evolved gases
from the TGA to FTIR, OTM/GC and MS

Figure 2.7

Diagrammatic representation of the SYNERGY EGA system.
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2.4.3.2

Mass Spectrometer

An ATI Unicam Automass System 2 quadrupole mass spectrom eter was used. In the course
of this work, the MS was operated in the electron im pact (El), positive ionisation m ode.
The MS consists of three main units: (i) Ion source, (ii) Ion analyser (quadrupole ion filter) and
(iii) Mass detector.

2.4.3.2.1

Ion Source

The ion source was where the sample was introduced into the MS. In RT-MS, the TG-MS
transfer line was directly interfaced with the ion source. The charged particles/ions used for
mass analysis were form ed by electron im pact ionisation. The sample was passed through
an electron beam

(70 eV) and ionisation occurred w hen electrons struck sample

molecules and im parted enough energy to remove other electrons from the sample
molecules. For example, M ethanol would undergo the following reaction in the ion source:
CH3 OH + 1 electron -> CH30H+* (radical cation) + 2 electrons

Methyl
1 0 0 9C-

50 56

10

20

m/z
Figure 2.8

El fragmentation pattern of methanol.

86

30

Electron im pact ionisation usually produces singly charged ions containing one unpaired
electron.

The charged ion, which remains intact, is referred to as the m olecular ion.

Energy im parted by El is more than that required to produce the m olecular ion, this excess
energy causes instability in the molecular ion, causing it to break into smaller fragments to
give a characteristic mass spectrum.

The m ethanol ion may be fragm ented in various

ways, with one fragm ent carrying the charge and one fragm ent remaining uncharged.
For example:
C H 3O I T *

or,

(molecular ion)

C h -b O IT *

CH20H+ (fragm ent ion) + IT

(molecular ion) - » C H 3+ (fragm ent ion) + *O H

A typical El fragm entation pattern of m ethanol is shown in fig. 2.8.
A schem atic of the El ion source is shown in fig. 2.9.

Electron Collector (Trap)

Positive
„ Ions

Neutral
Molecules

to analyser

Extraction
Plate

Filament

Figure 2.9

Ei Ion Source.
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From a qualitative viewpoint, the im portant features o f this type of spectrum are:
i.

The ions produced are largely singly charged and the m/z ratio corresponds to the
'w eight' of the elements involved. Not only is the elem ental composition of each
fragm ent ion accessible, but so are the m olecular w eight and m olecular formula.
These are probably the most im portant and discriminating pieces of information
available to the analyst.

ii.

The ions produced m ay be related in most cases to the structure o f the intact
molecule using well-understood principles, which have a basis in theory.

iii.

The mass spectra are reproducible. This is of crucial im portance when libraries o f
reference spectra are used to aid structural determination.

However, there are tw o main disadvantages of El, namely limitations in the range of
com pounds that may be successfully ionised and the utility of the resulting spectra.
Samples must be volatile and thermally stable to yield an El spectrum and this precludes
the study of many unstable and thermally involatile analytes.

Fragmentation reactions may reduce the utility of El spectrum by reducing the intensity o f
the molecular ion to a level that is not detectable. In these cases the m olecular w eight
may not be determ ined and one of the single most valuable pieces of analytical
information is lost.

Therefore, the optimisation o f the transfer line tem perature and the

introduction of the sample into the MS source were very im portant.

2.4.3.2.2

(on Analyser (Quadrupole)

The m olecular and fragm ent ions produced during ionisation of the sample w ere
accelerated by manipulation of the charged particles through the mass spectrom eter.
Uncharged particles and fragments were pum ped aw ay. The quadrupole ion filter used
positive and negative voltages to control the path of the ions. These ions travelled dow n a
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path based on their m/z and w ere m ade to oscillate in the x and y directions by an electric
field. El ionisation produces singly charged particles, so the charge (z) is one; therefore, an
ion's path through the quadrupole would dep end on its mass. A voltage consisting of a DC
com ponent and a radio frequency com ponent was applied to ad ja ce n t rods with a 180°
phase difference betw een the voltages applied to the tw o pairs. Therefore, if the +(U+V
costnt) and -(U+V cosxnt) rods were fixed a t a particular rf/d c voltag e ratio, then one
particular m/z w ould travel the successful path to the detector. However, voltages were
not fixed, but w ere scanned across a range o f rf/d c voltages whilst maintaining a constant
U/V ratio, so that ever increasing masses could find a successful path through the rods to
the detector.

2.4.3.2.3

Mass Detector

The MS d e tector works by producing an electronic signal when struck by an ion. A series o f
timing mechanisms integrated the signal abu ndan ce and associated it with a particular
rf/d c voltage ratio (m/z). By doing this, the associated mass and signal a b u ndan ce were
correlated.

2.4.3.3

TG-MS Interface

The Synergy system uses a sniffer interface, to allow continuous operation o f all acquisition
techniques without any compromise in the quality of acquired data. This sniffer interface
ensured that the evolved gases were sampled before they were allow ed to diffuse
throughout the entire volume of the TGA reaction cell [2.21 ].

The sniffer interface em ployed separate tubes for MS and FTIR sampling.

They were

constructed of a high tem perature alloy and extend to a position just a b o ve the sampling
cup where they were positioned so as not to interfere with the TGA hang-dow n wire. In the
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case of the MS unit, the vacuum o f operation served to draw the evolved gas.
schem atic of the sniffer interface showing one transfer line is shown in fig. 2.10.

P u r g e G a & F le w
(fro r r b a la n c e /

T r a n s f e r L in e
T o FTJP c r M o s s
S p c c T -ro rrs tc r.

C o n d e n s a tio n B a ffle

P r o t j c t s bstesnc-e
S n iffe r T ube

& h»r»g-<*s.'wr* iv re1.

V
G a s S e p a r a tio n
Zone

Evolved gases
l ir n v . n ( n t c S r . l F c r

tu b e.

R e a c tio n G a s F lo w

Figure 2.1

Sniffer interface [2.22]

2.4.4

Fourier Transform Infrared Spectroscopy (FT-IR)

2.4.4.1

General Theory of FT-IR

Figure 2.11

Schematic of a Michelson Interferometer.
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.A

The FT-IR instrument is based on a Michelson Interferometer (fig.2.11). The interferogram (in
time domain) obtained from this set-up is converted to a spectrum (frequency domain)
through m athem atical procedures developed by Fourier [2.23-2.25].

In an interferometer the radiation from the source (A) is sent to a beam splitter (B) m ade
from infrared transparent material, e.g. KBr. The beam is split into tw o beams, one of which
passes through the beam splitter onto a moving mirror (D). The second beam is reflected
from the beam splitter onto a stationary mirror (C). Both beams are reflected off the mirrors
and recom bined a t the beam splitter. The recom bined radiation is then passed through
the sample (E) onto the d e tector (F).

FTIR has three major advantages over dispersive types of IR:
1. Throughput (Jacquinot) advantage: The Jacquinot adva n ta g e is due to the fa c t that
no slits are needed in this set-up. Therefore the am ount o f radiation that reaches the
d etector is higher and an increased signal to noise ratio can be observed.

2.

Multiplex (Fellgett) advantage: The Fellgett a d va n ta g e is achieved because all
frequency elements reach the d e te cto r simultaneously. Because o f this the spectrum
can be obtained in a very short time.

3.

Laser reference (Connes) advantage: The Connes ad va n ta g e is derived from the
sampling m ethod. The time interval a t which information is sam pled is determ ined by
utilising a laser with a fixed wavelength (usually 632.8 nm). As the tim e interval can be
measured very accurately the frequency dom ain spectrum obtained from the Fourier
transformation is also very accurate. This allows the averaging of scans to reduce the
signal to noise ratio of the final spectrum.
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The spectral range in FT-IR spectrometers is determ ined by the type of beam splitter and
detector used. In ATR (Attenuated Total Reflectance) experiments the type o f ATR crystal
will also influence the spectral range. The parameters that control the quality of an FT-IR
spectrum therefore are:
•

the velocity of the moving mirror

•

the resolution

•

the num ber of scans taken per spectrum

•

m athem atical

calculations

taken

during

the

Fourier

Transformation,

e.g.

Apodisation function.

2.4.4.2

Transmission Fourier Transform infrared Spectroscopy

Transmission FT-IR is the most basic infrared sampling technique. The radiation is passed
through the sample onto a detector.
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Schematic of the beam path in transmission measurements.

Transmission in these experiments is defined as:

T = — = exp ( - « /)
J

Eqn 2 - 4

r\

where:
I: transmitted intensity, fo: incident intensity, a: absorption coefficient, I: sample thickness

With this technique, information on the bulk of the sample can be obtained. The thickness
of the samples that can be analysed by this m ethod depends on the absorption properties
of these samples. For strongly absorbing samples only thin films can be analysed. Samples
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can also be presented pressed into KBr discs.

This sample preparation ca n be time-

consuming and difficult to reproduce.

2.4.4.3

Attenuated total reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

Attenuated total reflectance (ATR) spectroscopy, also known as Internal reflection
spectroscopy (IRS), is especially suitable for the analysis of physically thick, strongly
absorbing samples. The sample is placed in c o n ta c t with an ATR crystal. The IR radiation
sent through this crystal undergoes total reflection a t the sample/crystal interface.

R E F L E C T E D IR R A D I A T I O N

IRE

£ ko

SAMPLE

DECAYING
EVANESCENT
F IE L D

0

1.0

Figure 2.13

Evanescent field penetrating the sample [2.26].

The number of total reflections occurring is depende nt on the size and geom etry o f the
crystal as well as the angle o f incidence of the incoming light [2.26].

Light travelling through a medium with a high refractive index (e.g. Diamond - refractive
index = 2.42) (the IRE) to an interface with a material of lower refractive index creates an
evanescent field that penetrates the sample a t each point of total reflection.

The

evanescent field decays exponentially with increasing depth. The depth at which the field
has dropped to 1/e («36.8 %) of its original value has been defined as the d e p th of
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penetration.

As this param eter has been arbitrarily defined by Harrick the naming has

caused some confusion. The depth o f penetration can be calcula ted using the following
equation [2.26, 2.27].

d

Eqn2-5

P

2;r(sin2 # - « 212) 05

where:
0: Angle of incidence, n2 i=n 2 /n i, m: refractive index of the IRE, n2 : refractive index of the sample,

Experiments with polypropylene and polystyrene on a KRS-5 crystal have shown that the
actual depth sampled is greater than the depth of penetration as given by the equation
above. The actual depth sampled is ~3dP [2.26, 2.27].

Spectra for transmission and ATR experiments are similar if the assumption that the
specimen thickness is » d p is valid with the exception that the coupling o f the field to the
dipoles in the specimen depends on the wavelength. The effective thickness (de) which is
the equivalent thickness of a transmission sample which w ould produce the same energy
absorption as a single internal reflection can therefore be ca lcu la te d to enable
comparisons betw een the spectra [2.23, 2.26, 2.27]. For these calculations the tw o possible
polarisations o f the incident light need to be taken into account. The transverse electric
w ave (TE) which is perpendicular to the plane of incidence and the transverse m agnetic
w ave (TM) which is parallel to the plane of incidence.

Eqn 2-6

Eqn 2-7

n2l cos 0 \

de{TE) =

de(TM) =
;r(l +w212)(sin2 0 - w212)°5[(l + rc212)sin2 9 - n2 * \ 5

where:
0: Angle of incidence, n2i = n2/n i, ni: refractive index of the IRE, n2 : refractive index of the sample, h = X./ni
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From these equations it m ay be seen that the effective thickness sampled during the
experiment can be varied by choosing suitable values for 0 and n 2 i.

High 0 make the

m ethod more surface selective but at the same time decrease the num ber of reflections
and therefore the sensitivity. High refractive indices for the IRE also increase the surface
selectivity at the expense of spectral intensity. The choice of IRE is also influenced by other
considerations such as durability, frequency range, cost and solvent resistance.

A major problem with ATR is the g oo d sample co n ta c t required to obtain quantitative
spectra. In order to get goo d co n ta ct the sample surface needs to be as flat as possible.
This requirement has often cast doubt on the reproducibility of ATR measurements [2.26].

The detection range is dep ende nt on the type of detector, the material of the beam
splitter and the IRE. For ATR measurements a more sensitive d e te cto r needs to be used than
for transmission as the energy reaching the d e te cto r is much lower because o f absorption
during the multiple reflections and losses in the optical system.

2.4.4.4

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), is especially suitable
for the analysis of pow der samples.
Diffuse

incident Beam

Sample
Figure 2.14

Schematic of diffuse reflectance studied in DRIFTS.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a useful technique
for measuring the am ount of ionic com pounds present in ceram ic powders.
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TWO EUPTICAL MIRRORS
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, Detector

FLA T M IR R O R

Figure 2.15

Schematic of DRIFTS attachment for FT-IR.

The advantages of using DRIFS are [2.28]:
•

It is a sufficiently sensitive technique in the Mid-IR spectral region, where
com pounds such as: sulfates, nitrates, phosphates and carbonates absorbs
strongly. Detection o f com pounds in low concentrations is therefore possible.

•

It is a very fast and specific m ethod for analysing the clay powders for ionic
compounds. Preparation of samples, recording o f FTIR-spectra and d a ta analysis
can be carried out in a short duration.

DRIFTS has been applied to the analysis of a variety o f pow dered materials:
•

Inorganic materials: cem ent [2.29], coals [2.30], kaolinite [2.31], silicon nitride [2.32]
and calcium carbonate [2.33].

•

Organic materials: carbohydrates [2.34] and caffeine [2.35].

Quantifying the concentrations of the chem ical com pounds by infrared spectrom etry in
powders is, however, a much more difficult task than in gas and liquid analysis. It has been
recognised that parameters such as: particle sizes, sample packing density [2.35, 2.36],
optical properties of the pow der [2.37] all influence the measurements.
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2.4.5

Environmental Scanning Electron Microscope (ESEM)

ESEM studies were co nd ucte d using a Philips XL30 ESEM-FEG coupled with an Oxford
Instruments LINK-ISIS Energy Dispersive X-ray Analyser (EDX).

ESEM microscopes are

specifically designed to study samples such as polymers without prior specimen
preparation, because the ESEM is not reliant on a conducting surface as in SEM. Samples
that cond uct electricity are easier to study because the unim peded flow o f electrons to
ground minimises problems associated with the build-up of charge. Because the sample
cham ber is not a t a very high vacuum this alleviates the need for a cond uctive coating as
gas ionisation

neutralises the charge build-up. Therefore samples that are w et or non-

conductive may be exam ined in w a ter vapour or other gases such as CO 2 or N2 a t near
atmospheric pressures, due to

the

ESEM's unique vacuum

system.

Under such

environmental conditions magnifications of up to x 50,000 (with resolutions guaranteed to
100 A) are possible.

A differential pumping system allows the entire ESEM specimen cham be r to be m aintained
at a controlled gas pressure separately from the field emission gun (FEG). An autom atic
servo system gives an operating cham ber pressure that can be held constant betw een 120 torr.

Specimen tem perature can range from -200°C to 1000°C, moisture content and gas
environment can also be m anipulated precisely and a t will, while continuously observing
the sample. Real-time processes such as wetting, drying, absorption, melting, corrosion and
crystallisation can be recorded.

The ESEM’s com puter driven 5-axis stage is useful for

making accurate long-distance measurements and for autom atically returning to the
exact spatial co-ordinates on the sample after removal for experimental treatments [2-38].
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2.4.6

Atomic Force Microscopy (AFM)

Atom ic force microscopy (AFM) operates by measuring attractive or repulsive forces
betw een an atom ically sharp tip and sample surface [2-39]. The force betw een the tip
and the sample surface is very small, usually less than lO 9 N.

6
Figure 2.16

5

Schematic of AFM components: 1-Laser, 2-Mirror, 3-Photodetector,
4-Amplifier, 5-Register, 6-Sample, 7-Probe, 8-Cantilever.

When an AFM tip is scanned over a sample surface, fe e d b a ck mechanisms ena ble the
piezo-electric scanners to maintain the tip a t a constant force (to obtain height
information), or height (to obtain force information) abo ve the sample surface. Tips are
typically m ade from Si3N4 or Si, and extended dow n from the end of a cantilever.

Figure 2.17

Image of an AFM tip [2-40].

The AFM head has an optical detection system in which the tip is a tta c h e d to the
underside o f a reflective cantilever. A diode laser is focused onto the back of a reflective
cantilever.

As the tip scans the surface of the sample, moving up and dow n with the

contour of the surface, the laser beam is deflected off the a tta ch e d cantilever into a dual
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elem ent photodiode.

The photodetector measures the difference in light intensities

between the upper and lower photodetectors, and then converts to voltage. Feedback
from the photodiode difference signal, through software control from a com puter, enables
the tip to maintain either a constant force or constant height a bo ve the sample. In the
constant force m ode the piezo-electric transducer monitors real tim e height deviation. In
the constant height m ode the deflection force on the sample is recorded. To obtain useful
AFM results, the AFM head needs to be vibrationally isolated from its surroundings. This
isolation unit consists of a concrete base a tta ch e d to bungee cords firmly anchored to a
stable freestanding tripod.

2.4.6.1

AFM Tip-Sample Interaction

The w a y in which im age contrast is obtained can be achieved in m any ways. The three
main classes of interaction are c o n ta ct m ode, tapping m ode and the phase-imaging
option, and non-contact mode.

2.4.6.2

Tapping Mode

When operated in air or other gases, the cantilever is oscillated at its resonant frequency
(often hundreds of kilohertz) and positioned above the surface so th a t it only taps the
surface for a very small fraction of its oscillation period. This is still c o n ta ct with the sample in
the sense defined earlier, but the very short time over which this co n ta c t occurs means that
lateral forces are dram atically reduced as the tip scans over the surface. When im aging
poorly immobilised or soft samples, tapping m ode m ay be a far better choice than
c o n ta ct m ode for imaging [2-41 ].

Phase Imaging is an extension of the tapping m ode and was the most com m only used
technique in this thesis.

By m apping the phase of the cantilever oscillation during the

tapping m ode scan, phase imaging may d e te ct variations in com position, adhesion,
friction, viscoelasticity, and perhaps other properties. The applications include m apping of
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different

com ponents

in com posite

materials,

identification

o f contam inants

and

differentiating regions of high and low surface adhesion or hardness. In many cases, often
providing

additional

2.4.6.3

information

more

rapidly

and

with

higher

resolution.

Advantages of AFM

As a m ethod for imaging a sample surface, com pared with a scanning electron
microscope

(SEM),

AFM

provides

good

topographical

contrast,

direct

height

measurements and unobscured views of surface features without the need for prior
coating.

Com pared with transmission electron microscopes (TEM), 3-D AFM images are

obtained without expensive sample preparation and yield far more com ple te information
than the 2-D profiles available from cross-sectioned samples used in TEM.

2.4.7

Gel Permeation Chromatography (GPC)

Gel permeation chrom atography (GPC), also referred to as size exclusion chrom atography
(SEC) is a liquid column chrom atographic technique that separates molecules on the basis
o f their sizes or hydrodynam ic volumes with respect to the average pore size o f the
packing.

Mobile
phase
reservoir

Pump

Column

Detector
Data
system

Injection
valve „

Detector

porous
particle

Sample

elution time

Chromatogram

Figure 2.18

Schematic of GPC system [2-42].

Analysis of selected samples by GPC was co nd ucte d a t Scott-Bader to measure
differences

in

the

m olecular

w eight

and

polydispersity

of

selected

polystyrene

nanocom posite materials.

The GPC approach uses columns containing finely divided, porous particles [2-43, 2-44].
The sample molecules are introduced into a stream o f solvent (mobile phase) and are then
pum ped to flow through a bed of a porous polymer or silica-based particles (stationary
phase). The sample molecules that are smaller than the pore size enter the stationaryphase particles, and so, have a longer path/retention time than larger molecules that
cannot enter the pore structure. Small molecules can enter virtually every pore, and so,
are eluted last. The sizes of the mid-size molecules regulates the extent to which they can
enter the pores of the stationary phase. Larger molecules are excluded and, therefore, are
rapidly carried through the system.

Therefore, the larger molecules elute earlier in the

chrom atogram , while the smaller molecules elute later.

This system is largely an

entropically governed phenomenon, with motion in and out o f the pores being statistically
governed by Brownian motion and flow rate.

2.4.7.1

GPC Experimental Parameters

All selected samples were analysed on an Agilent 1100 Series GPC Analysis system using
Polymer Laboratories GPC software. Selected samples were introduced into a stream of
THF eluent (Jwt% in 10ml) that was pum ped at 0.5 ml/min through a bed of a porous silicabased particles (i.e. 2x Shodex GPC KF-604) with a polystyrene size exclusion limit relative to
a MW of 400,000, at 45°C. A variable w avelength d e te cto r was used to d e te c t changes in
the absorption of UV light (100-400 nm) by the eluted mobile phase.

2.4.8

X-ray Fluorescence (XRF) Spectrometry

An XRF spectrometer was used for quality assurance by determining the quantity of
elem ental oxides present in all Na+ exchanged clay samples.

2.4.9

P NMR

Kaolin samples exchanged with phenylphosphonic acid (KPPA) were submitted to the
EPSRC NMR facility a t Durham University for 31P NMR.

31P NMR was used as a

characterisation technique to analyse any phosphorous shifts in the different KPPA systems.
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Thermal Stability of Organoclays

3.1

Introduction to Organoclay Studies

It has long been known that the exchangeable gallery cations o f natural clays could be
replaced by various organocations through a simple ion exchange process.

These

organocations may, for example, have an ammonium functional group, consisting o f a
nitrogen atom in an alkyl or quaternary ammonium com plex, with a positive charge. This
organocation w ould be exchanged onto the clay surface replacing Na+, C a2+,... ions (i.e.
preferentially absorbed to cation-exchange sites) and the free inorganic cations from the
clays and halide ions from the amines would then be washed out (Lagaly, 1984) [3-1 ].

Cowan and White (1958) [3-2] studied the adsorption of straight-chain alkylammonium salts
by Na-bentonites. A linear relationship was found betw een a change in the free energy of
the alkylammonium surfactant and the num ber of carbon atoms in the aliphatic chain.
The increment in the free energy was ascribed to Van der Waals interactions betw een the
chains. Consequently, a mechanism for the exchange process was proposed in which the
length of the hydrocarbon chain was considered to play the most im portant role. Similarly,
Theng et a/. (1967) [3-3] found that the affinity of a clay for the organic molecules was
linearly correlated to the m olecular weight o f the alkylammonium ion, i.e. the greater the
length of the alkyl chain, the greater the contribution to the physical forces of adsorption.

The stability of alkyiammonium-MMT complexes has been partly attributed to the van der
Waals attraction of hydrocarbon chains with their neighbouring chains and with the cla y
surface. Other contributions are believed to be due to the therm odynam ic stabilisation o f
the alkylammonium ion at the clay surface when com pared with the same ion hydrated in
aqueous solution. As a result, organoclay complexes are generally thermally stable up to
at least 175°C (Jones, 1983) [3-4].

The intercalation o f alkylammonium ions with different chain lengths has been used to
determ ine the layer charge distribution of clay minerals (Lagaly & Weiss, 1969 [3-5] a n d
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Lagaly, 1994 [3-6]) and also to study the changes in the octahedral and tetrahedral
charge of smectites after Li+ fixation (Maes, 1979 [3-7], and Malla, 1987 [3-8]).

A variety of organocations have been used in industry for more than 60 years as thickeners
and rheological agents for oil based drilling fluids, paints, greases, inks and as binders for oil
based foundry sands (Jordan, 1949 [3-9]). Organoclays are also effective absorbents for
removing organic contam inants from water.

When non-polar molecules and dissolved

organic com pounds encounter organoclay particles with their alkyl chains protruding into
a polar solvent (e.g. H2 O), these species would be attra cte d by the alkyl chains (i.e.
because they are chem ically similar).

Since this partitioning activity takes p la ce in the

galleries of the clay particles, no stable binding to the surface o f the cla y occurs. Their use
as adsorbents for organic com pounds in w ater was m entioned as early as the 1960’s
(Street, 1963 [3-10] & Slabaugh, 1969 [3-11]), but most work has been co n d u cte d since the
1980’s. The hydrophobic interactions that occur betw een non-polar organic pollutants
and the alkyl chains o f organoclays reduces the mobility o f organic pollutants (i.e. in soil
and waterways), like benzene derivatives (BTX) and phenols (i.e. non-ionic chem icals with
low w ater solubility). This extends to the use of organoclays to rem ediate groundw ater and
industrial w astew ater at underground storage tank sites, oil storage terminals, oil drilling sites
and refineries, where the groundw ater may be contam inated with oil, grease, phenolic
compounds, arom atic and halogenated hydrocarbons (Boyd, 1991 [3-12] and Brixie &
Boyd, 1994 [3-13]).

Depending on the size of the organic cations and the layer charge o f the mineral, the alkyl
chains of the organocations may be arranged in different configurations within the gallery
space, and so, may impart steric/size exclusion thresholds for the adsorption of organic
molecules.
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Cation exchange of a normally hydrophilic silicate surface renders it organophilic, this
makes it possible to intercalate the clay's gallery space with many different engineering
polymers.

The role of alkylammonium cations in an organoclay for the production of

nanocomposites is to lower the surface energy of the inorganic host, and so, improve its
w etting characteristics with respect to the polymer. Also, the alkylammonium cations may
have functional groups that could either react with the polymer [3-14] or initiate the
polymerisation of monomers [3-15] to improve the strength o f the interface betw een the
inorganic host and the polymer.

In this chapter, the focus has been to exchange N-alkylammonium and quaternary
alkylammonium cationic species with variable carbon chain lengths, into Na-form clays
with different crystallinity and hom ogeneity o f charge distribution. Special emphasis was
placed

on

the

determination

o f w hether the

different

organocations

and

clay

compositions that were produced lead to im proved thermal stability of the organocation.
The thermal decomposition of the organic species, resulting from a Hoffman degradation
process (outlined in section 1.4.3.1, ch. 1), was follow ed using RT-TG-MS. The clays and
organocations that were chosen also perm itted an investigation of how the layer charge
and elemental composition of the octahedral sheet influenced the decom position of the
alkylammonium ions. In particular, the use o f SWa-1 provided the possibility o f determining
if structural iron exerted any influence on the alkylammonium ion decomposition.

3.2

Materials and Methods

3.2.1

Clays Used

The <2 pm fractions of four bentonite clays were utilised in this study the general
descriptions of each are given in table 3.1 and the structural compositions are listed in
table 3.2.

SWa-1 and SAz-1 clays were prepared in Bratislava for a previous research

project and had been stored securely since.
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Clay Specimen

Mineralogy

Source

Cheto (SAz-1)

Ca rich-MMT

Arizona, USA

Nontronite (SWa-1)

Ferruginous smectite

Washington, USA

Various sources,
ECC International,
Cornwall, UK
Various sources,
Cloisite
Na-MMT
Southern Clay Products,
Texas, USA
General descrip ion of clays utilised throughout this thesis.

Mineral Colloid British
Phamnocopea (MCBP)

Table 3.1

Na-MMT

Sample

Structural Composition

SAz-1

Si4Ah.34Mgo.6Feo.o70io(OH)2.(H20)n

SWa-1

Si3.64Al0.42Mg0.14Fe1.46Ol0(OH)2.(H2O)n

MCBP

Si3.64Alo.42Mgo.l 4Fe1.4601o(O H)2 . (H2 O )n

Cloisite

Si3.64A!o.42Mgo.l4Fei.460lo(OH)2.(H20)n

Table 3.2

Mineral Formulae for smectite species used in this thesis [3-3 & 3-1 6].

3.2.2

Alkylammonium Exchange

SAz-1 and SWa-1 were first saturated with Na+ using a 1M NaCI solution, then washed free
of excess ions using de-ionised w ater and ethanol and air dried a t 60 °C before being
ground to pass through a 200 jjnn sieve. 100 mg of the Na-form clay was then exchanged
with 2 ml of 0.1 M aqueous solutions o f primary alkylammonium salts o f increasing chain
length from C6 to Ci6 [3-6].

MMT was saturated with Na+ by dispersing 5 g clay in 150 ml 1M NaCI, washed free of
excess ions by centrifuging the Na-form clay dow n from a slurry (clay and deionised water)
and was repeated until the conductivity of the supernatant was below 50 pS, ensuring no
ionic product remained in the solution [3-17].

The samples were then covered on the

laboratory bench and air-dried for 48 hours. After drying, samples w ere ground to pass
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through a 200 (jm sieve. This clay was then exchanged with quaternary alkylammonium
salts with chain lengths of Cs, C 12, C u and

C m,

to run as a com parative study with the

Slovak clays. The organocation loading on the clay was linked to the cation exchange
ca p a city (CEC) of MCBP (80 mEq / lOOg). In the initial experiments the clay was loaded at
different quantities with respect to the CEC (i.e. 1.0 x, 2.0 x, etc..) to study the e ffe ct this
would have on the physical properties of the organoclay and its inclusion in subsequent
polymer-clay nanocomposites.

All samples were prepared in triplicate to alleviate any

anomalies.

3.2.3

X-ray Diffraction Analysis (XRD)

XRD was utilised to determ ine the spacing betw een the expanded layers of the different
organoclays, using a Philips PW3710 (Cu tube) and PW1710 (Crtube) X-ray diffractometers.
The same experimental procedure and operational conditions, as described in section
2.4.1.3, ch. 2, were used to obtain the diffraction traces.

3.2.4

Thermo-Gravimetric Analysis (TGA)

TGA was utilised to measure the thermal stability of the Na+ clays and the respective
organoclay derivatives, using a M ettler TG50 Thermobalance.

The same experimental

procedures and operational conditions, as described in section 2.4.2.3, ch. 2, w ere used to
obtain the thermograms.

3.2.5

Real-Time TG-MS Analysis

The mass spectra of the gases evolved during the heating process were recorded using the
same therm obalance (Cahn TGI31) - MS assembly and experimental conditions given in
section 2.4.3, ch. 2.
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3.2.6

Sample Identification

Throughout this and subsequent chapters, the different organoclay species will be referred
to with respect to the cla y type, organocation species and alkyl chain length (Table 3.3).
Mineral / Organic Components

Abbreviation

SAz-1 / Na+ exchanged
SAz-1 / octylam m onium cation, with Cn = 8

Na-SAz-1
SAz-1 -Cs
4,

SAz-1 / octylam m onium cation, with Cn = 16

SAz-1-Cu

SWa-1 / Na+ exchanged
SWa-1 /o ctylam m on ium cation, with Cn = 8
SWa-1 / hexadecylamm onium cation, with Cn = 16

Na-SWa-1
SWa-1-C8
I
SWa-1-Cu

M C B P / Na+ exchanged
/ octyltrimethylammonium cation, with

Na-MMT (MCBP)
MCBP-Cs

4,

MCBP

Cn=

8

4,
MCBP

4,

/ hexadecyltrimethylammonium cation, with

Cn

=8

Cloisite / Na+ exchanged

MCBP-Cu
Na-MMT (Cloisite)

Cloisite / dimethyl, dihydrogenated tallow, quaternary ammonium
Modifier concentration = 125 mEq/lOOg clay

C15A

Cloisite / dimethyl, dihydrogenated tallow, quaternary ammonium
Modifier concentration = 95 mEq/lOOg clay

C20A

Cloisite / dimethyl, benzyl, hydrogenated tallow, quaternary ammonium
Modifier concentration = 125 mEq/lOOg clay

C10A

Table 3.3

Sample Identification for SAz-1, SWa-1, MCBP and Cloisite Organoclays.

3.3

Na-SAz-1 + Alkylammonium Cations (CnNH3+)

3.3.1

Description/Reason for Use

Na-SAz-1 (Cheto) clay is a sodium-exchanged sm ectite with a high surface charge. The
interlayer cations in this series of samples were exchanged with N-alkylammonium cations
with chain lengths ranging from C6 to Ci6, a t a concentration that was equivalent to 1 x
CEC of SAz-1 (120 mEq/lOOg).

In this section the XRD spectra, TGA/DTG traces and

com parative TG-MS d a ta for the desorption /decom position of the alkylammonium cations
have been described, the specific trends of which are discussed below.
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3.3.2

X-ray Diffraction (XRD) of SAz-1 -C„NH3

Due to the availability of only a small quantity of each sample it was not possible to record
the basal spacings of these samples as well as conducting TGA and TG-MS analysis.
However, the basal spacings of these samples were previously analysed by Komadel &
Janek [3-17], and their XRD results are presented in fig. 3.1. The basal spacings showed a
step-wise increase as the alkylammonium cation increased in chain length, increasing from
13.6

A at Cs to 17.8 A a t Cn. According to Jaynes & Boyd [1-29] this increase would signify

a chan ge in arrangem ent for the alkylammonium cations from a m onolayer arrangem ent
(13.6 A) to a bilayer arrangem ent (17.7 A), with characteristic interm ediate regions due to
the charge density heterogeneity o f the smectite.

SAz-l-CnNHs

18
17
<
o
“D

,4

16
15
14

-

13

____i____ i____ i____ i____ i____ \___
5

6

7

8

9

10

• alkylammonium exchanged SAz-1

11

12

13

14

15

16

17

Chain length (C n)
Figure 3.1

Alkylammonium exchanged SAz-1. Effect of chain length of
alkylammonium ions on basal spacing [3-17].

These results were in agreem ent with the results of Lagaly & Weiss's extensive study of
approxim ately 200 bentonite clays [3-5].

3.3.3

Thermo-Gravimetric Analysis (TGA) of SAz-1 -CnNH3

The derivative thermograms of the SAz-1-CnNH3 samples (fig. 3.3) showed several thermal
desorption events, these could be grouped to form tem perature ranges within which the
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thermal desorption maxima w ould vary 35-150 °C, 150-500 °C and small w eight loss >500
°C. An assignment of the events occurring within these tem perature ranges is displayed in
ta b le 3.4.

Desorption temperature

Assignment

3 5 -1 5 0 °C

evolution o f physisorbed w ater

decom position o f organocations
1 5 0 -5 0 0 °C

producing aliphatic species, ring
compounds, am m onia, w a ter and CO 2

> 500 °C
Table 3.4

clay dehydroxylation and CO 2 evolution

Assignment for desorption maxima occurring within specific temperature
ranges for SAz-1 -CnNhb TGA.

Below 150

°C ,

the alkylammonium chains were thermally stable, and so, w eight loss was

attributed to physically trapped w a ter being thermally desorbed. Weight loss betw een 35150

°C

could be seen to be relatively constant, across all alkyl chain lengths, at

approxim ately 8 wt% (table 3.5).

The alkylammonium cations were primarily desorbed from the SAz-1 galleries betw een 150
°C

and 500

°C .

As the length of the alkyl chain increased, the profile of the thermal events

changed, with the majority o f the thermal desorption occurring around a maximum a t 390
°C

when

Cn

= 6, which shifted to slightly lower temperatures until the maximum for

was seen at 370

°C

(fig. 3.3). Weight losses betw een 150-300

but across the range 300-500

°C

below 380 ° C (fig. 3.4, table 3.5). Weight losses abo ve 500
Cn

= 6 to 3.7 wt% at

Cn

16

were relatively constant,

appeared to successively increase with increasing chain

length. Weight losses from organocations with alkyl chains >

at

°C

Cn =

°C

Cn

= 12 increased m arkedly

decrease slightly from 4.7 wt%

= 8. Increases in alkyl chain length above

constant weight loss at approxim ately 3.6 wt%.
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Cn

= 8 resulted in a

SAz-l-C

SAz-l-C,

SAz-l-C,

SAz-l-C,

100

200

3D0

GOO

min

Figure 3.2

Comparison of TGA data for Na-SAz-1 exchanged with C*NH3 (Bottom) to
ChNH3 (Top).

SAz-l-Q
SAz-l-C
SAz-l-CSAz-l-C
SAz-l-C,
SAz-l-C
100

200

300

4 )0

500

600

min
METTLER TOLEDO STAR' SW 7.01

Lab: Andy Cunningham

Figure 3.3

Comparison of DTG data for Na-SAz-1 exchanged with CiNFh (Bottom) to
CuNHs (Top).
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Desorption Temperature Ranges
SAz-1

35-150

151-250

251-310

311-380

381-500

°C

°C

°C

°C

°C

C6NH3+

0.8

3.3

2.7

3.9

c 7n h 3+

0.7

2.5

3.0

C sNH3+

0.9

2.6

c 9n h 3+

0.9

C ioNH3+

Total
> 500 °C

%Wt loss

4.3

4.7

19.7

4.2

5.7

4.2

20.3

2.6

4.8

6.6

3.7

21.2

2.6

2.7

5.1

7.0

3.6

21.9

0.9

2.8

3.1

5.1

8.2

3.4

23.5

C i i NH3+

0.9

2.4

3.7

5.4

8.3

3.6

24.3

Ci2NH3+

0.7

2.3

4.4

6.9

7.6

3.6

25.5

C i 3NH3+

0.8

1.6

3.8

8.3

8.6

3.7

26.8

C i 5NH3+

0.8

1.4

3.4

9.5

10.0

3.8

28.9

Ci6NH3+

0.7

1.5

3.7

11.5

11.7

3.6

32.7

Table 3.5

Comparison of the weight losses for Na-SAz-1 -CnNH3 at different
temperature ranges between 35-800 °C with increasing chain length.
N.b Tem perature ranges selected to c o m p a re with other samples later
in this thesis a n d ex ce n u a fe shifts in different desorption m axim a.

14 i

0 H---------------i-------------------1-------------- 1----------------1---------------- 1---------------- 1
5

7

9

11

13

15

17

Chain Length (Cn)
Figure 3.4

Comparison of the percentage weight loss occurring at different
temperature ranges (151 -250 °C, 251 -310 °C, 311 -380 °C and 381 -500 °C) for
alkylammonium exchanged SAz-1.
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3.3.4

Thermogravimetry-Mass Spectrometry (TG-MS)
of SAz-l-CnNHs (Cn = 8,12,16)

After an extensive survey o f the possible species arising from the alkylammonium cations in
c o n ta ct with the clay surface, the decom position

products w ere identified and

segregated into 3 categories (table 3.6).

Category

Assignment/Group

1

Water [m/z =18], and CO 2 [m/z = 44]

Linear aliphatic species:
2

Alkyls [m/z = 43, 57, 71,85]
Alkenyls [m/z = 41, 55, 69,83]

3

Ring com pounds: See table 3.7

Table 3.6

Specifications of the 3 categories for TG-MS Assignment.

3.3.4.1

Water [m/z = 18] and CO2 [m/z = 44]

The intensity of the w ater [m/z = 18] signal from the

Cn

=

8

sample was high, as expected,

due to the large am ount of w ater located in the SAz-1 gallery around the shorter-chain
alkylammonium cations. The signal was saturated a t higher temperatures for the SAz-1 - C 12
and SAz-1- C i 6 samples, with only slight deviations from the saturated signal offering any
indication that the am ount of evolved w ater was decreasing (fig. 3.6). At temperatures >
500 °C

the signal intensity steadily declined, indicating exhaustion of physisorbed w a ter

and the continued depletion of hydroxyl groups.

In contrast, increases in the formation of
length increased.

CO2

CO2

[m/z = 44] were observed as the alkyl chain

was evolved throughout the range of 35-800

°C .

In the

Cn

sample (fig.3.7), the majority of [m/z = 44] was evolved around three maxima (i.e. 310
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=

8

°C ,

380

and 547

°C

For

° C ).

temperatures (i.e. 371

°C ,

Cn

437

°C

= 12, the maxima appeared to have shifted to higher
and > 600 ° C ) and had greater intensities than in

Cs.

8380000 -

8360000 -

8340000 -
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8300000 -

8280000
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100

200

300
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Temperature (°C)
Figure 3.6

Shape of water [H2 O - m/z = 18] evolution with the increase in
alkylammonium chain length from Cs to C u for SAz-1.
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Figure 3.7

Shape of carbon dioxide [CO 2 - m/z = 44] evolution with the increase in
alkylammonium chain length from Cs to Cu for SAz-1.

116

At Cn = 16, the initial positive incline of the first maximum app eared a t a higher
temperature, however, after 320 °C the MS d e te cto r beca m e saturated. When the Cn = 16
sample was heated a t 120 °C/16 h before analysis, the resulting mass spectrum o f CO 2 [m/z
=

4 4

] was greatly reduced in intensity, it showed [m/z = 44] being desorbed most intensely

about a single maximum at approxim ately 450 °C.

3.3.4.2

Aliphatic Hydrocarbons,
Alkyls [m/z = 43, 57, 71,85] and Alkenyls [m/z = 41, 55, 69, 83]

Analysis of the TG-MS d a ta for the three different alkylammonium chain lengths shows that
the alkyls were desorbed prior to the evolution o f their unsaturated alkenyl analogues. The
intensity of the individual fragm ent ions evolved was seen to decrease with increasing
mass/charge ratio (m/z), (fig. 3.8).
v
o

u
o

9

8
m/z = 43

7

m/z = 57

6
5

m/z = 71

4

m/z = 85
3

2
1
0
100

200

300

400

500

600

Temperature (°C)
Figure 3.8

RT-TG-MS ion chromatograms for the desorption of linear alkyls (i.e. propyl
(m/z = 43), butyl (m/z = 57), heptyl (m/z = 71) hexyl (m/z = 85)) and linear
alkenyls (i.e. propenyl (m/z = 41), butenyl (m/z = 55), heptenyl (m /z = 69)
hexenyl (m/z = 83)) from SAz-1 -Cs.
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When

Cn

= 8 (fig. 3.8), the alkyls and alkenyls were evolved betw een 200 and 450

alkyls most prominently desorbed a t a maximum o f 344
358

At

°C .

Cn

°C

°C ,

with

and alkenyls at a maximum of

= 12, alkyls and alkenyls were thermally desorbed betw een 250 and 475

alkyls a t a maximum of 361

°C

increased again with the

= 16 sample, the tem perature range over which the alkyls and

Cn

and alkenyls a t a maxima of 369

°C ,

alkenyls were desorbed narrowed to between 300 and 475
desorption shifting + 50

°C .

°C ,

°C .

As the chain length

with the onset of increased

As the tem perature increased the intensity of the shorter chain

alkenyls were seen to be greatly increased relative to their saturated analogues (as in fig.
3.8). As the chain length o f the alkylammonium cations increased the linear alkyls and
alkenyls were given off a t successively higher temperatures. Increasing from approxim ately
344
at

°C

Cn

and 358

°C

at

Cn

= 8, to 361

°C

and 369

°C

at

Cn

= 12 and onto 374

°C

and 377

°C

= 16, respectively. As well as the desorption tem perature of these species moving to

increasingly higher temperatures the difference betw een the desorption maxima o f the
tw o types of species decreased with increasing chain length.

3.3.4.3

Ring Compounds

Even with short chain length (i.e.

Cn

= 8) cations, the majority of secondary species

desorbed from SAz-1 were identified by MS as being ring com pounds. These species were
evolved as the result of (1) a Hoffman degradation o f the organocation, follow ed by (2) an
intram olecular reaction or "back-biting" mechanism occurring on the alkyl chain, all
catalysed by acid-sites on the clay's gallery surfaces which results in the form ation o f new
species.

The secondary

species which

w ere

evolved

were

identified

from

a

comprehensive database search as those shown in ta b le 3.7.

The

Cn

= 8 alkylammonium cations evolved these secondary species a t or below the

Tmax

in

the total ion current (TIC) (i.e. approxim ately 350 °C). This created an asymmetric TIC trace
due to the large quantity o f species evolved betw een 275 and 350 °C.
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The ring

com pounds were evolved as a series o f closely spaced maxima at 290, 330, 340, 350 and
363 °C (fig. 3.3.4.3a/b).

m/z ratio

Assignment

77

1,3-cyclohexadiene and
1-methylcyclohexene

78

benzene

79

1,3-cyclohexadiene and
1-methylcyclohexene

81

1-methylcyclohexene

82

1-cyclohexene

91 +92

toluene

95

1,6 dim ethylcyclohexene
or
3,5 dim ethylcyclohexene

96

1-methylcyclohexene

Table 3.7

Structure

Hi
KJ n
Ur
ni n r
CX

Cr
0"
CX V
nr
1

V

^ j i

Assignment and structure of identified ring compounds in order of increasing
mass/charge ratio.

Benzene [m/z = 78] showed larger concentrations than other ring com pounds across the
tem perature

range

200-290

°C.

Above

this,

the

intensity/concentration

of

m ethylcyclohexene [m/z = 81], cyclohexadiene [m/z = 79] and cyclohexene [m/z = 82]
dom inated the evolved spectra. The plot for toluene [m/z = 91] / [m/z = 92] a p p e a re d to
contain tw o events characterised by an lower tem perature maximum a t 330 °C and a
higher tem perature maximum at 363 °C. A maximum a t 340 °C reflected the desorption o f
benzene

[m/z

= 78]

and

cyclohexene

[m/z

= 82]

and

this was

follow ed

by

cyclohexadiene/m ethylcyclohexene [m/z = 77], cyclohexadiene/ m ethylcyclohexene [m/z
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= 79], m ethylcyclohexene [m/z = 81], 1,6 dimethylcyclohexene/3,5 dim ethylcyclohexene
[m/z = 95] and m ethylcyclohexene [m/z = 96] being desorbed at a maximum at
approxim ately 350 °C. The intensity of m ethylcyclohexene [m/z = 81] is shown to be at
least double that of any other species evolved (MS Intensity = 2 x 106 cps). In contrast to
the major evolution of the longer-chain linear alkyls/alkenyls (E.g. Cs and C6) the evolution
o f ring com pounds occurred over a much narrower tem perature interval, with the possible
exception of benzene.

The Cn = 12 alkylammonium cations evolved these secondary species a t or slightly a bo ve
the maxima of the TIC which was approxim ately 25 °C higher than Cs, a t 375 °C. Therefore,
the TIC trace app eared relatively symmetrical.
represented by three events / maxima.

The ring com pounds evolved were

Benzene [m/z = 78] displayed a clear lower

tem perature maximum near 290 °C with a second maximum a t 375 °C. This behaviour is
not fully understood but could be due to com peting decom position mechanisms being
em ployed.

This

second

maximum

was

also

the

tem perature

at

which

cyclohexadiene/m ethylcyclohexene [m/z = 77], cyclohexadiene/ m ethylcyclohexene [m/z
=

79],

m ethylcyclohexene

[m/z

=

81],

cyclohexene

[m/z

=

82],

and

1,6

dimethylcyclohexene/3,5 dim ethylcyclohexene [m/z = 95] and m ethylcyclohexene [m/z =
96] were desorbed.

The third maxima (385 °C) in the desorption profile signified the

evolution of toluene [m/z = 91] / [m/z = 92] which had not only shifted to a higher
tem perature but was also evolved as a single broad event. The relative intensities o f the
evolved species remained the same.

As with the RT-TG-MS results from the C 12 samples, the Ci6 RT-TG-MS d a ta showed a shift in
the TIC to higher temperatures, due to decom position a b o ve 375 °C increasing, which was
again evident in the asymmetric shape o f the TIC. The ring com pounds evolved were
represented by tw o maxima.
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Figure 3.9

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/methylcyclohexenyl (m /z = 77),
cyclohexadienyi (m/z = 79), methylcyclohexenyl (m /z = 81), tolyl (m/z = 91)
and methylcyclohexenyl (m/z = 96)) from SAz-1-Cs.
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Figure 3.10

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m/z = 91 &
92) and 1,6 dimethylcyclohexenyl or 3,5 dimethylcyclohexenyl (m /z = 95)
from SAz-1 -Cs.
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Figure 3.11

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/methylcyclohexenyl (m /z = 77),
cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), tolyl (m/z = 91)
and methylcyclohexenyl (m/z = 96)) from SAz-1-C12.
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Figure 3.12

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m/z = 91 &
92) and 1,6 dimethylcyclohexenyl or 3,5 dimethylcyclohexenyl (m /z = 95)
from SAz-1-Ci2 .
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Figure 3.13

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/methylcyclohexenyl (m /z = 77),
cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), tolyl (m/z = 91)
and methylcyclohexenyl (m/z = 96)) from SAz-1 -Cu.
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Figure 3.14

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m /z = 91 &
92) and 1,6 dimethylcyclohexenyl or 3,5 dimethylcyclohexenyl (m /z = 95)
from SAz-1-Cu.
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Benzene [m/z = 78] was again evolved at lower temperatures than other species but the
main maximum for this species coincided with that o f cyclohexadiene/m ethylcyclohexene
[m/z = 77], cyclohexadiene/ m ethylcyclohexene [m/z = 79], m ethylcyclohexene [m/z = 81],
cyclohexene [m/z = 82], and 1,6 dim ethylcyclohexene/3,5 dim ethylcyclohexene [m/z = 95]
and methylcyclohexene [m/z = 96] at 384 °C. This also occurred in the C 12 sample. The
second maximum (400 °C) signifying the evolution of toluene [m/z = 91] / [m/z = 92], which
was again evolved a t a higher tem perature but with a bias towards desorption in the 400450 °C tem perature range.

The RT-TG-MS results for SAz-1 -C n N b b correlated well with the thermograms obtained from
the same samples on a M ettler TG50 thermo-analyser. This indicated that the identification
of the thermally desorbed species could be adequately transposed from one set of d ata
to the other.

3.3.5

Summary of Analysis of SAz-1 -CnNhb

i)

XRD-SAz-1-CnNHs

The basal spacings for SAz-1-CnNH3, shown in table 3.8, indicated th a t expansion of the
interlayer occurred when exchanged with alkylammonium cation with

Cn

= 8-12.

c„

6

7

8

9

10

11

12

13

14

15

16

cfooi (A )

13.6

13.6

13.6

14.3

15.5

16.2

17.8

17.8

17.8

17.8

17.8

Table 3.8Comparison of dooi for different alkyl chain lengths (Cn) exchanged
onto SAz-1.
ii)

TGA-SAz-1-CnNHs

The total w eight loss from standard 10 mg samples increased as the length o f the
alkylammonium cation increased. Weight loss a t < 150 °C, which was believed to be due
to loss of w ater associated with the surfactants cationic head groups, rem ained relatively
constant
desorbed

throughout the series of samples, a t -0.8 %. The alkylammonium cations were
from the SAz-1 galleries between 150 °C and
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500 °C. As the length of the alkyl

chain increased, the profile of the thermal events changed, the majority of the thermal
desorption occurred a t maxima of 390
W eight loss > 500

°C ,

°C

at

Cn

= 6 and shifted to 370

°C

believed to be due to dehydroxylation o f the clay,

when

Cn =

16.

formation

CO2

and the release of m etal carbonates, also remained constant throughout the series of
samples, at -3.6 wt%.

Cn
Total % wt
loss

Table 3.9

iii)

6

7

8

9

10

11

12

13

14

15

19.7

20.3

21.2

21.9

23.5

24.3

25.5

26.8

28.9

32.7

Comparison of total weight loss for different alkyl chain lengths (Cn)
exchanged onto SAz-1.
RT-TG-MS - SAz-1 -O 1NH3

a.

Water [m/z =18] and CO 2[m/z = 44]
Water [m/z = 18] was shown to be released betw een 35-800

As the

°C .

alkyl chain length o f the organocation increased, decrease in the loss of
w ater from detector saturation below 200
shown.

CO2

°C

and abo ve 450

°C

were

[m/z = 44] was shown to initially be released a t low

intensities, with larger signal intensities a t lower temperatures for shorter
alkyl chain lengths.

As the length of the alkyl chain was increased, the

signal intensity increased

and

temperatures, until in the

samples when the d e te cto r b e ca m e saturated

C i6

the signal maxima shifted

to

higher

a t 330 ° C .

b.

Aliphatic Hydrocarbons
TG-MS results showed that alkyl [m/z = 43, 57, 71, 85] and alkenyl [m/z = 41,
55, 69, 83] species were desorbed over different tem perature ranges and
showed successively higher thermal desorption maxima with increasing alkyl
chain length (table 3.10).
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Desorption Temp.

Alkane

Alkene Maxima

Range (°C)

Maxima (°C)

(°C)

8

200-500

344

358

12

250-475

361

369

16

300-475

374

377

Cn

Table 3.10

c.

Comparison of desorption characteristics with ncreasing alkyl chain
length for SAz-1-Cn.
Ring Compounds
A large num ber o f ring com pounds were thermally desorbed from the
different

SAz-1 -CnNhb samples.

com pound

desorption,

the

To summarise
tem perature

the

ranges

pattern
and

of

ring

maxima

temperatures are shown in table 3.11 and the relative intensities o f these
maxima are shown in table 3.12.

Thermal Desorption Maxima (°C)

Table 3.11

m/z

C8

Cl2

Cu

81

350

375

384

79

350

375

384

82

340

375

384

77

350

375

384

78

340

290 / 375

384

91

330 / 363

385

400

95

350

375

384

Comparison of the thermal desorption maxima temperatures with increasing
alkyl chain length for SAz-1 -Cn. (results in order of decreasing relative MS
intensity).
MS Intensity / 106 cps

Table 3.12

m/z

Cs

Cl2

Cu

81

2

1.4

1.4

79

1

0.8

0.9

82

0.8

0.8

0.8
0.7

77

0.7

0.7

78

0.7

0.6

0.6

91

0.7

0.6

0.6

95

0.5

0.4

0.3

Comparison of the relative intensities of the ma, or ring compound thermal
desorption maxima with increasing alkyl chain ength for SAz-1 - Cn. (results in
order of decreasing relative MS intensity).
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3.4

Na-SWa-1 + alkylammonium cations (CnNFb)

3.4.1

Description/Reason for Use

Na-SWa-1 (Nontronite) clay is a ferruginous smectite sourced from Washington, USA. This
series of samples was exchanged with a range of alkylammonium cations with chain
lengths ranging from C6 to Ci6 (i.e. as SAz-1), a t a concentration that was equivalent to 1 x
CEC of SWa-1 (102 mEq/lOOg). Again, due to the availability of only small quantities of
each sample it was only possible to conduct TGA and TG-MS.

3.4.2

X-ray Diffraction (XRD) of SWa-1 -CnNH3

The XRD analysis on these samples was also cond ucte d by Komadel & Janek [3.17]. SWa-1
has a lower charge density and has greater charge heterogeneity than SAz-1. As with the
SAz-1-CnNH3 samples, the arrangem ent of alkylammonium cations within the gallery spaces
of the SWa-1 host altered from a m onolayer configuration at 13.6 A, to a bilayer
configuration at 17.8 A (fig. 3.15). The transition betw een the tw o configurations occurred
betw een the additions of the Cs-Ci3 alkylammonium cations, and so, the transition
betw een monolayer and bilayer required larger surfactant molecules than SAz-1 (i.e. C 12 =
17.8 A) to expand the layers of the clay.

18

SWa-1-CnNHs

♦ ....... -♦........ --------- ♦

17
°<

16 -

0
0

■0

>***

15 14

- - - - - - - alkylammonium exchanged SWa-1

♦ ....... ............ ♦-*'
13

1

6

1

1

7

1

8

9

10

11

12

13

14

15

Chain length
Figure 3.15

Alkylammonium exchanged SWa-1. Effect of chain length of
alkylammonium ions on basal spacing [3-17J.
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16

17

3.4.3

Thermo-Gravimetric Analysis (TGA) of SWa-1 -Cn

The derivative thermograms for the SWa-1 series exhibited seven defined thermal
desorption maxima betw een 35 and 800°C.

A summary of the assignment o f these

maxima is shown in table 3.13.

Desorption temperature

Assignment

35-150°C

evolution of physisorbed w a te r

organocation decomposition events
150-500°C

producing aliphatic, ring compounds,
am monia, w a te r and CO 2

> 500°C
Table 3.13

clay dehydroxylation and CO 2 evolution

Assignment for thermal desorp ion maxima occurring within specific
temperature ranges for SWa-1 -CnNhh TGA.

As the length of the alkyl chain was increased the w eight loss betw een 35 and 150°C was
shown to be reduced (fig. 3.17 and table 3.14). The desorption of physisorbed w a ter m ay
have been decreased because lower surface charge density of the SWa-1 host (relative to
SAz-1) would have allowed the w a ter molecules associated with the cationic head groups
of the surfactants in the gallery spaces to be more easily desorbed because o f the greater
freedom for molecular m ovem ent at the gallery surface.

The majority of the w eight loss again occurred in the tem perature range of 150-500 °C. The
Cn = 6 samples g ave a thermal desorption maximum a t 310 °C. This was a cco m p a n ie d by
‘shoulders' at approxim ately 240 °C and 390 °C (fig. 3.17). As the alkyl chain length was
increased the fragments and molecules being desorbed in the area underneath the 310
°C maximum beca m e successively reduced, relative to an increase in the quantity of
desorption products evolved under the maximum at 390 °C (table 3.14). This trend showed
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a shift of majority w eight loss to higher temperatures, but showed greater concentrations of
lower tem perature desorption products than SAz-1.

SWa-1-Cu

SWa-1 -Cu
SWa-1-C 12
SWa-1 -Cio
SWa-1-Cs
SWa-1-C6
35 50

100

150

200

250

300

350

400

450

500

550

600

650

min

METTLER TOLEDO STARe SW 7.01

Lab: Andy Cunningham

Figure 3.16

Comparison of TGA data for Na-SWa-1 exchanged from C 6 NH3 (Bottom) to
CuNHs (Top).

SWa-1-Cu
SWa-1-C14
SWa-1-Ci2
SWa-1-Cio
SWa-1-Cs
SWa-1-C6

100

200

300
mn

Figure 3.17

Comparison of DTG data for Na-SWa-1 exchanged with C 6 NH3 (Bottom) to
CuNHs (Top).
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Desorption Temperature Ranges
SWa-1

Total %wt
35-150

151-250

251-310

311-380

381-500

°C

°C

°C

°C

°C

C6NH3+

1.0

1.7

3.0

4.8

c 7n h 3+

0.8

1.3

3.0

c 8n h 3+

1.0

1.8

c 9n h 3+

0.8

C ioNH3+

> 500 °C

loss

4.3

2.7

17.5

5.3

4.8

2.6

17.8

2.7

5.7

5.1

2.7

19.0

1.6

3.0

6.0

5.3

2.6

19.3

0.5

1.7

3.3

6.4

5.5

3.1

20.5

C i i NH3+

0.6

2.0

3.7

6.4

6.3

2.4

21.4

Ci2NH3+

0.5

1.8

3.4

6.8

7.5

3.1

23.1

C i 3NH3+

0.4

1.9

3.1

7.8

8.0

2.6

23.7

C i 4NH3+

0.3

1.4

3.9

6.9

8.8

2.6

23.9

15n h 3+

0.4

1.3

3.0

8.0

9.0

2.5

24.2

Ci6NH3+

0.4

1.2

3.8

8.0

11.4

1.8

26.6

c

Table 3.14

Comparison of the weight losses for SWa-1 -CnNhh at different
temperature ranges between 35-800 °C with increasing chain length.
N.b Temperature ranges selected to c o m p a re with other samples later
in this thesis a n d e x c e n u a fe shifts in different desorption m axim a.

11
Chain Length (Cn)
Figure 3.18

Comparison of the weight loss (%) occurring over different temperature
ranges (151 -250 °C, 251 -310 °C, 311 -380 °C and 381 -500 °C) for
alkylammonium exchanged SWa-1.
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This shift was most evident in the C u-C u organoclay samples, where the lower tem perature
w eight loss appeared as a shoulder to the maximum at 390 °C.

W eight loss at

temperatures > 500 °C was seen to fluctuate slightly, but remained relatively constant a t an
average 2.6 wt% loss, much less than was seen with SAz-1.

Overall, total percentage w eight loss was reduced when com pared with SAz-1, which
again w ould have been due to SWa-l's lower surface charge density requiring lower
quantities of alkylammonium cations at its more widely dispersed exchange sites.

These trends could relate to the more volatile products (e.g. short chain alkenyls) that
w ould be released by shorter chain lengths (i.e. C6-Cs) being desorbed under the lower
tem perature maximum (i.e. 310 °C). As the alkyl chain length was increased (i.e.

C 9- C 16)

this w eight loss rapidly decreased and the bulk o f the w eight loss was gradually transferred
to the higher tem perature maximum (i.e. 390 °C) as the decomposition pathw ay of alkyl
fragm entation was altered. This may be evidence of the easier fragm entation of longer
chains into more stable fragments (e.g. C6).

3.4.4

Thermogravimetry-Mass Spectrometry (TG-MS) of SWa-1 (Cs, C i 2 , C u)

The settings that were used for TG-MS were as previously stated. Also, the decom position
species were categorised as being the same as those evolved from SAz-1 samples (i.e.
table 3.7).

3.4.4.1

Water [m/z = 18] and CO 2 [m/z = 44]

The w ater [m/z = 18] spectrum showed a signal intensity that was approxim ately four times
more intense than that of the other species that were desorbed (fig. 3.19). W ater [m/z =
18] was desorbed throughout the tem perature profile of all the samples analysed. Loss of
physisorbed w ater betw een 35 and 150 °C was seen in all samples. In SWa-1-Cs, significant
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Figure 3.19

Shape of water [H2 O - m/z = 18] evolution with increased alkylammonium
chain length from Cs to Cu for SWa-1.
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Figure 3.20

Evolution of CO2 evolution with the increase in alkylammonium chain length
(C8-Cu) for SWa-1.
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events/maxima could be seen a t 120°C and 340°C, the latter event being bordered by
other events which were disclosed a t lower and higher temperatures, appearing as
shoulders to the main peak.

As the length of the alkyl chain was increased the signal

intensity for w ater [m/z = 18] b eca m e reduced, as indicated by the TGA/DTG traces.

As the chain length was increased from Cs to C 12, a large w eight loss centred at
approxim ately 400 °C was reduced with respect to the maximum a t 340 °C. This cha n g e
was reflected by a broadening of the TIC and its maximum increasing from approxim ately
350°C to 425°C. Further increase to Ci6, led to a reduction of the 340 °C peak. As the
signal decreased in intensity the thermal events unfolding from beneath the maxima a t 340
°C beca m e more widespread.

A maxima a t 425°C and centred around the cla y’s

dehydroxylation at 550°C were shown to em erge. Again the shape of the TIC chan ged,
showing tw o centres for desorption, decreasing around 340°C and becom ing more
increased around 425°C.

Shifts in the formation of CO 2 [m/z = 44] were observed between the SWa-1 samples, CO 2
being evolved throughout the whole tem perature range 50-800 °C (fig. 3.20). SWa-1-Cs,
showed CO 2 being thermally desorbed a t five or more maxima. These losses w ere centred
around 280, 350, 425, 570 and >600 °C, the latter tem perature being the site o f the most
broad and intense loss observed. The SWa-1-C12 sample showed CO 2 [m/z = 44] losses a t
three events approxim ately 370 (shoulder), 445 and > 600 °C.

The first tw o maxima

becam e more defined in the SWa-1 -Ci6 spectrum, the lower tem perature peak being
revealed at 340 °C as the higher tem perature peak shifted from 440 to 470 °C.

133

3.4.4.2

Aliphatic Hydrocarbons,
Alkyls [m/z = 43, 57, 71, 85] and Alkenyls [m/z = 41, 55, 69, 83]

The Cn = 8 samples showed alkyls and alkenyls being evolved under tw o unresolved events,
358 °C and 400 °C (fig. 3.21). This contrasts with SAz-1-Cs where maxima were a t 344 and
358 °C (fig. 3.8). The mass spectra of desorbed linear alkyls showed lower intensities and a
relatively even distribution betw een the tw o maxima (slightly more intense maximum a t 400
°C), when com pared with desorbed linear alkenyls. Although being desorbed over the
same tem perature range as their saturated alkane analogues, more of the linear alkenyls
desorbed a t the higher temperature, which led to the a p p earance of the lower
tem perature event appearing as a large shoulder to the main maximum. As with SAz-1,
the intensity of the species evolved was seen to decrease with increasing mass/charge
ratio.
0.45 -i
0.4 -

i/) 0.35 Q.
^

0.3 -

^

0.25 -

£
c
0

0.2 -

o

m/z = 43
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“/> 0.15 «
%
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m/z = 85
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100

200

300

400

500
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Temperature (°C)

Figure 3.21

RT-TG-MS ion chromatograms for the desorption of linear alkyls (i.e.
propane (m/z = 43), butane (m/z = 57), heptane (m/z = 71) hexane (m /z =
85)) and linear alkenyls (i.e. propenyi (m/z = 41), butenyl (m/z = 55),
heptenyl (m/z = 69) hexenyl (m/z = 83)) from SWa-1-Cs.
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Cn = 12 samples showed the alkyls and alkenyls being evolved under exactly the same
maximum (400 °C) and over the same tem perature range. The differences in the intensity
betw een the alkyls and alkenyls remained the same as with Cn = 8.

At Cn = 16, both types o f m olecule were evolved a t higher temperatures, with the alkyls
being evolved a t 425 °C and the alkenyls slightly higher at 435 °C.

Also, the relative

intensity of the shorter chain fragm ent ions for alkenyls was greatly increased com pared to
those for shorter chain linear alkane fragments.

As the length o f the alkyl chain was increased the linear alkane and alkene species were
desorbed at successively higher temperatures. Increasing from approxim ately 400 °C with
a shoulder a t 358 °C when Cn = 8 (more pronounced for the alkyls), to a maximum of 403
°C when Cn = 12 (symmetrical for alkenyls, asymmetric for alkyls with lower tem perature
shoulder) and onto 425 °C for alkyls and 435 °C for alkenyls a t Cn = 16.

3.4.4.3

Ring Compounds

The ring com pounds that were desorbed from SAz-1 were the result o f the Hoffman
degradation process (i.e. as discussed in section 1.4.3.1, p. 24).

Even with short chain

length organocations (i.e. Cn = 8), the secondary species being desorbed from SAz-1 were
aliphatic species, with ring com pounds being derived as tertiary decom position products
(i.e. based on signal intensity). The ring com pounds that were desorbed were identified as
being the same as from the SAz-1 series (shown in table 3.7), however, the signal intensities
were higher and the temperatures a t which they were desorbed showed a significantly
different profile.

The release of ring com pounds from Cn = 8 occurred over the same tem perature range as
the release of alkyls/alkenyls (i.e. approx. 150-500 °C) (fig. 3.22 & 3.23). Cn = 8 desorbed its
ring com pounds at slightly varied temperatures around tw o maxima near 350 °C and 403
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°C. The greatest concentration of each species was desorbed at approxim ately 350 °C,
close to the main maximum in the TIC.

Benzene [m/z = 78] was shown to have greater intensity in the MS a t temperatures up to
312

°C.

From

this

tem perature

the

intensity

of

cyclohexadiene

[m/z

=

79],

m ethylcyclohexene [m/z = 81], cyclohexene [m/z = 82] and toluene [m/z = 91] dom inated
the evolved output. Toluene [m/z = 91] / [m/z = 92] was again evolved as a num ber of
events characterised by maxima at 350 °C, 403 °C and 445 °C (decreasing in size with
increasing temperature).

The maxima at approxim ately 350 °C reflected the desorption of benzene [m/z = 78] a t 346
°C, followed by the desorption of toluene [m/z = 91] / [m/z = 92] and m ethylcyclohexene
[m/z = 96] a t 350 °C. The following species were evolved at slightly higher temperatures;
cyclohexadiene/m ethylcyclohexene [m/z = 77] at 351 °C, cyclohexadiene [m/z = 79] and
cyclohexene [m/z = 82] a t 352 °C, m ethylcyclohexene [m/z = 81] at 355 °C and 1,6
dimethylcyclohexene/3,5 dim ethylcyclohexene [m/z = 95] at 356 °C. All o f these species
had a less intense higher tem perature maximum a t approxim ately 400 °C, with the
exception o f toluene [m/z = 91]/[m /z = 92] which also had a third maximum at
approxim ately 445 °C. The intensity of m ethylcyclohexene [m/z = 81] was shown to be
much greater than the other evolved species.

The TIC for SWa-1 -C 12 was relatively symmetric about a maximum a t 400 °C, ring
com pounds were desorbed at, or slightly below the maximum of the TIC. Again, benzene
[m/z = 78] had the highest intensity of any evolved ring com pounds up to 336 °C (fig. 3.24 &
3.25). The asymmetric trace for benzene [m/z = 78] indicated that a t least tw o significant
events were occurring throughout it’s desorption, the first around 340 °C and a second in
line with the TIC maximum a t 400 °C.
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Figure 3.22

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/methylcyclohexenyl (m /z = 77),
cyciohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), tolyl
(m/z = 91) and methylcyclohexenyl (m/z = 96)) from SWa-l-Cs.
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Figure 3.23

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m /z = 91 &
92) and 1,6 dimethyicyclohexenyl or 3,5 dimethylcyclohexenyl (m/z = 95)
from SWa-l-Cs.

137

140 i

120

m/z = 81

-

g- 100-

m
O
^

m/z = 79

m/z = 77
80 -

£

m/z = 91
m/z = 96

CO

g

c
t/>
§

60 40 -

20 0
100

200

300

400

500

600

700

Temperature (°C)
Figure 3.24

80

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/mefhylcyclohexenyl (m/z = 77),
cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), tolyl
(m/z = 91) and methylcyclohexenyl (m/z = 96)) from SWa-1 -C 12.
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Figure 3.25

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m/z = 91 &
92) and 1,6 dimethylcyclohexenyl or 3,5 dimethylcyclohexenyl (m /z = 95)
from SWa-1-Ci2 .
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Figure 3.26

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: cyclohexadienyl/methylcyclohexenyl (m/z = 77),
cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), tolyl (m/z = 91)
and methylcyclohexenyl (m /z = 96)) from SWa-1 -Cu.
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Figure 3.27

RT-TG-MS ion chromatograms for the desorption of the following ring
compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82), tolyl (m/z = 91 &
92) and 1,6 dimethylcyclohexenyl or 3,5 dimethylcyclohexenyl (m /z = 95)
from SWa-1 -Cu.
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The tem perature at which ring com pounds were next desorbed was 363 ° C , which showed
an inflection in the positive gradient of toluene [m/z = 91] and was the main desorption
maxima for toluene [m/z = 92] and m ethylcyclohexene [m/z = 96].

At 380

°C ,

m ethylcyclohexene [m/z = 81 ] and cyciohexene [m/z = 82] were desorbed, followed by 1,6
dim ethylcyclohexene/3,5 dim ethylcyclohexene [m/z = 95] a t 391

°C .

This was followed by

cyclohexadiene/m ethylcyclohexene [m/z = 77], benzene [m/z = 78], cyclohexadiene/
m ethylcyclohexene [m/z = 79], toluene [m/z = 91] and a second event in the release of
m ethylcyclohexene [m/z = 96] at 430
remained the same as for the

Cn

°C .

The relative intensities o f the evolved species

= 8 samples.

Generally, as was seen with SAz-1, the shift to higher temperatures was again represented
by an asymmetric shape in the TIC. In the Cn = 16 samples (fig. 3.26 & 3.27), benzene [m/z
= 78] was again desorbed a t lower temperatures than other ring compounds, in these
samples it was desorbed as tw o very distinct maxima, the first of which showing significant
intensity a t 338°C. This was followed by the release of cyclohexadiene/m ethylcyclohexene
[m/z = 77] at the first of tw o maxima, the first occurring a t relatively low intensity a t
approxim ately 350°C, with respect to the second maximum.
maximum

for

m ethylcyclohexene

[m/z

=

81]

and

1,6

This was followed by a
dim ethylcyclohexene/3,5

dim ethylcyclohexene [m/z = 95] at 420°C, cyclohexadiene [m/z = 79] and cyciohexene
[m/z = 82] at 427°C, another for cyclohexadiene/m ethylcyclohexene [m/z = 77] and
methylcyclohexene [m/z = 96] a t 430°C, benzene [m/z = 78] (2nd maximum) a t 435°C, and
toluene [m/z = 91 ] / [m/z = 92] showed asymmetrical plots with a bias towards 445°C.

As with the SAz-1 samples, the RT-TG-MS results for SWa-1-CnNH3 correlated well with those
results obtained from the Mettler TG50 thermograms.
could be transposed from one set of d a ta to the other.
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The thermally desorbed species

3.4.5

Summary of Analysis of SWa-1 -CnNH3

I)

XRD - SWa-1-C/1NH3

The basal spacings for SWa-1 -CnNbb, shown in table 3.15, indicated that expansion o f the
interlayer occurred w hen SWa-1 was exchanged with alkylammonium cations with alkyl
chains ranging Cn = 8-13.

C„

6

7

8

9

10

11

12

13

14

15

16

cfooi (A)

13.6

13.6

13.6

14.1

14.3

15.6

16.1

17.8

17.8

17.8

17.8

Table 3.15

Comparison of cf001 for different alkyl chain lengths (Cn) exchanged
onto SWa-1.

ii)

TGA-SW a-1-CnNHs

The total w eight loss from standard 10 mg samples increased as the length o f the
alkylammonium cation increased (table 3.16), but the maximum total w eight loss for Cn =
16 was approxim ately 6 wt% less than was desorbed from the corresponding SAz-1
organoclay.

Cn
Total % wt
loss

Table 3.16

6

7

8

9

10

11

12

13

14

15

16

17.5

17.8

19.0

19.3

20.5

21.4

23.1

23.7

23.9

24.2

26.6

Compar son of dooi for different alkyl chain lengths (Cn exchanged
onto SWa-1.

Weight loss a t < 150 °C, which was believed to be due to loss of w ater associated with the
surfactants cationic head groups, decreased steadily from 1.0 wt% a t Cn = 6 to 0.4 wt% a t
Cn = 16. The alkylammonium cations were desorbed within the same tem perature range
as for SAz-1 (i.e. betw een 150 and 500 °C). As the length of the alkyl chain increased, the
profile of the thermal events changed. At Cn = 6, the majority of the w eight loss occurred
a t a maxima of 310 °C, as the alkyl chain length increased the majority of the thermally
desorbed products were being evolved at increasingly higher temperatures until a t Cn = 16
where the majority of the desorption products were under a maximum a t 390 °C.

The

majority w eight loss and therefore the products of thermal desorption from SWa-1 were
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shown to have shifted to higher temperatures (i.e. approxim ately 25 °C) than SAz-i. Weight
loss at temperatures > 500 °C was believed to be due to dehydroxylation o f the clay, CO 2
form ation and the release metal carbonates, remained constant throughout the series of
samples, at -2.6 wt%.

iii)

RT-TG-MS - SWa-1 -CnNH3
a.

Water [m/z = 18] and CO2 [m/z = 44]
Water [m/z = 18] was shown to be released betw een 35-800 °C and the
signal intensity was much lower, indicating lower overall concentrations.
As the alkyl chain length of the organocation increased, a decrease in the
loss of w a te r below 200 °C and above 500 °C was shown.

CO 2

[m/z =

44] was shown to be initially released at low intensities, with larger signal
intensities a t lower temperatures for shorter alkyl chain lengths.

As

the

length of the alkyl chain was increased, the signal intensity increased

and

the signal maxima shifted to higher temperatures, but did not saturate
the de te cto r as seen with the SAz-1 samples.

b.

Aliphatic Hydrocarbons
TG-MS results showed that alkyls [m/z = 43,57, 71,85] and alkenyls [m/z

=

41, 55, 69, 83] were desorbed over different tem perature ranges and
showed successively higher thermal desorption maxima with increasing alkyl
chain length (table 3.17).

Desorption Temp.

Alkyl Maxima

Alkenyl Maxima

Range (°C)

(°C)

(°C)

8

250-500

358

400

12

300-525

400

400

16

325-550

425

435

Cn

Table 3.17

Comparison of desorption characteristics with increasing alkyl chain
length for SWa-1 -Cn.
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c.

Ring Compounds
A large num ber of ring com pounds were thermally desorbed from the
different SWa-1 -CnNhte samples.
com pound

desorption,

the

To summarise the
tem perature

pattern

of ring

and

maxima

ranges

temperatures are shown in table 3.18 and the relative intensities of these
maxima are shown in table 3.19.

Thermal Desorption Maxima (°C)

Table 3.18

m/z

C8

Cl2

Cu

81

355/400

380

420

79

352/400

395

427

82

352/400

380

427

77

351/400

400

350/430

78

346/400

340/400

338/435

91

350/400/445

363

445

95

356/400

405

420

Comparison of the thermal desorption maxima temperatures with increasing
alkyl chain length for SWa-1 -Cn. (results in order of decreasing relative MS
intensity relative to SAz-1).
MS Intensity / 106 cps

Table 3.19

m/z

Ce

Cl2

Cl6

81

7.3

10.1

7.0

79

4.3

8.2

6.1

82

3.7

6.7

2.6

77

3.5

7.6

4.9

78

2.8

5.0

2.1/2.3

91

3.2

6.0

3.0

95

1.9

5.2

2.5

Comparison of the relative intensities of the major ring compound thermal
desorption maxima with increasing alkyl chain length for SWa-1-Cn. (results
in order of SAz-1 decreasing relative MS intensity).
The reason for the fluctuation in intensity betw een the signals recorded for
Cs - C 12 samples was unknown.

However, the relative intensities of the

different species indicated subtle changes to the desorption profiles.
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3.5

Na-MMT (MCBP) + N-Alkyltrimethylammonium Cations (CnN+(CH3) 3)

3.5.1

Description/Reason for Use

Mineral Colloid British Pharm acopoeia (MCBP - Montmorillonite) clay is a sm ectite sourced
from Wyoming, USA. This clay was exchanged with a range of alkyltrimethylammonium
cations with chain lengths ranging from Cs to Ci6, a t a concentration equivalent to 1 x
CEC of MCBP (80 mEq/lOOg).

In this section the XRD traces, TGA/DTG traces and

com parative TG-MS d a ta for the desorption/decom position of the alkyltrimethylammonium
cations are described and the specific trends are discussed below.

3.5.2

X-ray Diffraction (XRD) of MCBP-CnN(CH3)3

The XRD traces of the different series of samples appeared to give constant dooi values for
the different organic loadings a t 0.5, 1.0, 2.0 and 3.0 x CEC (fig. 3.27).

= 8 (OTAB) gave a dooi = 14.35 A for the different organocation loadings, which

Cn

indicated that an increase in the concentration of organocation led to no further
expansion o f the interlayer.

According to the correlations m ade betw een the basal

spacing of N-alkyiammonium saturated clays, with an alkyl chain length of

Cn

= 8, these

organocations had formed a m onolayer within the clay gallery.

Cn

= 12 (DTAB) gave a dooi = 16.14 A for the different loadings. This indicated th a t the

arrangem ent of the organocations in the gallery lay between a m onolayer and a bilayer
configuration.

Cn

= 14 (TTAB) showed a dooi = 18.34 A for 1.0 x

and 18.15 A for 3.0 x

CEC.

CEC,

18.73 A for 2.0 x

CEC

This slight variation, although insignificant, was probably due to

slightly different amounts of w ater residing in the interlayer. When averaged, to a dooi of
18.41 A, the configuration of the organocations was defined as a bilayer.

The d-spacings for the
CEC

and 20.37

A

Cn =

at 3.0 x

16

CEC.

(CTAB)

samples were 19.30

When the 2.0 and 3.0 x
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A

CEC

at 1.0 x

CEC,

20.37

A

a t 2.0 x

samples were washed with /-

PrOH these dooi values were reduced from 20.37 A to 19.20 A, the new value resembled the
1.0 x CEC samples.

This indicated that the reduction may have been due to the removal of loosely bound
material residing in the gallery.

With a dooi of 19.30 A the configuration of the

organocations w ould be between a bilayer and a pseudotrilayer configuration.

These

samples adhered well to the expected pattern described by Jaynes & Boyd [1-29].

21

Cn = 16,
2.0 & 3.0 x CEC

MCBP-CnN(CH3)3

20
.<

19

D> I**
I

17

V 16

*D

15
n-alkyltrimethyl ammonium exchanged MCBP (lxCEQ

14

•

n-alkyltrimethylammoniuin exchanged MCBP (3xCEC)

13
7

8

9

10

11

12

13

14

15

16

17

Chain Length (Cn)
Figure 3.28

Alkyltrimethylammonium exchanged MCBP. Effect of chain length of
alkyltrimethylammonium ions on basal spacing.

3.5.3

Thermo-Gravimetric Analysis (TGA) of MCBP-(Cs-C h )

The derivative thermograms for the
maxima betw een 35 - 800

°C .

MCBP

series exhibited several thermal desorption

A summary of the assignment of these maxima is shown in

ta b le 3.21.

As the length of the alkyl chain increased, the w eight loss below 150
charge density of

MCBP

°C

decreased. The

was lower than SWa-1, but conversely, the cationic head group

on the organocation was larger than those used previously, due to the replacem ent of
hydrogen with methyl groups. At

Cn

= 8, the physisorbed w a ter content was more than
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double that present within organocation exchanged SAz-1 or SWa-1. As the alkyl chain
length was increased, space within the galleries becom es extremely limited due to the
intercalation of longer alkyl chain in addition to the bulky trimethylalkylammonium cations.
The w eight loss < 150 °C was seen to decrease rapidly with an increase in alkyl chain length
and increases in organocation loading.

Desorption temperature

Assignment

35-150 °C

evolution of physisorbed w a ter
organocation decomposition events

150-500 °C

producing aliphatic, ring com pounds,
am monia, w ater and CO 2

> 500 °C
Table 3.20

clay dehydroxylation and CO 2

Assignment for thermal desorption maxima occurring within specific
temperature ranges for MCBP-CnN(CH3 )3 TGA.

Between 150 ° C and 500 ° C the DTG of

M C B P -C n

showed tw o significant maxima th a t were

readily identifiable as the desorption o f organocation fragments. The TGA/DTG o f Cn = 8
(OTAB) (fig.3.29/3.30) showed significant weight losses betw een 250-500 ° C . The main peak
was a t 425

°C ,

with poorly resolved shoulders identifiable at 325, 370 and 470

°C .

The

a p p e a ra n ce of the thermogram remained constant for each of three triplicate runs, also
showing no change with an increase in the loading o f organocation from 2.0 to 3.0 x CEC
of MCBP.

The overall w eight loss for the 3 sets o f thermograms remained the same at

approxim ately 15 wt%. Fig. 3.29 shows that no change was shown relative to the loading of
organocation, although the profile of the 0.5 x CEC w eight loss showed less w eight loss
associated with alkyl fragments and more w eight loss associated with the loss of
physisorbed water.
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The

Cn

= 12 (DTAB) TGA and DTG (fig. 3.31/3.32) displayed the maxima identified for the

= 8 (OTAB) sample, a t the same temperatures. A large maximum at 425

°C

Cn

showed a near

constant w eight loss a t the four different organocation loadings, the a d ja ce n t maximum at
370

°C

remained unchanged and the maxima a t 325 and 470

°C

were more prominent

than in the OTAB samples. As well as those maxima that were previously reported, for the
1.0, 2.0 and 3.0 x

CEC

samples a new, broad maximum was observed a t 240

absence o f this lower tem perature maximum in the 0.5 x

CEC

°C .

The

samples, could indicate that

because the net negative charge a t the surface of the clay was not fully satisfied, these
organocations were a ttra cte d much more strongly than subsequent higher loadings.
Therefore, the maximum a t 240

°C

stable decomposition products.

appeared to have been fragm ented to produce less
The thermograms showed that as the organocation

loading increased, w eight loss associated with the maximum a t 425
losses a bo ve 500

°C

°C

increased and

were decreased. The overall weight loss from the samples increased

with increased organocation loading, particularly between the 0.5 x

CEC

and 1.0 x

CEC

samples (fig. 3.31).

The

Cn

= 14 (TTAB) samples again displayed the most intense maximum a t 425

loading of 0.5 x

CEC,

maximum a t 425

°C

°C .

At a

the 325 and 370

°C

(fig. 3.33/3.34).

As the organocation loading increased, a new

maximum was shown to increase at 280
seen a t 240, 325 and 370

°C .

°C

events could only be seen as shoulders to the

which obscured the smaller maxima previously

The em ergence o f the maximum a t 280

°C

again ap p e a re d

to suggest that less thermally stable organocation fragments were being desorbed and the
less thermally stable portions were being released at lower temperatures.
w eight loss increased significantly between 0.5 and 1.0 x

The

Cn =

16

(CTAB)

CEC

The overall

(fig. 3.33).

samples displayed very little w eight loss below 300 ° C from the 0.5 x C E C

loading, the DTG showing the same profile as that seen with all previous shorter alkyl chain
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Figure 3.29
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METTLER TOLEDO STAR6 SW 7.01

Comparison of TG traces for MCBP-Cs (OTAB) with OTAB loadings of 0.5,1, 2
and 3 x CEC (y-axis is relative % weight loss).
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Figure 3.30
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METTLER TOLEDO STAR6 SW 7.01

Comparison of DTG traces for MCBP-Cs (OTAB) with OTAB loadings of 0.5,1, 2
and 3 x CEC.
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Figure 3.31
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METTLER TOLEDO STAR6 SW 7.01

Comparison of TG traces for MCBP-C12 (DTAB) with DTAB loadings of 0.5 ,1 ,2
and 3 x CEC (y-axis is relative % weight loss).
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METTLER TOLEDO STAR0 SW 7.01

Comparison of DTG traces for MCBP-Ci2 (DTAB) with DTAB loadings of 0.5,1,
2 and 3 x CEC.
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Comparison of TG traces for MCBP-Cm (TTAB) with TTAB loadings of 0 .5,1,2
and 3 x CEC (y-axis is relative % weight loss).
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min

METTLER TOLEDO STAR6 SW 7.01

Comparison of DTG traces for MCBP-Ci4 (TTAB) with TTAB loadings of 0 .5 ,1 , 2
and 3 x CEC.
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METTLER TOLEDO STAR® SW 7.01

Comparison of TG traces for MCBP-Cu (CTAB) with CTAB loadings of 0.5,1,2
and 3 x CEC (y-axis is relative % weight loss).
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Comparison of DTG traces for MCBP-Cu (CTAB) with CTAB loadings of 0.5,1,
2 and 3 x CEC.
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samples within this series (fig. 3.35/3.36). At 1.0 x
desorption maxima a t 280

°C

(7 wt%) and 425

CEC,

°C

(9 wt%) when the total w eight loss from

the sample was approxim ately 19 wt% (fig. 3.35).
increased to 2.0 x

CEC

of

MCBP

the DTG showed prominent thermal

As the organocation loading was

the weight loss associated with the maximum at 280

°C

increased to 17.5 wt% and the maximum was shifted to the slightly lower tem perature of
250

°C .

The maximum a t 425

°C

remained constant a t 9 wt% and the overall weight loss

increased to 30 wt%. In the case of the 3.0 x
attributed to the 250

°C

CEC

samples, a w eight loss o f 23.5 wt% was

maximum, whilst the maximum a t 425

°C

still remained relatively

unchanged a t approxim ately 8 wt%. The overall w eight loss was measured a t 34 wt%. As
the organocation loading of the

Cn

= 16 samples was increased, the lower tem perature

events b eca m e more prominent, this was the result of unintercalated material or that
which was bound a t the edges of the clay galleries.

The overall trends showed that the weight loss under the lower tem perature maxima, in the
tem perature range of 200-300 °C, increased with alkyl chain length. This was the opposite
of that observed with the alkylammonium exchanged SAz-1 and SWa-1 clays.

Further to this investigation, the 2.0 and 3.0 x CEC Cn = 16 samples were washed with 10ml /PrOH in an a tte m p t to remove any excess organic material. TGA results showed that by
washing these samples the excess organic m atter was easily removed, and the desorption
profile reverted back to that which was previously seen at 1.0 x CEC. These results concur
with the XRD d a ta shown in section 3.5.2, fig. 3.28.

The broad maxima a t approxim ately 600 °C (which ranged from 525-675 °C), represented
the dehydroxylation o f the clay and the loss of surface carbon. As the length of the alkyl
chain increased the w eight loss attributed to this region was successively reduced (table
3.21/fig. 3.37).
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A summary of the w eight losses a t different temperatures is shown in table 3.21 and fig.
3.37.

W eight Loss in the Temperature Range
MCBP

35-150 °c

151-250 °C

251-310 °C

311-380 °C

381-500 °C

> 500 °C

Total %Wt
loss

2.3

0.3

0.7

2.2

6.8

3.4

15.7

2N + ( C H 3)3

1.4

1.3

1.5

3.4

7.4

3.2

18.2

N +(C H 3 )3

0.9

1.6

3.4

3.7

6.7

2.8

19.1

6N + ( C H 3)3

0.5

1.9

4.8

4.4

5.4

2.5

19.5

C 8 N + ( C H 3 )3

C

i

C

u

C

i

Table 3.21

Comparison of the weight loss at different temperature ranges, signifying
different thermal events between 35 °C and 800 °C.

lO-i

- 35-150C - - * — 151-250C
—251- 3 1 0 0 3 1 1-380C
-381-500C> 500C

M C B P -C n N fC H s ls

to
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O

_i

M
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13
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Chain Length (Cn)
Figure 3.37

Alkyltrimethylammonium decomposition, a comparison of the weight loss
(wf%) in different temperature ranges (outlined in table 3.22) with increased
chain length.
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3.5.4

Thermogravimetry-Mass Spectrometry (TG-MS) of MCBP (Cs, C 12, C 14, Cu)

Unless otherwise stated, the settings that were used for TG-MS were as previously reported.
Also, the decom position species were categorised as being the same as those evolved
from both the alkylammonium exchanged clays, described in section 3.3.4.

3.5.4.1
In the

Water [m/z = 18] and CO2 [m/z = 44]
Cn

= 8 (OTAB) samples, w a ter [m/z = 18] was seen to be less intense than in previous

samples and was released throughout the tem perature profile. The

Cn

showed w ater being evolved as a shoulder a t approxim ately 280
maximum a t 340

In the

°C .

Cn

= 8 (OTAB) samples
°C

and a broad

= 12 (DTAB) traces, the baseline intensity of the w a ter signal

had decreased by 50 % to approxim ately 1.0 x 106 cps. Minor events were shown to occur
at approxim ately 350

°C ,

430

°C

and 560 °C .
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Figure 3.38

Shape of water [H2 O - m/z = 18] evolution with the increase in
alkylammonium chain length from Cs to Cu for MCBP.
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600

Cn = 14 (TTAB) showed similar trends to those seen in previous samples (i.e. an increase in
the num ber o f events a t lower temperatures). W ater [m/z = 18] was evolved with maxima
at 250, 375, 440 and 560 °C. The TIC reflected these maxima as an asymmetric maxima a t
410 °C with a bias towards temperatures >410 °C, but still reflecting the increase in species
evolved betw een 200-410 °C. This trend continued with the Cn = 16 sample, water [m/z =
18] showed a broad maximum at 280 °C, another a t 440 °C and a broad maximum at 580
°C. The TIC showed events a t 250 °C, 325 °C and 415 °C, with the 415 °C event showing less
intensity relative to the 250 °C and 325°C maxima.
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Figure 3.39

Evolution of CO 2 [m/z = 44] for MCBP samples exchanged with
alkyltrimethylammonium ions of increasing alkyl chain length.

CO 2 [m/z = 44] was again released throughout the entire tem perature profile. In the

Cn

=8

samples, a broad maximum appeared at 280 °C (temp, range 200-350 °C), follow ed by
events a t 400 and 415 °C and 600 °C before the intensity continually increased until 800 °C.
In the

Cn

= 12 (TTAB) samples, maxima were present at 200 °C, 240 °C, 300 °C, 405 °C, 430

°C and 600 °C from where the intensity increased steadily. The Cn = 14 samples showed
maxima at 250, 370, 430 and 600 °C, with the signal intensity increasing steadily until 800 °C
This trend was continued in the

Cn

= 16 (CTAB) samples, with maxima a t 325, 430 and 600
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°C. The general trend for the desorption of CO 2 in the region denoted for alkyl fragm ent
desorption showed a shift to higher temperatures, and an increase in relative intensity with
increased alkylammonium chain length. This was reflected in the TIC as an event at 350 °C
followed by a second much more intense event with a maximum at 400 °C.

3.5.4.2

Aliphatic Hydrocarbons,
Alkyls [m/z = 43, 57, 71,85] and Alkenyls [m/z = 41, 55, 69, 83]

The

Cn

= 8 (OTAB) samples showed that alkyls and alkenyls were desorbed at a main

maximum a t approxim ately 400

°C

and a second lower tem perature event that appeared

as a shoulder a t approxim ately 350

°C

(fig. 3.40). It appeared that of the tw o types of

species, the linear alkenyls desorbed at higher temperatures more favourably than the
linear alkyls, which lead the lower tem perature event in alkenyls appearing as more o f an
insignificant shoulder to the main maxima.
4.5
4
tn

m/z = 43

3.5

a.

o

3

m/z = 57

2.5

2
c/> 1.5
§
1

m/z = 71

m/z = 85

0.5

0
100

200

300

400

500

600

700

Temperature (°C)
Figure 3.40

RT-TG-MS ion chromatograms for the desorption of linear alkyls (i.e.
propanyl (m/z = 43), butanyl (m/z = 57), heptanyl (m/z = 71) hexanyl (m/z
85)) and linear alkenyls (i.e. propenyl (m/z = 41), butenyl (m/z = 55),
heptenyl (m /z = 69) hexenyl (m/z = 83)) from Cn = 8 (OTAB).
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The

Cn

= 12 (DTAB) sample exhibited maxima a t similar temperatures (348

as seen with

Cn

°C

and 412

°C )

= 8 (OTAB), and over the same tem perature range. The differences in the

intensity betw een alkyls and alkenyls remained the same as in

Cn

= 8 (OTAB), with the

exception of the increase in the intensity of [m/z = 69] relative to [m/z = 55].

As the alkyl chain length was increased again to
to the slightly higher temperatures o f 410

°C

Cn

= 14 (TTAB), both maxima were shifted

and 415

°C .

The intensity of the shorter chain

alkyls was also greatly increased relative to the corresponding fragments from saturated
species.

In

Cn

= 16 (CTAB), as the alkyl chain length increased again, the linear alkyl and alkenyl

fragments were desorbed a t the same temperatures as with
shape of these traces had changed.

Cn

= 14 (TTAB). However, the

The alkenyl fragments (i.e. [m/z = 41, 55, 69] in

particular) exhibited a greater intensity at 350°C relative to the corresponding maximum a t
410 °C. Also, the 350 °C maximum for the alkyl fragments appeared to shift to progressively
higher temperatures as the chain length of the evolved species increased. This was shown
by a low tem perature maximum for [m/z = 43] which evolved at 315 °C.

The spectrum of these desorbed species appeared much narrower than previously seen
with alkylammonium exchanged SAz-1 and SWa-1. The species that were desorbed under
the higher tem perature maxima were approxim ately 30 °C more stable than those
desorbed from SAz-1 samples and the intensity under the 405 °C maximum was ten times
that which was previously seen with the SWa-1 samples.

3.5.4.3

Ring Compounds

Even with short chain length cations (i.e.

Cn

= 8

(O TA B )),

secondary species desorbed from the organically modified
were evolved as a result of the

there were a w ide variety of
MCBP,

Hoffman degradation

157

these ring com pounds

process and

subsequent

isomerisation reactions (see ch a p te r 1). The secondary species that were desorbed were
identified as being the same as those in the alkylammonium exchanged SAz-1 and SWa-1
series (table 3.7), however, the desorption profiles were different. This was because the
evolution temperatures o f the different species were different.

The

Cn

= 8 (OTAB) samples (fig. 3.41/3.42) desorbed these secondary species under a

maximum a t 405 °C which was asymmetric towards temperatures a t < 405 °C. The shape
o f this maximum closely resembled the shape of the TIC for this sample. Cyclohexadiene /
m ethylcyclohexene

[m/z = 77], Benzene [m/z

= 78], cyclohexadiene [m/z = 79]

m ethylcyclohexene [m/z = 81] and cyciohexene

[m/z = 82] were shown to have the

greatest intensity in the MS a t temperatures up to 316 °C.

Above this tem perature the

intensity of m ethylcyclohexene [m/z = 81] and to a lesser degree cyclohexadiene [m/z =
79] dom inated the desorbed output. Also, Toluene [m/z = 91] / [m/z = 92] was evolved a t a
relatively low intensity. Benzene [m/z = 78] and cyciohexene [m/z = 82] showed indications
o f a lower tem perature event at 316 °C, and to a lesser extent toluene [m/z = 91] a t
approxim ately 350 °C.

The desorption of ring com pounds from the Cn = 12 (DTAB) sample (see fig. 3.43/3.44)
reflected the slight intensity increase in lower tem perature
corresponding TIC.

Benzene [m/z = 78] had the

events that were seen in the

highest intensity of any evolved ring

com pounds betw een 200 and 280 °C (maxima -250 °C). The benzene [m/z = 78] signal
indicated that three significant events were probably occurring throughout its desorption,
the first around 250 °C, a possible second event a t approxim ately 325 °C and the main
event, in line with the TIC maximum a t 410 °C. The presence of these three events was
confirm ed

by

similar

events

cyclohexadiene/m ethylcyclohexene

at

lower

[m/z

=

77]

intensity
1,6

being

shown

in

dimethylcyclohexene/3,5

dim ethylcyclohexene [m/z = 95] and m ethylcyclohexene [m/z = 96]. Above 280 °C, The
relative intensities o f the various desorbed species resembled those shown by Cn = 8
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Cn = 8 (OTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: cyclohexadienyl / methylcyclohexenyl (m/z
= 77), cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), toluenyl
(m/z = 91) and methylcyclohexenyl (m/z = 96).

0.4 n

m/z = 82

0.35 &
u

0.3 -

2

0.25 0.2

-

m/z = 78

m/z = 95

m/z = 92

m/z = 91

c 0.15 t/>
S

0 .1 -

0.05 -

100

Figure 3.42

200

300

400
Temperature (°C)

500

600

700

Cn = 8 (OTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: benzyl (m/z = 78), cyclohexenyl (m/z = 82),
toluenyl (m/z = 91 & 92) and 1,6 dimethylcyclohexenyl or 3,5
dimethylcyclohexenyl (m/z = 95).

159

m/z = 81

0.9 -

tn
o.
u

•o

O

0.8

m/z = 77

-

m/z = 79

0.7 -

^

0.6 -

£

0.5 -

c

0.4 -

m/z = 96
m/z = 91

0.3 -

0.2

-

0.1

-

100

200

300

400

500

600

700

Temperature (°C)
Figure 3.43

Cn = 12 (DTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: cyclohexadienyl / methylcyclohexenyl (m/z
= 77), cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), toluenyl
(m/z = 91) and methylcyclohexenyl (m/z = 96).

0.8 i

m/z

0.7 -

&
o

0.6-

2

0.5 -

vt
a

0.4 -

c

0.3 -

m/z = 91
m/z

C

0.2

m/z

m/z = 78

-

100

200

300

400

500

600

700

Temperature (°C)
Figure 3.44

Cn = 12 (DTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: benzyl [m/z = 78], cyclohexenyl [m/z = 82],
toluenyl [m/z = 91 & 92] and 1,6 dimethylcyclohexenyl or 3,5
dimethylcyclohexenyl [m/z = 95].
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Cn = 14 (TTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: cyclohexadienyl / methylcyclohexenyl (m/z
= 77), cyclohexadienyl (m/z = 79), methylcyclohexenyl (m/z = 81), toluenyl
(m/z = 91) and methylcyclohexenyl (m /z = 96).
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Cn = 14 (TTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: benzyl (m /z = 78), cyclohexenyl (m /z = 82),
toluenyl (m/z = 91 & 92) and 1,6-dimethylcyclohexenyl or 3,5dimethylcyclohexenyl (m/z = 95).
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Cn = 16 (CTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: cyclohexadienyl / methylcyclohexenyl (m/z
= 77), cyclohexadienyl (m /z = 79), methylcyclohexenyl (m/z = 81), toluenyl
(m/z = 91) and methylcyclohexenyl (m/z = 96).
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Cn = 16 (CTAB - 1 x CEC) RT-TG-MS ion chromatograms for the desorption of
the following ring compounds: benzyl (m /z = 78), cyclohexenyl (m/z = 82),
toluenyl (m /z = 91 & 92) and 1,6-dimethylcyclohexenyl or 3,5dimethylcyclohexenyl (m/z = 95).
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(OTAB), with all the aforem entioned species possessing a main maximum at 410 °C; these
were a ccom pa nied by asymmetric peak with a bias to temperatures < 410 °C for
cyclohexadiene [m/z = 79], m ethylcyclohexene [m/z = 81], cyclohexene [m/z = 82] and
toluene [m/z = 9 1 ] / [m/z = 92], also a t 410 °C.

In Cn = 14 (TTAB) (fig. 3.45/3.46) the intensity of all the different species a t temperatures >
410 °C was increased, this is not fully understood, specific ion chrom atograms all exhibited
a marked asymmetry with respect to higher temperatures. The trends that were shown in
Cn = 12 (DTAB) (i.e. the shift to desorption a t lower temperatures) were continued. Benzene
[m/z = 78] showed a low tem perature event of increased intensity betw een 200-340 °C,
and displayed maxima a t 280 °C and 410 °C, but no sign of a maximum a t 325 °C. This was
again

confirm ed

by

lower

intensity

events

being

present

in

cyclohexadiene/m ethylcyclohexene [m/z = 77], but only a t approxim ately 260 °C in
methylcyclohexene [m/z = 96].

Cn

= 16 (CTAB) (fig. 3.47/3.48) again showed a continuation of these trends, but reflected

the major shift in w eight loss that was observed when using TGA (fig. 3.35).
dram atic difference betw een Cn = 16 (CTAB) and the previous

Cn

The most

= 14 (TTAB) sam ple was

the significant increase in the maximum for m ethylcyclohexene [m/z = 96] a t 260 °C, which
was shown to be tw ice as intense as the maximum a t 410 °C. The lower tem perature event
o f Benzene [m/z = 78] now com bined multiple events in a broad maximum o f equal
intensity to that a t 410 °C. The increased intensity o f lower tem perature events was also
shown in cyclohexene [m/z = 82], toluene [m/z = 91] and [m/z = 92] at 255 °C. The main
desorption maximum, which for most species was a t 410 °C, showed that there was a
general decrease in intensity for most species, e.g. cyclohexene [m/z = 82] decreased in
intensity until it was equal to 1,6-dim ethylcyclohexene/3,5-dimethylcyclohexene [m/z = 95].
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3.5.5

Summary of Analysis of MCBP-CnN(CH3)3

i)

XRD - MCBP-CnN(CHs)3

The basal spacings for

M C B P -C n N (C H 3 )3 ,

shown in table 3.22, showed that d-spacings for

the alkyltrimethylammonium exchanged clay were larger than either SAz-1 or SWa-1 when
exchanged with N-alkylammonium cations with the same alkyl chain length. Also, with the
surface charge density o f

MCBP

(80 mEq/lOOg) being less than both SAz-1 (120 mEq/lOOg)

and SWa-1 (102 mEq/lOOg) the methyl groups on the quaternary ammonium head group
must have significantly a d d e d to the organic bulk within the galleries or provided a more
wholly organophilic environm ent for inward migrating surfactant molecules. The maximum
dooi value of 19.3 A for an exchange a t 1.0 x CECwas swollen to 20.4 A when the
concentration o f exchange species was increased to 2.0and 3.0 x CEC.

Cn

8

d ooi (A)

14.4

y

—

12

14

16

16.1

18.4

19.3

Table 3.22

Comparison of dooi for different alkyl chain leng hs (Cn) exchanged
onto MCBP.

ii)

TGA - MCBP-CnN(CH3)3

The total w eight loss from standard 10 mg samples increased as the length of the
alkyltrimethylammonium cation increased (table 3.23). The maximum total w eight loss for
Cn

= 16 was 19.5 wt%, which was 7 wt% less than SWa-1 - C 16N H 3 and 13 wt% less than SAz-1-

C 16N H 3 .

Weight loss due to loss of physisorbed w a ter at < 150 ° C was shown to be reduced

rapidly from 2.3 wt% a t

Cn

= 8 to 0.5 wt% at

were desorbed betw een 150 and 500

°C .

Cn

= 16. The alkyltrimethylammonium cations

As the length of the alkyl chain increased, the

w eight loss under the lower tem perature maximum (i.e. 280
of 200-300

°C ,

increased with alkyl chain length.

tem perature maximum a t 425

°C

° C ),

in the tem perature range

The w eight loss under a higher

remained relatively constant. This was the reverse of that

observed with the alkylammonium exchanged SAz-1 and SWa-1 clays.
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When

MCBP

samples were swollen with

Cn

= 16 a t 2.0 and 3.0 x

the quantity of

CEC

material desorbed under the lower tem perature maximum was increased. When washed
with 10ml /-PrOH this was returned to the 1.0 x

CEC

The broad maxima a t approxim ately 600

(which ranged from 525-675

°C

level.

° C ),

represented

the dehydroxylation o f the clay and the loss o f surface carbon. As the length of the alkyl
chain increased the w eight loss attributed to this region was successively reduced from 3.4
wt% a t

Cn

= 8 to 2.5 wt% a t

Cn =

Cn
Total %
wt loss

16.

8

-

12

14

16

15.7

-

18.2

19.1

19.5

Table 3.23

Comparison of total percentage weight losses for different alkyl chain
lengths (Cn) exchanged onto MCBP.

Hi)

RT-TG-MS - SWa-1 -CnNH3
a.

Water [m/z = 18] and CO 2 [m/z = 44]
Water [m/z = 18] was shown to be released betw een 35-800
significant maximum a t approxim ately 340

°C

°C .

At

Cn

=8a

was shown, but the signal

intensity decreased rapidly with increased alkyl chain length indicating
lower overall concentrations. The most significant decrease in the loss of
w ater was betw een 150 and 500

°C .

CO2

[m/z = 44] was shown to be

released a t lower intensities overall as the alkyl chain length increased. This
was most significant in the region from which alkyl fragments were
desorbed.

b.

Aliphatic Hydrocarbons
TG-MS results showed that alkyl fragments [m/z = 43, 57, 71, 85] and alkenyls
[m/z = 41, 55, 69, 83] were desorbed over the same tem perature range, but
showed slightly higher peak maxima with increasing alkyl chain length
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(table 3.24). The majority o f aliphatic fragments desorbed by MCBP samples
were evolved a t slightly higher temperatures than the aliphatic fragments
desorbed from SWa-1 and the intensity o f the signals was 10 times stronger.

C„

Table 3.24

c.

Desorption Temp.

Alkyl Maxima

Alkenyl Maxima

Range (°C)

(°C)

(°C)

8

250-500

405

400

12

250-500

412

408

16

250-500

415

410

Comparison of desorption characteristics with ncreasing alkyl chain
length for MCBP-Cn.
Ring Compounds
A large num ber of ring com pounds were thermally desorbed from the
different MCBP-CnN(CH3 )3 samples.
com pound

desorption,

the

To summarise the pattern of ring

tem perature

ranges

and

maxima

temperatures are shown in table 3.25 and the relative intensities of these
maxima are shown in table 3.26.

Thermal Desorption Maxima (°C)

Table 3.25

m/z

Cs

Cl2

Cu

81

405

410

260/415

79

405

410

260/415

82

320/405

320/410

260/415

77

350/405

410

260/410

78

320/405

250/320/410

260/310/415

91

350/405

340/410

260/415

95

350/405

410

260/415

Comparison of the thermal desorption maxima temperatures with increasing
alkyl chain length for MCBP-Cn. (results in order of decreasing relative MS
intensity relative to SAz-1).
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MS Intensity / 10* cps

Table 3.26

m/z

Cb

Cl2

Cu

81

0.7

0.9

0.5

79

0.4

0.5

0.3

82

0.4

0.7

0.3

77

0.3

0.4

0.3

78

0.2

0.3

0.2

91

0.2

0.3

0.2

95

0.3

0.4

0.3

Comparison of the relative intensities of the major ring compound thermal
desorption maxima with increasing alkyl chain length for MCBP-Cn. (in order
of decreasing relative MS intensity to SAz-1).

3.6

Discussion - Thermal Stability of Organociays

3.6.1

X-ray Analysis

XRD analysis of the N-alkylammonium exchanged SAz-1 and SWa-1 series showed that the
main difference betw een the tw o organo-clays was that SAz-1 reached alkylammoniumgallery saturation a t a lower organocation concentration than SWa-1, which attained a
maximum dooi = 17.8 A a t Cn = 12, whereas SWa-1 did not attain this maximum d-spacing
until Cn = 14. The clay with the higher surface-charge density attained a greater d-spacing
with shorter alkyl chain lengths because, as with all organociays, the d-spacing was
determ ined by congestion in the gallery.

These results resemble m olecular dynam ic

simulations co n d u cte d by Hackett e t al. [3-18], however, this da ta predicted that with
surface charge densities > 102 mEq/lOOg the d-spacings for alkyl chain lengths betw een Cn
= 10-16 would be m uch greater.

When the area to be occu p ie d by the organocation lying flat on the surface was less than
the area per unit negative charge on the clay surface, the organocations were adsorbed
as a monolayer [3-9]. The incom plete organic saturation of the gallery space by the Cn = 8
alkyl chains prevented the creation of a wholly organophilic environment. As the length of
the alkyl chains was increased, they form ed a flat bilayer and then beca m e increasingly
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tilted. These bilayer complexes, for clays with a homologous series of N-alkylammonium
cations, showed a regular increase in the spacing per carbon atom [3-9,3-19].

SAz-1 -CnNHs

SWa-1-CnNH3

MCBP-CnN(CH3)3

(Cn)

(N-alkylammonium)

(N-alkylammonium)

(N-alkyltrimethylammonium)

8

13.6

13.6

14.4

10

15.5

14.2

-

12

17.8

16.0

16.1

14

17.8

17.8

18.3

16

17.8

17.8

19.3

dooi spacing (A)

Alkyl

Table 3.27

At

C12

d ooi spacing (A) for Na-SAz-1, Na-SWa-1 and Na-MCBP organociays
with increasing alkyl chain length (Cn).

(SAz-1) and

Cu

(SWa-1) the length of the alkyl chains forced a bilayer conform ation

within their respective gallery spaces creating a com pletely organophilic environment
(table 3.27).

The N-alkyltrimethylammonium exchanged MCBP series showed that the cation exchange
process had been successful.

These organoclay species showed a distinct increase in

gallery spacing (dooi) over the N-alkylammonium exchanged species, from 14.4 A a t
to 19.3 A a t

Cn=

Cn

=8

16. This is likely to be due to the increased quantity of gallery alkyl species

due to the associated methyl groups on the quaternary ammonium cations.

X-ray analysis of the four series of samples showed constant d-spacings for the different
organic loadings. At
2.0 and 3.0 x

CEC,

Cn

= 8 (OTAB) the dooi = 14.35 A for organocation loadings o f 0.5, 1.0,

indicating that with an increase in the concentration of organocation

no further expansion of the gallery occurred. According to correlations betw een the dooi
of alkylammonium saturated clays (compiled by Jaynes & Boyd [3-20], fig. 3.30), with an
alkyl chain length of

Cs,

the intercalated organocations had form ed a m onolayer

arrangem ent between the aluminosilicate layers of the clay.
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Cn

= 12 (DTAB) samples

showed

a dooi =

16.14 A for all the organocation

loadings, correlating to an

m onolayer/bilayer arrangem ent with a bias tow ard a bilayer configuration.

P -trilayer

22

26
24

20
’<

22
*<

18-

Bilayer

O

20

a
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■O
16
14

M o n o la y e r
i-------- 1-------- 1-------- 1------- 1

12

11

13

15

17

19

6

8

10

12
n,

14 16

18

Cn
Figure 3.49

Comparison of d o o i -spacings of the OTAB-CTAB exchanged Na-MCBP in
relation to the schematic pattern of Jaynes & Boyd [3-20].

In the Cn = 14 (TTAB), dooi spacings o f 18.3 A at 1.0 x CEC, 18.7 A a t 2.0 x CEC and 18.6 A at
3.0 x CEC were shown. The slight variation in dooi values was deem ed insignificant and was
attributed to accom panying w ater residing in the interlayer. For an average dooi of 18.5 A
and an alkylammonium chain length of C u the gallery organocations were definitely
arranged as a bilayer.

Cn = 16 (CTAB) showed dooi spacings o f 19.3 A at 1.0 x CEC, 20.4 A a t 2.0 x CEC and 20.4 A
a t 3.0 x CEC. When the 2.0 and 3.0 x CEC samples were washed with /-PrOH the increased
d-spacings were reduced from 20.4 to 19.2 A which closely m atched the dooi of the more
strongly attracted 1.0 x CEC concentration. The reduction in dooi was due to the removal
of loosely bound matter.

A dooi = 19.2 - 19.3 A indicated that the organocations were

arranged in a bilayer / pseudotrilayer configuration or as a significantly hydrated bilayer.
The configurations that the four series o f alkyltrimethylammonium cations a d o p te d did not
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present any unexpected patterns and adhered well to that described by Jaynes & Boyd
[3-20] (fig. 3.49).

Vaia e t al. [3-21 ] believed these idealised structures to be too rigid. Using FUR, they showed
that the alkyl chains within organociays vary from liquid-like to solid-like structures, with the
liquid-like structure dom inating as the interlayer density or chain length decreased, or as
the tem perature increased. This was attributed to the small energy differences betw een
the trans and gau che conformers of the alkyl chain; the idealised models described in [320] assume an all-trans conform ation.

Also, for longer chain length surfactants, the

surfactants in the layered silicate showed thermal transitions akin to melting or liquidcrystalline to liquid-like transitions upon heating.

The fluidity of the alkyl chains, as

described in Vaia e t a/.'s model, may acco u n t for the shortfall in expected d-spacings in
the different samples (according to Boyd's diagram ) and adds w eight to the reasons w hy
the alkyltrimethylammonium exchanged clays showed larger d-spacings.

Factors other than the length of the surfactant alkyl chain which would a ffe ct the cationic
exchange of these clay species w ould be:

A.

Charge density a t the surface of the different clay species w ould play a significant

role; this is measured using alkylammonium ion exchange:
surface charge density / surface area per unit dry w eight clay = CEC = mEq/lOOg
(N.b. 1 mEq = 1 x 10-3g)

Table 3.28

Clay species

CEC (mEq/IOOg)

SAz-1

120

SWa-1

102

MCBP

80

Exchange clay species and relative cation exchange capacities (CEC).
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The decrease in charge density is most probably the reason why SWa-1 does not go to a
bilayer conform ation until Cn = 14 (table 3.28).

However, the uptake and greater dooi shown by alkyltrimethylammonium exchanged
cations on MCBP with a significantly lower CEC (80 mEq/lOOg) shows that other factors
need to be addressed (see further work).

B.

Grain size o f the cfay w ould determine, the total surface area accessible to

moisture within a mass of clay (Barshad [3-22]). The total surface area, and so the swelling
potential, increases as the grain size decreases. Although the different clays were sieved
to ensure a grain size of less than 200 pm, variations in the size of particles below this
threshold were not controlled. Therefore, if the MCBP had a considerable concentration of
particles below this grain size threshold, the surface area of these exchangeable clays
would be greater. This w ould lead to a decrease in the num ber of gallery exchange sites
and an increase in the num ber of e d g e sites. This may result in larger

dooi

spacings due to

increased com petition for gallery exchange sites.

3.6.2

Thermo-Gravimetric Analysis

The TGA of N-alkylammonium exchanged SAz-1 and SWa-1 both showed a shift to a higher
thermal desorption maximum with increased alkylammonium chain length (see fig. 3.3 and
3.17). The degradation onset temperatures for SAz-1 and SWa-1 samples started below 200
°C

and increased with increasing chain length to approxim ately 200

showed greater weight loss < 300
maximum for 390

°C

at

Cn

°C

°C .

The SWa-1 series

than the SAz-1 series, and the major loss under a

= 6 gradually shifted to 400

°C

at

Cn

= 16. The w eight loss within

this tem perature range for SAz-1 beca m e m uch more prominent, but as the major w eight
loss shifted towards the higher tem perature peak, the maximum tem perature decreased
slightly from 390

°C

at

Cn

= 6 to 370

°C

at

Cn

= 16. SWa-1 was also shown to be evolving

increasingly larger amounts of species at higher temperatures (> 400
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° C ).

The thermal

desorption profiles o f these tw o series o f samples appeared to be very different, but a
reasonable generalisation o f the thermal events occurring underneath, was that with
increased alkyl chain length, there was a shift towards greater w eight loss a t higher
temperatures.

The TGA of the Cn = 8 (OTAB) - Cn = 16 (CTAB) samples showed that the majority of w eight
loss from alkyltrimethylammonium

cations was much

more thermally stable when

intercalated than the N-alkylammonium cations (see fig. 3.29-3.36).

These results also

provided evidence for alkyl chain 'cracking' due to the catalytic activity of the acid sites
on the cla y surface.

For exam ple, this w ould explain why when Cn = 12 (DTAB) was

analysed by TGA in its virgin state it decom posed giving a sharp maximum a t 260 °C, but
when it was intercalated in MCBP, it was desorbed under a series o f different maxima (E.g.
225, 300, 355, 400 and 450 °C). The longer alkyl chains w ere believed to be releasing larger
alkyl species under the w eight loss a t approxim ately 425 °C. These larger organocations
may have been bulky enough to protrude out o f the galleries, and so, may have easily
been rem oved from the surface and the edges o f the galleries.

The TGA and DTG traces for Cn = 8 (OTAB) - Cn = 16 (CTAB) showed that as the alkyl chain
length increased the concentration of species evolved betw een 200 and 300 °C increased
relative to the main desorption at -425 °C. By exchanging the different organocations a t
0.5, 1.0, 2.0 and 3.0 x CEC it was possible to determ ine whether the gallery was fully
occupied by the relative organocation. These samples showed evidence that the clay
galleries w ere fully occupied a t 1.0 x CEC (i.e. a t > Cn = 12). The addition of higher loadings
of organocation a t Cn = 14 (DTAB) and more evidently a t Cn = 16 (CTAB) was thought to be
the result of undissociated surfactant (i.e. Me 3 N+RBr) slightly swelling the organically
saturated galleries with loosely associated matter. This swelling effe ct was reversed when
the 2.0 x and 3.0 x CEC CTAB samples were washed with /-PrOH.

The /-PrOH readily

dissolved excess organocation content, and so, reduced the am ount of species desorbed
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at lower temperatures, the TGA and DTG traces o f the /-PrOH washed samples being similar
to the traces obtained for the 1.0 x CEC CTAB sample.

The Cahn TGA/DTG d a ta obtained from the synergy system reflected and reinforced the
d ata obtained from the MettlerTGA.

3.6.3
The

Thermogravimetry-Mass Spectrometry (TG-MS)
decomposition

tem perature

of

organociays

controls

the

upper

processing

tem perature and subsequent thermal stability o f polymer-clay nanocom posite materials. A
sound knowledge o f the decom position pathw ay is im portant because desorption
products evolved a t lower temperatures in an organoclay’s thermal desorption profile may
have a role in the thermal decomposition o f the hybrid material.

The thermal decomposition of the different organoclay series may be briefly summarised in
three distinct regions: (region I) < 150 °C, the evolution of adsorbed water, (region II) 150500 °C, the desorption o f organic species, (region III) 500-800 °C, dehydroxylation of the
aluminosilicate layer and the evolution of products associated with residual organic
carbonaceous residue.

3.6.3.1

TG-MS Study of Physisorbed and Interlayer Water [m/z = 18] Desorbed From
SAz-1 -CnNHs, SWa-1-CnNH3 & MCBP-CnN(CH3)3 - (Region I)

Water desorption from the large internal surfaces o f the pristine clays corresponded to
previous reports [3-23, 3-24]. The general trends were, a high initial w eight loss from 25 °C
with a thermal desorption maximum at approxim ately 65 °C, from where w eight loss due to
w a ter decreased rapidly until a small w eight loss at approxim ately 300 °C. These different
rates of thermal desorption have been attributed to weakly bound, physisorbed a n d free
w a ter pockets within the structure being desorbed a t the lower temperatures (i.e. < 150
°C). Whilst w ater desorbed a t higher temperatures (i.e. > 150 °C -►< 450 °C) was attributed
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to w ater residing within the clay galleries and any associated with the cationic head
groups of the intercalated surfactants [3-25].

The SAz-1 - C n N h h series of organociays showed a high signal intensity for w a ter [m/z = 18] for
Cn

= 8, across the tem perature range 25-800

500

°C

°C ,

which was saturated a t temperatures <

(fig. 3.6). As the alkyl chain length was increased the relative intensity o f the signal

a ppeared to decrease and the regions of w a te r desorption becam e more resolved. The
SWa-1 - C n N k h series gave a lower signal intensity for

C n

= 8, which was the result o f the lower

surface-charge density o f the clay (fig. 3.19). The wholly organophillic environment had
less w ater associated with organocations than the SAz-1- C
alkyl chain was increased to

Cn

M C B P -

C n N ( C H 3)3

series. As the length of the

= 12 and then 16, relative weight losses could be seen to

substantially decrease a t temperatures > 150 ° C

The

nN H 3

series g a ve a

M S

.

signal profile a t

Cn

= 8, that was similar to that

described above (fig. 3.38). As the alkyl chain length was increased the relative intensity of
the w ater signal decreased and the signal intensity associated with w a te r residing in the
gallery

fluctuated,

but generally

shifted

towards

a

maximum

at

280

°C .

The

alkyltrimethylammonium cations w ould have been relatively bulky com pared to the
alkylammonium cations.

However, w ater which was H-bonded to methyl groups would

have been less likely than th a t associated with alkylammonium cations.

As a result of

w ater being loosely attra cte d to the alkyltrimethylammonium head group and the lower
surface charge density o f

M C B P ,

any gallery hydration w ould have been less physically

hindered towards desorption, as shown in fig. 3.38 with increasing alkyl chain length.

3.6.3.2

TG-MS study of the aliphatic species and ring compounds desorbed from
SAz-1 -CnNHs, SWa-1-CnNH3 & MCBP-CnN(CH3)3 - (Region II).

The decomposition products of the different organociays were seen to be a mixture of
aliphatic and arom atic species, as in [3-25, 3-26]. The SAz-1 -CnNH3 series showed aliphatic
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hydrocarbon species being evolved under a maximum at 344 °C for Cn = 8, which shifted
to 377 °C for Cn = 16 (fig. 3.8). The accom panying ring com pounds were desorbed a t
similar temperatures to the different alkyl chain lengths, but over a slightly narrower
tem perature range (fig. 3.9 - 3.14).

The different SWa-1 organocation fragments were shown to be evolved a t a lower intensity
than in the SAz-1 samples, but a t a m uch higher desorption tem perature.
aliphatic species w ere all desorbed a t a maximum of 400
shoulder a t approxim ately 360
and alkenes a t 435

°C

when

°C ,

Cn

°C

The

Cn

= 8

with a lower tem perature

shifting to a single broad maxima for alkanes a t 425

= 16 (fig. 3.21 and fig. 3.50.iii). The

w ere desorbed at a maximum a t 345

°C

Cn

°C

= 8 ring com pounds

and a higher tem perature shoulder a t 400 ° C

.

This

signal maximum shifted to higher temperatures with increased alkyl chain length, until most
o f the arom atic species were desorbed under a maximum a t 435
exceptions to this thermal desorption shift, for
distinct maxima a t 338 and 445

°C ,

C n

°C .

However, there were

= 16, benzene [m/z = 78] evolved a t tw o

whereas m ethylcyclohexene [m/z = 77] and toluene

[m/z = 91 / 92] showed evidence of com peting desorption mechanisms (fig. 3.27 and fig.
3.50.iv).

The MCBP samples exchanged with Cn = 8 (OTAB) showed that aliphatic species were
desorbed a t a maximum of 405 °C and a lower temperature/intensity shoulder at
approxim ately 350 °C (fig. 3.51 .iii).

As the alkyl chain length increased the higher

tem perature maximum shifted to increased temperatures, until a t Cn = 16 (CTAB) the
maximum was a t approxim ately 415 °C. Moreover, the lower tem perature maximum at
350 °C, increased in intensity with respect to the desorption of alkenes, and decreased with
respect to the desorption of alkanes.

The ring com pounds desorbed from Cn = 8 (OTAB) (fig. 3.51 .iv) at approxim ately 400 °C with
a bias towards a lower tem perature shoulder, only partially revealed in cyclohexene [m/z =
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Comparison of SAz-1 and SWa-1 (Cs & Cn) selected desorbed aliphatic and aromatic species.
Figure 3.50
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iii. MCBP: Alkanes (E.g. [m/z = 71]) / Alkenes (E.g. [m/z = 69])
i. SWa-1: Alkanes (E.g. [m/z = 71]) / Alkenes (E.g. [m/z = 69])

Comparison of SWa-1 and MCBP (Cs and Cu) selected desorbed aliphatic and aromatic species.
Figure 3.51
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82], benzene [m/z = 78] and toluene [m/z = 91 / 92] at 320 °C. As the alkyl chain length of
the organocation increased the unresolved maximum a t 320 °C diminished whilst the
developm ent of a lower tem perature maximum (250-275 °C) was seen to increase for all
the different samples, most notable was the higher intensity of the m ethylcyclohexene [m/z
= 96] signal and the broader, desorption of benzene [m/z = 78] signal a t lower
temperatures of equal intensity to the higher tem perature desorption (fig. 3.51 .iv).

This trend was shown through conventional TGA and TG-MS, suggesting that a large
proportion of the species evolved a t higher temperatures were aliphatic fragments and
ring com pounds.

But as the organic content of the gallery space was increased (as is

required in a nanocom posite precursor) weakly bound material was easily expelled and
increasingly catalytically transformed into arom atic species a t lower temperatures.

A comparison of the TG-MS results for the SAz-1, SWa-1 and MCBP organoclay series
indicated that the decom position products were similar.

In an atte m pt to resolve the am ine and carbonyl (predominantly aldehyde) species which
have been previously reported by Xie e t a/. [3-25 - 3-27], TD-GC-MS was co n d u cte d on the
Cn = 16 (CTAB) - 1 x CEC samples. Selected species from the results of these analyses are
shown in table 3.29, indicating some of the species that were anticipated but not resolved
in the TG-MS.

Temperature range: 200 - 500 °C
Formula

M.W.

1,3-pentadiene, (E)-

CsHa

68

cyclopentene

C5H8

68

C 4H 60

70

C5H10

70

Species
O
LLI
o
X

CQ
<
H
u

2-propenal, 2-methyl2-butene, 2-methyl-

Continued over...
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cyclopropane, 1,1-dimethyl-

C 5 H10

70

benzene

C6H6

78

1,3-hexadien-5-yne

c 6h 6

78

1H-pyrrole, 3-methyl-

C 5 H7 N

81

1,5-hexadiene

C 6 H10

82

toluene

C7H8

92

C 6 H10O

98

benzene, 1,3-dimethyl-

CsHio

106

1-octene

C 8 H16

112

1-propene, 3-bromo

CsHsBr

120

benzene, 1,3,5-trimethyl-

C 9 H12

120

nonane

C 9 H20

128

cyclohexanone

Table 3.29

Selection of the organic species identified by TD-GC-MS, desorbed in the
200-500 °C temperature range.

These results showed th a t the carbonyl species and com plex arom atic and ring
com pounds previously reported were present in the minority. Amines were not shown in
the TD-GC-MS results, but there was evidence of nitrogen complexes (i.e. IH-pyrrole, 3methyl-).

3.6.3.3

TG-MS Study of Aluminosilicate Dehydroxylation (i.e. Water [m/z = 18]} and
the Desorption of Carbonaceous Residue (i.e. CO 2 [m/z = 44]) from SAz-1CnNHs, SWa-1 -CnNHs & MCBP-CnN(CH3)3 - (Region III)

The different organoclay series all showed that the signal intensity for w a ter [m/z = 18]
decreased steadily a t temperatures > 500 °C and decreased in intensity with increased
alkyl chain length. Whereas, the signal intensities for CO 2 [m/z = 44] desorption were shown
to shift to higher temperatures and increase in intensity with increased alkyl chain length.

179

3.6.4

Summary of the Thermal Analyses for SAz-1 -CnNH3, SWa-1 -CnNH3 &
MCBP- CnN(CH3)3 Organociays

The XRD, TGA and TG-MS results showed differences for the different aluminosilicate hosts,
alkyl chain lengths and surfactant types.

TG-MS analysis showed that the major

decomposition products were a mixture of alkanes, alkenes and ring com pounds and
showed

that different thermal desorption

mechanisms occurred

on

the

different

organoclay species.

3.6.4.1

TG Analysis

The TGA d a ta for the SAz-1 - C n N k b series showed that as the length of the alkyl chain
increased, w eight loss a t higher temperatures was increased. This shift of the desorption
products was mirrored by the TG-MS d a ta which showed alkanes, alkenes and arom atic
species being desorbed a t successively higher temperatures.

Although there was

increased w eight loss a t higher temperatures, the Tmax shifted from 390
°C

°C

at

C n

= 6 to 370

at Cn = 16 (fig. 3.3). This was shown by the TG-MS d a ta to be due to the alkanes and

alkenes being desorbed a t slightly lower temperatures than the arom atic species, but
having a m uch higher relative intensity (especially the shorter chain fragments, i.e. [m/z =
41, 55]). Also, as the length of the alkyl chain was increased the intensity of the signal from
w ater [m/z = 18] decreased a t higher temperatures, whilst the intensity of the signal from
C O 2

[m/z = 44] was increased. These showed that whilst w ater was becom ing less of a

contributory fa cto r to the w eight loss in the region > 370

°C ,

C O 2

concentrations were

becom ing more prominent.

The TGA d a ta for the SWa-1- C

nN H 3

series showed that as alkyl chain length increased the

w eight loss was again shifted to successively higher temperatures, with the majority of
thermal desorption products residing above and below the

T m ax

= 390

°C .

tem perature of alkyl and alkenyl species was shown to increase until a t
Tm ax

= 425

°C

and the alkenyl

Tm ax

= 435

°C .

C n

The desorption
= 16, the alkyl

The arom atic species showed a shift from the
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major desorption products being evolved a t a lower
to higher tem perature maxima a t

Cn

=

tmax

at

Cn

=

8

(approxim ately

within the tem perature range

16

3 5 0 ° C ),

4 2 0 -4 4 5 ° C .

In

most cases, the relative intensity of the aromatics was greater than the aliphatic species.
The relatively constant w eight loss under the lower tem perature maximum shown in the
TGA at

3 1 0 °C

w ould have been due to release of w a ter from the interlayer, with possible

contributions from increased
= 7 8 ].

The maximum a t

CO2

and the lower tem perature maximum from benzene [m/z

4 05 °C

would have been due to the additive e ffe ct of high

intensity/concentrations of water,

aliphatic and arom atic species.

C O 2,

The staggered

desorption of these species being shown as m uch higher weight loss up to

500 °C

in the

Cn

= 16 samples.

TGA analysis of the

M C B P -C nN (C H 3)3

organoclay series showed that a t

organocation decom position occurred a t approxim ately
unresolved thermal events a t
of

4 2 5 °C .

3 2 5 °C

and

3 7 0 °C

230

°C ,

Cn

= 8 the onset of

follow ed by two

and the major w eight loss a t a maximum

As the alkyl chain length was increased, a shift to greater concentrations of

decomposition products a t lower temperatures was shown.
decomposition had shifted dow n to approxim ately
desorption maxima were shown at

280

and

4 2 5 °C

150

At

°C

Cn

= 16, the onset of

and prom inent thermal

respectively, accou nting for

7

and 9

wt% loss of the 19 wt% overall loss.

Many studies have been co nd ucte d on the thermal desorption of organic species from
clays. The earliest work con d u cte d on alkylammonium ions in zeolites was co n d u cte d by
Fripiat.

Yariv e t al.

[3 -2 8 -

3 -3 2 ]

have previously studied the thermal desorption large

number of dye complexes adsorbed on clays, but the results are not of particular
relevance to this thesis.

Yariv et al., cond u cte d a study of the thermal stability of sepiolite and palygorskite
exchanged with butylamine under air and

N 2,
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Sepiolite

D TG Tmax

at

30 0 °C

(broad diffuse

maximum 275 to 310 °C). Palygorskite DTG Tmax at 280 and 390 °C [3-32]. The temperature
of the principle exothermic peak was lower for sepiolite than for palygorskite. The fa c t that
the peak temperatures are depende nt on the mineral type may serve as evidence for the
existence of interactions betw een butylamine and the clays.

TG and DTA curves showed that the amounts of zeolitic and bound w a ter becom e very
small due to the penetration of the am ine into the pores as a result of the adsorption of the
organic molecules by both clays. Adsorbed butylamine molecules were held by the clays
up to temperatures far above the boiling point of butylamine.

In the presence of

butylamine, the dehydroxylation of both clays was shifted to higher temperatures
com pared to the untreated clays, again possibly due to the presence of the organic
m olecule inside the pores. The penetration of butylamine molecules into the pores requires
some flexibility of the silicate planes, and such flexibility in organo-MMTs has previously
been reported by Suito e t al. (1969) using electron microscopy.

In other studies co n d u cte d by Xie et al. [3-25 - 3-27], analysing the thermal stability of
various quaternary ammonium exchanged MMT's.
DTG data, a

Tmax

From extrapolation of the published

at 380 °C and lower tem perature maxima a t 210 and 300 °C were shown

for cocotrim ethyl ammonium surfactants (n.b. C oco, com posed of a variety of alkyl chain
lengths ranging

Cn

= 8-18, approxim ately 50% Cn =12). As the concentration of longer alkyl

chains was increased, shown in tallowtrimethylammonium surfactants (n.b. Tallow, alkyl
range Cn = 8-18, approxim ately 50%

Cn

= 16), the thermal desorption maxim a a t 210 and

375 °C were of equal intensity, with maxima a t 290 and 320 °C indicating th a t the majority
of the w eight loss was still occurring at higher temperatures.
length

and

consistency of the

surfactant were

As the overall alkyl chain

increased

by the

exchange

of

octadecyltrim efhylam m onium surfactant, the majority w eight loss ap p e a re d to have
shifted to the

Tmax

at 210 °C, which was followed by maxima a t 280, 320 and 370 °C.

Although not identified within the publication, as the loading of organic species was
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increased, the majority w eight loss was increasingly desorbed a t a lower tem perature
maximum (i.e. shifting to approxim ately 200

°C

from 400

° C ).

This trend appears to support

the results obtained from the N-alkyltrimethylammonium exchanged-MMT analysed within
this thesis.

Suter e t al. [3-33] used both conventional and high resolution TGA to analyse the thermal
decomposition of octadecyltrim ethylam m onium surfactant from a Na-bentonite host
under air. These results showed a marked shift of a low tem perature maximum from 210

°C

(as had been previously seen under N2 ) to approxim ately 300 ° C .

3.6.4.2

TG-MS Analysis

NH3 was known to be evolved during the decom position process, but could not be
resolved by TG-MS, because the peak for NH3 (m/z = 17) overlapped with th a t for water.
However, IR spectra from a previous study by Xie e t al. [3-27] showed that the desorption of
am m onia occurred across the same tem perature range a t which other organic fragments
were being desorbed (i.e. 200-500 °C).

TG-MS showed that w ater [m/z = 18] shifted from a maximum at approxim ately 350
profile which indicated maxima a t 280 and 425 °C a t
greatly reduced.

Cn

°C

to a

= 16, although the intensity was

CO 2 [m/z = 44] showed a shift towards higher tem perature with

increased chain length and showed a maximum a t 425

°C

at

Cn

= 16. Alkenes and to a

lesser extent alkanes would have contributed to the increase in the lower tem perature
maximum.

However, the most dram atic shift was shown by most ring com pounds (fig.

3.32). A lower tem perature was shown to be particularly significant for benzene [m/z = 78]
and m ethylcyclohexene [m/z = 96].

Benzene [m/z = 78] showed tw o maxima of equal

intensity with a broader range of events occurring underneath the lower tem perature
maximum, whilst methylcyclohexene [m/z = 96] was shown to be desorbed at 280
least three times the intensity as a t 425

°C .
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°C

in at

Previously, TG-MS analysis on the decomposition products of alkyltrimethylammonium
cations, was co n d u cte d by Xie e t al. [3-27]. The organic species were stated as being
desorbed betw een 200 and 500 °C and were only identified as being the products of
decomposition, i.e. water, CO 2 , NChhfCPbh, alkenes and alkanes. There was no indication
of any catalytic reforming reactions which are thought to have resulted in the branched,
cyclic and arom atic species identified in this thesis.

Also, a comparison m ay be drawn betw een the results in this thesis and the results reported
by Taylor [3-34] regarding the catalytic transformation of polymer waste. In his work, a gas
stream resulting from the pyrolysis of high density polyethylene (HDPE) was activated by
various clay species.
polyolefinic

plastic,

The result was a high yield conversion, through DHC of the
to

various

transalkylated

arom atic

com pounds,

principally

trimethylbenzene.

3.6.4.3

The Effect of Increased Iron Content in Clays

0

Oxide

SAz-1

SWa-1

MCBP

Si02

67.72

43.75

70.80

AI2O3

19.74

7.95

19.04

MgO

7.24

1.75

2.38

Fe203

1.59

25.25

4.19

Ti02

0.27

0.54

0.10

CaO

3.16

2.05

0.88

Na20

0.07

0

2.37

K2O

0.21

0.03

0.14

XRF data showing the elementa composition of t le natural clays an
exchanged form (Na-MCBP). Only the major oxides are shown and values
are given as wt%.

As the alkyl chain length of the SAz-1 and SWa-1 series increased, the relative
concentration of desorption products a t higher temperatures was shown to be increased.
With approxim ately 36% of desorption products being from SAz-1 -Ci6 after 380 °C
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com pared with 43% desorbed from SWa-1 -Ci6.

It was thought that this shift of thermal

desorption products to higher temperatures was the result of the greater concentration of
structural iron (i.e. Fe3+) in the octahedral sheet of SWa-1 (table 3.30).

It is currently thought the structural iron acts as a radical trap, which significantly reduces
the catalytic activity of the clay's a cid sites until higher temperatures.

Zhu e t al. [3-35]

reported that clays containing structural iron exhibit enhanced thermal stability when
measured by TGA and identified the structural iron site as being the operative site for
radical trapping within the clay.

3.7

Conclusions

The results of this study have lead to a number of im portant findings:
The release of organic com pounds from the decom position of alkyl chains with increasing
lengths was shown to occur in stages.

These stages appeared to be related to the

increasing length of the alkyl chain in the clay gallery. For n-alkylammonium cations these
stages were shown to increase in num ber and shift to higher temperatures as Cn increased.
Whilst for N-alkyltrimethylammonium cations, the increasing number of stages was shown to
shift to increase the concentration of com pounds desorbed a t temperatures betw een 200
and 300 °C.

The desorption of organic com pounds a t higher temperatures in the iron containing SWa-1
organociays may be evidence of a radical trapping mechanism, which has been reported
as offering a possible additive advantage in flam e retardant polymers.

A large number arom atic species were shown to be desorbed at lower temperatures from
the Cn = 16 (CTAB) organociays, which could have structural implications for the
production of polymer-clay nanocomposites (particularly by melt processing).
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4
Thermal Analysis of Polystyrene-Clay
Manocomposifes

187

“The rapidly developing classes o f com posite and nanosfrucfured materials
will dom inate the industrial landscape o f future centuries"
Dr. Wolfgang Herrmann, University of Munich, Chem. Eng. Technol. 21(7), 549 (1998)

4.1

Introduction

Most

com m ercial

interest

in

nanocomposites

has

focused

on

thermoplastics.

Thermoplastics can be broken into tw o groups: less expensive com m odity resins (e.g.
polystyrene, poly (vinyl chloride), polyethylene and many others) and more expensive (and
higher perform ance) engineering resins (e.g. polycarbonate, polyimide). One of the goals
of nanocomposites is to allow substitution of more expensive engineering resins with a less
expensive com m odity resin nanocom posite. The substitution with a nanocom posite resin
which shows equivalent perform ance should yield overall cost savings.

Polymer nanocomposites are a class of materials that have properties with significant
com m ercial potential. A polymer nanocom posite is generally defined as the com bination
of a polymer matrix resin and inorganic particles that have a t least one dimension (i.e.,
length, width, or thickness) in the nanom etre size range. A typical inorganic filler/polymer
nanocom posite is the com m ercial use of silica fillers in rubber and other polymers, although
most reports on com m ercial systems indicate that silica has an agglom erated structure,
which has dimensions in the micron range. Several benefits of these nanocom posites have
been identified to include [4.1 - 4.3]:
■ increased reinforcem ent and im pact strength
■ increased thermal stability
■ increased flam e resistance
■ improved gas/liquid barrier properties
■ reduced shrinkage and residual stress
■ im proved abrasion resistance
■

altered electronic and optical properties
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4.1.1

Polystyrene (PS)

The polymer selected to be the host matrix for the production of polymer-clay
nanocomposites is polystyrene (PS). PS already offers the advantages of good dimensional
stability, was inexpensive, relatively easy to m ould and form ed rigid solids, however, it has
the disadvantages of brittleness, poor thermal stability and shows relatively poor resistance
to chemicals [4-4].

PS is form ed by the addition polymerisation of styrene monomers and was first
com mercially m anufactured by BASF in the 1930's.

It is a thermoplastic polymer that is

currently produced in m any different forms. Some examples of these forms, apart from
pure cast PS mold and sheet products, are expanded PS (EPS) which is its most com m on
use (a mixture of abo ut 5% PS and 95% air), high im p a c t PS (HIPS), m odified with a rubber
additive and as general purpose PS. Consequently, PS is used in a variety of com m ercial
and consumer applications from appliance housing and electronics to m edical supplies,
with the largest end use being packaging [4.5].
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Figure 4.1

Actual and future estimated world PS consumption [4.6].
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It has been estimated th a t the world polystyrene market will grow 5% over the next three
years, with world consumption rising to 15.3 million tonnes by 2006. The USA is the largest PS
m anufacturer (producing over 2.8 million tonnes annually), and the largest PS consumer is
Asia (accounting for 40% of total world consumption) [4.6].

These studies incorporated PS in its primary form, the aim being to investigate how the
thermal stability of PS was a ffe cte d by the interaction of a specified range of organoclays.

4.1.2

Polystyrene-Clay Nanocomposites

The intercalation of organoclays by vinylic monomers such as styrene [4.7-4.11], methyl
m ethacrylate

[4.12-4.15]

and

acrylonitrile

[4.16,

4.17]

followed

by

free-radical

polymerisation have previously been reported.

Several attem pts to produce polystyrene-clay nanocomposites have been reported in the
literature. Early attem pts by Friedlander & Grink [4.18] and Blumstein [4.19] to im pregnate
clay with styrene m onom er followed by polymerisation, showed little or no expansion of the
basal spacing of the clay, which led to confusion over the state of the polystyrene within
the clay layers. Kato e t al. [4.20] reported the intercalation of styrene into stearyltrimethylammonium

(Cn

= 18) cation exchanged

MMT

and noted an increase in the basal spacing.

Alternative methods for the inclusion of polymers into the gallery spaces have been
reported. The m odification of MMT by a variety of functional groups was reported by Kelly
e t al. [4.21] in their study of epoxy composites, to effectively anchor the polymer chains to
the surface. Akelah & M oet [4.22] prepared polystyrene nanocomposites from acetonitrile
using Na+ exchanged MMT and a vinylbenzyltrimethylammonium chloride which contained
a reactive vinyl group that could take part in the polymerisation.

Using this m ethod a

maximum basal spacing of 24.5 A was reported for the hybrid material.
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Similarly, Fu & Q utubuddin [4.23] further developed the process of in-sifu polymerisation by
using VDAC (vinylbenzyldimethyldodecylammonium chloride), which again included a
vinyl group, to make the organoclay more stable to inclusion in the bulk polymer. Because
of the solubility of the VDAC's vinyl group within the styrene monomer, this process lead to
the production of an exfoliated PS-clay nanocom posite. This polym er-clay nanocom posite
was prepared by dispersing the organoclay in styrene m onom er follow ed by free-radical
polymerisation using AIBN a t 60 °C/48 hr.

Another process for fabricating PS-clay nanocomposites was developed and reported by
Giannelis [4.24] w ho used polymer melt intercalation. Problems associated with this were
similar to those m entioned earlier, i.e. those of organophilic-organophobic interactions,
and as such, the diffusion of molten polymer into the interlayers is very slow, depending on
factors such as temperature, m olecular weight of polymer and organocation-chain length
[4.25, 4.26]. A more recent exam ple was a study by Doh & Cho [4.11], w ho prepared PSclay intercalated nanocomposites by polymerisation in the presence of organophilic clay.
This intercalated polystyrene-clay nanocom posite showed a greater thermal stability than
pure polystyrene.

Nanocomposites m ay also be form ulated by using an emulsion polymerisation process, in
which the clay would be dispersed in an aqueous solution that contained surfactant,
monomer and initiator.

In an aqueous environment the interlayer will expand and the

presence of surfactant would stabilise the monomer, and so, reduce its hydrophobicity,
allowing it to enter the clay galleries more readily.

Polymerisation is achieved using a

radical initiator and the resulting polymer-clay com posite is precipitated using a m etal salt
of high ionic strength, e.g. Al(lll) salts. The resulting latex w ould then require treatm ent with
organic solvents to extract the included water. Examples of this have been reported using
polystyrene and polym ethylm ethacrylate [4.27, 4.28].
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4.2

Free-Radical Polymerisation of Styrene

The free-radical polymerisation of vinylic monomers is initiated by the formation of radical
m onomer molecules from which the polymer chains grow by the successive addition of
monom er molecules. This growth may be term inated when two growing chains collide,
producing one or two stable molecules. Growth m ay also stop when the radical nature of
a growing chain is transferred to a monomer molecule.

4.2.1

Kinetic Model of Free-Radical Polymerisation

Styrene m onom er readily enters into free radical vinyl polymerisation when in the presence
of a strong oxidising agent (e.g. AIBN, 2,2 -azo-bis-isobutyronitrile), see fig. 4.2.

CN
C=C
CN

A /-N ;
Figure 4.2

General styrene polymerisation equation.

4.2.1.1

Initiation

CN
TT^

H

•
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H /
H

/
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CN

H
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-------- ►
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\

H—C-

-n 2

1

CN

Step 1: Initiator decomposition kinetics:

kd
I ------= - ►

2R -

kd = rate constant for initiator dissociation
Figure 4.3

Initiator decomposition (E.g. AIBN).

This step is usually involves two reactions, the first is the production of free radicals (fig. 4.3),
which in this case com e from the homolytic dissociation of an initiator species (I) to form a
pair of radicals (R ).
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The second initiation step results from the addition of the initiator radical to the first
monomer m olecule to produce the chain initiating species Mi (fig. 4.4).

Step 2: Formation of chain initiating polymer growth:
k{
R* + M i ----------► M i*
k\ = rate constant for initiation step

Figure 4.4

Initiation of polystyrene chain growth through radical formation.

4.2.1.2

Propagation

As propagation continues and each m onom er unit is a d d e d (fig. 4.5), the radical has the
same identity as the radical before except that it is larger by one unit.

H - C - C —C"
NC/ HI XI

C =C
-C—C—C—C*

Step 3: Chain propagation kinetics:

M n# + M

--------------- M n+1*

kp = rate constant for propagation step
Figure 4.5

Propagation of polystyrene chain growth.

The formation of a high m olecular w eight polymer occurs very rapidly. However, a t some
point the propagating radicals a t the end of the polymer chain stops growing and
terminate.
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4.2.1.3

Termination

Propagation will term inate as a result of tw o radicals colliding. This term ination reaction
may be the outcom e of tw o possible processes (fig. 4.6 and 4.7).

Step 4a: Coupling termination kinetics:

Mn* + Mm-

^tc

► Mn+m

ktc = rate constant for coupling termination step

Figure 4.6

Coupling termination process of two propagating polystyrene

radical chains.

+

I

Step 4b: Disproportionation termination kinetics:

Mrf + Mm* — ^

>» M n + Mm

ktd = rate constant for disproportionation termination step

Figure 4.7

Disproportionation termination process of two propagating polystyrene

radical chains.
In general, the termination step would be described without specifying the m ode of
termination.
k x =

k tc +

h i

fa is generally assumed to be independent of the size of the propagating chain.
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4.2.2

Initiator Efficiency (/)

f is the ratio of growing chains to radicals generated initially,

f

= 1if all initially generated

radicals start a chain-growth reaction. Inreality, f would be of the range 0.1-0.8.

4.2.3

Rate of Polymerisation

To derive kinetic equations for these reactions certain assumptions are m ade:
The 1st assumption is that the rate of initiation
decomposition

(R d ),

(R i)

is the same as the rate of initiator

and with reference to these respective equations:
Ri = Rd = 2fkd[l] = ki[I*][M]

Eqn 4.1

f = mole fraction of initiator radicals which actually initiate polymerisation,
i.e. the initiator efficiency.
2 = accounts for tw o I* being derived from each initiator molecule.
The second assumption is that the rate of termination can be expressed kinetically by:
Eqn 4.2

R t = 2&,[M']2

2 = tw o radicals com bining in the termination step.

The next assumption in this derivation assumes that the concentration of free radicals
quickly reaches a value which does not change substantially. This assumption is known as
the steady state assumption, and can be expressed as:
Ri = Rt
or
Eq" 4.3

2fkd[I] = 2&t[M ']2

The concentration of radical needs to be expressed in terms of measurable quantities:
Eq" 4.4

The overall rate of polymerisation

(Rpoiy)

[M '] = C/id[I] / h)'A

can be considered as the rate of disappearance

of m onomer with respect to time, -d[M ]/dt.

This is due to the reaction betw een the

initiator-monomer and the propagation reaction:
Eq" 4.5

Rpoiy = -d[M ]/dt = /ci[T][M] + fcp[M *][M ]
Eqn 4.6

Rpoiy = £p[M*][M]
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By substituting the radical concentration term into this equation, the following equation
could be derived:
Eq" 4.7

Therefore,

Rpoiy = £p[M](/ftd[I] / kt)'A

the rate of polymerisation would be dependent on the

concentration of

m onomer and the square root of the initiator concentration. According to this equation if
the concentration of m onom er was doubled, the rate would double, but if concentration
of initiator was doubled, the rate of polymerisation w ould only increase by a fa cto r of 2,/2 =
1.414.

4.2.4

Molar Mass

The kinetic chain length, v, of a free radical polymerisation is defined as the average
number of m onom er molecules polymerised per radical that initiates a polymer chain. This
is a measure of the average molar mass of the polymer produced.

The kinetic chain

length is given by the ratio of the polymerisation rate to the initiation or term ination rate,
the last tw o being equal if the steady state assumption of the total concentration [M*] of all
the radical species Mn* is m ade.
Eqn 4.8

v = Rp0iy / R t = Rpoiy / Ri

Substitution of previous equations (4.1and 4.2) for Ri and Rt in equation 4.8 produces:
Eqn 4.9

v = £p[ M ] /2 £ t[M*]

or
Eq" 4.10

v = /tp2[M ]2 m , R poIy

Further substitution of Rpoiy into equation 4.10 produces:
Eq" 4.11

v = Ap[M] / 2(//yr,[I])'/l

The final equation shows a very significant peculiarity of free-radical polymerisation. The
kinetic chain length, and therefore the average molar mass, decreases w hen the initiator
concentration is increased. Therefore, by trying to increase the rate of polymerisation by
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increasing the initiator concentration the result would be the production of a polymer with
a lower average molar mass.

4.2.5

Chain Transfer

Chain transfer is the termination of a growing polymer chain by transfer of the active
centre to a m onom er m olecule. This transfer marks the start of growth for a new polymer
chain, the result of this process is a decrease of the average molar mass.

Chain transfer m ay o ccu r by tw o different mechanisms:
i.

Spontaneous

chain

transfer,

where

the

rate

of

re-initiation

is considered

com parable to that of the growth of the original propagating chain, and so, has no
influence on the rate of polymerisation with Rpoiy = kP[M](/kd[l] / k\)'A remaining valid.
ii.

Addition o f chain transfer agents, are used to allow control of the average molar

mass of the polymer obtained. An agent which is com m only used is dodecyl m ercaptan.
This readily transfers a hydrogen from its sulphur to a carbon radical. Depending on the
agent used this addition may also result in a decrease of the rate of polymerisation. No
chain transfer agents were add e d in this work.

4.2.6

The Trommsdorf-Norrish Effect

Equation 7 suggests th a t upon depletion of the m onom er a t the end of the polymerisation
reaction the rate of polymerisation will decrease.

In reality, the polymerisation rate

increases with conversion or with the reaction time, this is because of the TrommsdorfNorrish effect (also referred to in relevant literature as the gel e ffe ct).

This can cause an auto-acceleration of the polymerisation reaction and co m p lica te a
kinetic study of polymer formation. This involves an increase in viscosity w hich leads to a
decrease in the rate of termination, since the bulky growing polymer radical cann ot diffuse
easily through the medium. So, the possibility for tw o polymer radicals to interact and
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participate in a termination process is reduced. Conversely, the mobility of small monomer
molecules is not a ffe cte d by the increasing viscosity of the reacting fluid; therefore, the
limited mobility of macromolecules affects the rate of propagation to a much smaller
extent.

From Eqn 7, it m ay be concluded that the decreased mobility of growing macromolecules
results in a decrease of kt a t constant kP, which results in an increase in the rate of
polymerisation, and Eqn 11 predicts that the Trommsdorf effe ct causes an increase in the
average molar mass. Furthermore, the polydispersity of the molar mass distribution curve
usually increases.

This auto-acceleration has been observed for many monomers including styrene and m any
acrylates [4.29-4.39] and is considered to be normal behaviour during free-radical
polymerisation. According to O' Driscoll and Huang [4.40], the polymerisation rate for a
styrene homopolymerisation m ay be as high as x l5 the theoretical rate, expressed by Eqn 7.

The Trommsdorf effe ct is undesirable in industrial applications; it occurs when the viscosity is
already high and therefore when heat and mass transfer are hindered. It can lead to the
developm ent of 'hot-spots' and erratic behaviour, which reduces the quality of the end
product [4.41, 4.42]. In a review by Neil & Torkelson [4.29], it was determ ined that the best
w ay to avoid the Trommsdorf effe ct would be to reduce the possibility of entanglem ents of
macromolecules by performing the polymerisation in the presence of relatively large
volumes of solvent. However, the addition of a solvent has m any negative consequences
and is not the most desirable solution to the problem.

Reduction of the Trommsdorf effect was reported by Chen e t al. [4.43] when using mixtures
of initiators, tailored to balance the decrease of kt with a corresponding decrease of kd.
Saban et al. [4.44] have performed bulk free-radical polymerisation of styrene in the
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presence of nitroxide-stable free radicals, resulting in the suppression of the conventional
termination reaction (Eqn kic/ktd) and therefore the Trommsdorf e ffe ct did not occur. These
studies show th a t in some specific cases the Trommsdorf e ffe ct can be reduced or
eliminated, however, in general, it remains an unsolved problem.

4.2.7

Thermal Self-Initiation of Styrene

Styrene m onom er can be initiated solely by heat without the addition of initiators. This is
unique to PS, which is the only polymer that polymerises without some form of initiator
[4.45]. The mechanism for self-initiation, known as the M ayo mechanism (fig. 4.8 [4.46]) is a
com plex reaction where three monomer molecules form 2 radicals and can be
summarised as:

Eqn 4.12

3[M ]

h
-► 2 [I‘]

where the rate of initiation can be defined as,
Eqn 4.13

Diels-A lder
dimerisation

[J .3 J -H shift

Rj = *i[M ]3

molecular-assisted
homolysis

A ld er ene-reaction

ra d ic al recombination

Figure 4.8

Self-initiation mechanism for styrene [4.46].
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However, this process is reported as occurring a t 0.1 % per hour a t 60 °C and, 2 % per hour
at 100 °C, James e t al. [4.45]. The low rate of thermal self-initiation of styrene ensured that
the addition of different initiator species would lead to a reasonable polymerisation rate
without self-initiation having much effect on polydispersity.

4.2.8

Molecular Weight (MW)

All polymers m ade by traditional polymerisation processes are polydisperse, i.e. they are
m ade up of a mixture of different molecular w eight (MW) chains.

The MW of a polymer is an im portant determ inant of its physical properties [4.47].
•

As MW increases, strength increases to a maximum a t very high MW (in the millions).

•

Specific MW ranges are optim um for a particular application.

•

Typically, a polymerisation is not industrially useful unless very high MW can be
reached.

These m ay be characterised by an average MW; tw o methods for defining this are:

4.2.8.1

Number Average Molecular Weight, Mn

This is equivalent to the total mass of the polymer divided by the total moles in the polymer.
M athematically, the num ber average m olecular w eight is defined as:
Eqn 4.14
M n= L N iM i/Z N i
N = num ber of moles in the sample, M = mass, N*M = mass of the sample
Each chain contributes equally to the number average m olecular weight.

4.2.8.2

Weight Average Molecular Weight, Mw

Weight average m olecular weight is an absolute m ethod of measuring m olecular weight.
It differs from Mn by being dependent on the mass of the polymer rather than on the end
groups or colligative properties. This is apparent in the equation for Mw which is:
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Eq" 4.15

M w=EiNiM j2 / EjNjM j

When com pared with the equation for Mn, it can be seen that in Mw it is divided by the
mass sum rather than the mole sum. Also, M in the numerator is squared where as in Mn it is
not [4.48].

4.2.9

Polydispersity and the Polydispersity Index (PDI)

The average MW of a polymer can be very misleading; to this effect the polydispersity of a
polymer sample can be a key param eter in a sample's description.

The polydispersity index (PDI) is the ratio of the w eight average m olecular w eight to the
number average m olecular weight, it is a measure of the breadth of a m olecular w eight
distribution, equal to the ratio;
Eqn 4.16

PD I = M w/ M n

Usually, the narrower the polydispersity, the more homogeneous the polymer sample.
Narrow distributions have PDI's near 1 while a very broad distribution can have a PDI of 10.
Step growth polymers and free radical chain growth polymers usually have a PDI near 2
[4.49].

4.3

Various Organoclay and Initiator Species

The role of an organoclay within a nanocomposite-hybrid material is to reduce the surface
energy of the clay surface, thus improving the w etting characteristics by the desired
m onom er/polym er [4.50, 4.51]. The successful production of a nanocom posite material
(whether intercalated or exfoliated) is dependent on the miscibility of the individual
components and the extent of their interactions. Due to the im portance of this material
com patibility betw een the exchanged organic species (i.e. on the surface of the clay) and
the monomer [4.52, 4.53], it was an objective of this study to investigate the e ffe ct that the
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chem ical structure of various organophilic MMT clays had on the process of PS-clay
nanocom posite formation.

The PS-clay nanocomposites produced in this study were prepared from mixtures of styrene
monomer with various w eight percentages of organophilic MMT.

After blending the

material's components, the styrene monomers were allow ed to diffuse into the galleries of
the organoclays, the process was followed by in-situ polymerisation with different initiators.
These hybrid mixtures were blended a t varied concentrations and under different curing
profiles (see ch.2, section 2.2.3).

4.3.1

Organoclay Species

The organocations are shown in table 4.1, for specific details refer to 2.1.2.1/2.1.2.2.
Organoclay

Organic cation structure
ch3

MCBP-Cs - C u

CH3— N - R

R — -►C8-C 16

ch3

3

ch

C15A

C H 3— N - H T
HT
ch

C20A

3

CH 3— N - H T
HT
ch3

C10A

c h 3- n ^ c h 2-

HT

,— .
/0 )
N---- '

Table 4.1

Comparison of quaternary ammonium cations exchanged Into MMT.

4.3.2

Initiator Species

The initiator species used to prom ote radical initiation were AIBN, BPO, AIBA, SPS and APS
(see table 4.2).

By heating the different initiators in styrene monomer, the initiator

molecules are homolytically cleaved, in the case of AIBN / AIBA, cle a va g e of the C-N
bonds, and formation of tw o t-butyl radicals. The radical species then adds to a styrene
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monomer, initiating polymerisation. The polymerisation ends when one of the radicals does
something other than a d d to another monomer.

The differences betw een the initiator

species are presented in table 4.2. As well as the structural differences betw een species,
these different species were blended into the different hybrid mixtures a t concentrations
equivalent to 0.5, 1 and 2 wt% of the styrene monomer.

Initiator

Chemical
Name

Chemical Structure and degradation path

Mpt

CN

AIBN

2,2 -azo-bisisobutyronitrile

- 'f w

- '

—
-N2

1

CN

BPO

A

°

2,2-azo-bisisobutyramidine

Table 4.2

Sodium
peroxodisulphate

Ammonium
peroxodisulphate

T

°

- i s

O

•

f H

HN

'

nh 2

~ 1 1 0 °C

H2N^

NH

APS

CN

104-106 °C

/

SPS

PM

Dibenzoyl
peroxide

c

AIBA

103-105 °C

^ 4

X

nh> T T

2

0
0
AH
Na— O -S —0 —0 —S -O — N a --------► 2
1
1
-2 Na
0
0

0
1

h 4n —o - s —o

1
0

0
AH
i
- o —s—o —n h 4 ------- ► 2
1
-2 NH4
0
4

7

V

'0 —S—O*
1

o

Decomposes
~100°C

9

.
i
O -S —0*
1
0

Decomposes
~110°C

The different initiator species used and schematic diagrams of their
decomposition mechanisms.
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4.4

Results/Discussion

4.4.1

Polystyrene-Clay Nanocomposites (PSCN) - PS - MCBP-Cn Initiated with
AIBN, BPO, AIBA, SPS, APS

Initial experiments were con d u cte d using the range of initiators shown in table 4.2. The
experimental procedure for this batch of experiments is described in section 2.2, ch. 2.

4.4.1.1
The

PSCN - AIBN, BPO, AIBA, SPS, APS - Results

P S -M C B P -C n

mixtures which were initiated with

using overhead mixing and ultrasonification.

A IB N

and

B PO

were easily suspended by

The ease with which the initiator was

homogeneously dispersed within these samples (i.e. relative to other mixtures with different
initiator types) was observed as a good indicator of the initiators intim acy within the system.
The good dispersal and hom ogeneity of these mixtures m eant that the free-radicals which
were generated w ould continuously react with the vinyl groups of styrene throughout the
bulk of the styrene.
betw een the DTG

An exam ple DTG for a

Tmax

samples initiated with

PSCN

is shown in fig. 4.9a. The differences

(i.e. highest temperature of maximum w eight loss) for
A IB N , B PO , A IB A ,

P S -M C B P -C n

SPS and APS are shown in fig. 4.9b.

Also, the

corresponding d a ta and associated values and observations are displayed in table 4.3.

max

mo

mo

m

m

m
Figure 4.9a

Example DTG trace, indicating temperature specific derivative weight
loss maxima and the Tmax (asymmetric < 430 °C).
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Cure
time at
60 °C
(Hrs)

Notes on
peak shape

>43.3

72

Asymmetric < 438 °C

11

*'

Asymmetric < 440 °C

440

"

Asymmetric < 440 °C

"

Asymmetric < 450 °C

Organocation

CEC of clay
(mEq/IOOg)

Init.
type

[Init.]
(wt%)

Tmax
(°C)

dooi

OTAB

90

AIBN

1
"

438
440

DTAB

*'

TTAB
CTAB
PS

H

(A)

11

**

442

M

M

405

n /a

"

n /a

72

Asymmetric <431 °C

OTAB

90

1

431

>43.3

DTAB

**

M

432

'*

TTAB

"

M

"

Asymmetric < 438 °C

*'

Asymmetric < 439 °C

CTAB
PS

OTAB

90

M

DTAB
TTAB

11

CTAB

438

H

"

"

439

"

**

M

404

n /a

1

AIBA

M
11
*'

90

SPS

n /a

423

>43.3

120

425

"

"

M
11

425

**

430

H

"

Asymmetric < 430 °C

409

n /a

"

n /a

1

439

>43.3

120

Asymmetric < 439 °C

440

”

M

Asymmetric < 440 °C

M

Asymmetric <441 °C

"

Asymmetric < 448 °C

DTAB

"

"

"

TTAB

"

M

•*

CTAB

"

11

"

448

"

M

M

415

n /a

PS

Asymmetric < 432 °C

M

"

PS

OTAB

BPO

441

Asymmetric < 423 °C
Asymmetric < 425 °C
Asymmetric < 425 °C

n /a

OTAB

90

APS

1

432

>43.3

120

Asymmetric < 432 °C

DTAB

"

"

"

441

"

**

Asymmetric <441 °C

TTAB

"

'*

"

443

"

"

Asymmetric < 443 °C

"

Asymmetric < 445 °C

"

CTAB
PS

able 4.3

"

"

445

M

472

n /a

n /a

Comparison of sample characteristics for PSCN nanocomposites initiated
with 1wt% AIBN, BPO, AIBA, SPS and APS initiators. Note that asymmetric
< 425 °C means that the maximum in the DTG was asymmetric on the low
temperature side.
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450
440

-o
o

430
420

A IB N

o
-••a

BPO
- APS

■a— A IB A

410
8

12

14

16

Cn

Figure 4.9b

Plot of DTG Tmax vs. alkyltrimethylammonium chain length for PSCN
initiated with 1 wt% AIBN, BPO, AIBA, SPS and APS.

4.4.1.2

Discussion of PS-MCBP-Cn Initiated by AIBN, BPO, AIBA, SPS, APS

TG analysis of the AIBN and BPO free-radical initiated PSCN-Cu samples showed

Tmax

temperatures a t 442 °C and 439 °C (Table 4.3), which in turn showed relative increases in
thermal stability of about 38 °C and 35 °C when com pared with the pure PS samples. Both
of these initiators were easily dispersed in styrene m onom er and the respective PSCN-C16
samples were fully cured in a relatively short time period (72 h/50 °C), the result of which
were discoloured (i.e. due to clay content), translucent and visually homogeneous
products. The d 001 could not be determined using a Cu-ka x-radiation because no peak
was visible below the detection limit of 43.3 A (e.g. 1 wt%, fig. 4.14). This com bination of
reactants and procedures had formed homogeneous PSCNs with an exfoliated org-MMT
content, showing an approxim ate 35°C increase in thermal stability.

The ease of initiator dispersal within these samples would have lead to the migration of the
initiator with the styrene m onom er into the expanded gallery spaces of the org-MMT. Then,
as the temperature was increased, polymerisation w ould have occurred throughout the
gallery spaces and in the bulk as the radical species were generated in-situ.

This

mechanism would have first delam inated the clay layers and then spread them

206

throughout the growing polymer matrix. The result of which was believed to have been the
production of exfoliated PS-clay nanocomposites.

The AIBA free-radical initiated PSCN-Cu sample exhibited a

Tmax

in the DTG a t 430 °C,

showing an increase of 21 °C over pure PS. XRD analysis revealed a dooi for PSCN-C16 =
20.4 A, which represented a negligible increase over MCBP-Cu (19.3 A), but the clay
appeared to be well dispersed throughout the samples. The AIBA-PSCN-Cu samples took
96 h/50 °C to cure (i.e. 24 h longer than AIBN/BPO samples) and produ ced opaque,
homogeneous samples.

As a result, the AIBA initiated PSCN-Cu was characterised as

having a well-dispersed intercalated organoclay content, which im parted a 20 °C increase
in thermal stability.

The AIBA-PSCN-C16 samples required an increased mixing duration (i.e. + 5 h), were slow to
cure and the initiator was relatively bulky, with a higher decom position tem perature. All
these factors would have lead to the slower thermal initiation of styrene and poor
intercalation of the monomer within the clay galleries. This would have lead to the vast
majority of polymerisation occurring in the bulk. Consequently, little polymerisation took
place in the galleries, hence an intercalated nanocom posite was formed.

The SPS and APS initiated PSCN-Cu (i.e. mixture of free-radical/ionic in solution) showed

Tmax

values of 448 °C and 445 °C, respectively, an increase of 33 °C over pure PS. SPS showed a
dooi = 22.9 A (i.e. increase of 2.6 A), whereas APS initiated samples showed a m uch less
significant increase to 19.9 A (i.e. ~ 0.6 A). The SPS and APS-PSCN-Cu samples took 120
h/50°C to cure (i.e. 48 h longer than AIBN/BPO samples), the products of these
polymerisations were opaque solids with slight clay sedimentation visible in both samples,
but most prominent in the APS samples.

Consequently, SPS and APS-PSCN-C16 were

characterised as being poorly-dispersed, phase separated micro-composites, with partial
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intercalation of the org-MMT additive in the SPS samples. Both mixtures im parted a 33 °C
increase in thermal stability.

When the SPS and APS samples were subjected to a pre-polymerisation tem perature (i.e.
110 °C) the nanocom posite mixture beca m e highly viscous. This was most probably the
result of auto-acceleration of the polymerisation process. This phenom enon is known as
the Trommsdorf-Norrish effe ct (gel effect), initially leading to a significant increase in the
rate of bulk radical polymerisation.

It is related to the increasing concentration of

propagating radicals as a result of the decreasing rate constant of term ination with
increasing viscosity of the system (see section 4.2.6). With this increase in the viscosity of the
nanocom posite, the growing polymer chains diffuse poorly, which strongly effects the
termination process. Radical species and terminal end monomers have restricted mobility
within the system leading to a greater degree of termination by disproportionation, rather
than coupling reactions. The increasing chain lengths within these samples could be the
main reason for the increase in the polymers thermal stability, with chain length being
directly proportional to melting point.

In the different series of samples, the

Tmax was

shown to increase as the length of the alkyl

chain increased. This trend showed that a greater alkyl concentration in the gallery led to
a greater intim acy betw een the PS and organoclay, imparting greater thermal stability.

4.4.2

Effect of Initiator Concentration on PSCN Containing 1 wt% of Various
Organoclay Species

Due to the relative ease of their dispersal and the rapidity of cure that they im parted, AIBN
and BPO were chosen as the most suitable initiators for continued use in further
experiments. In this series of experiments, the concentration of initiator was varied from 0.5
to 2.0 wt% to observe the effects that lower and higher concentrations of free-radical
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species m ay have on the thermal stability of the cured materials and the d-spacing in the
XRD of the PSCN product.

4.4.2.1

Results for varying AIBN and BPO concentrations in PSCN-MCBP-Cn
AIBN

Organocation

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

OTAB

0.5 wt%

440

1.0 wt%

439

2.0 wt%

430

DTAB

ii

442

11

440

ti

432

TTAB

ii

442

11

440

11

CTAB
fable 4.4

ii

447

11
ii

442

435
436

Comparison of Ihe DTG Tmax values for PSCN initiated with AIBN at 0.5,1.0
and 2.0 wt% of styrene.

450
445
440
—o

435
430
425

□

0.5wt%

2.0wt%

420

Figure 4.10

Plot of DTG Tmax values for PSCN-Cn initiated with AIBN.

BPO
Organocation

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

OTAB

0.5 wt%
*

436

1.0 wt%

431

2.0 wt%

429

438

ii

432

11

430

DTAB

n

TTAB

n

439

CTAB

ii

440

fable 4.5

it
ii

438

ii

436

439

ii

439

Comparison of DTG Tmax values for PSC ^ initiated wi ih BPO at 0.5, 1.0 and 2.0
wt% of styrene.
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445 n
440 -

□

435 i
430 3
425 -

□— 0.5wt%

2.0wt%

420

Figure 4.11

Plot of the DTG Tmax values for PSCN initiated with BPO.

All samples that were studied here were XRD silent and therefore deem ed to be exfoliated.
The use of AIBN as the initiator and lower initiator concentrations resulted in higher

Tmax

values, this was most significant for organoclays with shorter alkyl chains.

4.4.2.2

Results for Varying AIBN and BPO Concentrations in PSCN which
Incorporated C15A, C20A and C10A Organoclays

In this series of experiments, the concentration of initiator was varied slightly to observe
w h at effects lower and higher concentrations of free-radical species m ay have on the
properties of the PSCN product. The organoclays used here were com m ercially available,
organically m odified MMTs (outlined in ch.2, section 2.1.2.2).

AIBN
4° OLS

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

C15A

0.5 wt%

443

1.0 wt%

439

2.0 wt%

429

C20A

M

438

ii

431

11

425

432

it

C10A
able 4.6

ii

427

n

425

Comparison of DTG Tmax values for PSCN initiated with AIBN (0.5, 1.0 and 2.0
wt%) with Cloisites 15A, 20A and 10A (loaded at 1.0 wt%).
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445
A IB N
440
435
430
425

* — C15A

-C 2 0 A

- o- • C10A

420
0.5

1.5
Initiator Concentration (wt% of styrene)

Figure 4.12

Plot of DTG Tm
max values for PSCN initiated with AIBN (0.5,1.0 and 2.0 wt%) with
Cloisites 15A, 20A and 10A (loaded at 1.0 wt%).

BPO
Tmax (°C)

[Init.]

C15A

0.5 wt%

439

1.0 wt%

C20A

ti

437

ii

C10A

ii

429

ii

able 4.7

u
0

[Init.]

[Init.]

Tmax (°C)

430

2.0 wt%

426

430

ii

423

425

it

422

X
D

4° OLS

Comparison of DTG Tmax values for PSCN initiated with BPO (0.5,1.0 and 2.0
wt%) with Cloisites 15A, 20A and 10A (loaded at 1.0 wt%).

440
BPO
435
430
425
-

C15A

C10A

420
0.5

1.5

1

2

Initiator Concentration (wt%)
:igure 4.13

Comparison of DTG Tmax values for PSCN initiated with BPO (0.5, 1.0 and 2.0
wt%) with Cloisites 15A, 20A and 10A (loaded at 1.0 wt%).
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Again, all the 1 wt% organoclay PSCN samples that were studied w ere exfoliated, the use
of AIBN and lower initiator concentrations resulted in higher Tmax values.

4.4.2.3

PSCN - AIBN/BPO - MCBP-Cn, C15A, C20A and C10A - Discussion

The initiator concentration was varied with respect to the concentration stated in Doh &
Cho's in-situ polymerisation mechanism (1 wt%) [4.11] to observe the e ffe ct that this would
have on the thermal stability of various PSCNs. The
Tmax

M C B P -C n

samples showed increased

values as the alkyl chain length was increased and the com m ercially available

organoclays gave relative Tmax values of the order of C15A > C20A > C10A. The

Tmax

values of all the samples initiated with AIBN were slightly higher than for those initiated with
BPO in all cases (table 4.8), including C15A, C20A and C10A.

Initiator type: AIBN / BPO
4° OLS
MCBP-Cu

C15A

C20A

C10A
Table 4.8

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

[Init.]

Tmax (°C)

0.5 wt%

447

1.0 wt%

ti

n

ti

442

2.0 wt%

436

440

n

439

ii

439

443

ii

439

ii

429
426

439

it

430

ti

ti

438

ii

431

n

425

ii

437

ii

430

ii

423

it

432

n

427

ii

425

429

n

425

ii

422

Comparison of Tmax with ncreasing [AIBN] for MCBP-Cu, C15A, C20A and
C10A samples.

The reason for the decrease in

Tmax

with increasing initiator concentration resulted from

increased concentrations of initiator having hindered the propagation of the polymer
chain by increasing the quantity of radical species available to term inate the chain
growth.

This w ould have led to smaller chains being formed, and consequently, a

decrease in the thermal stability of the com posite matrix (table 4.8).
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This supports the kinetic m odel of chain length, which in a free radical polymerisation is
defined as "the average num ber o f m onom er molecules polymerised per radica l that
initiates a polym er chain".

It is, a measure of the average molar mass of the polymer

produced. The kinetic chain length is given by the ratio of the polymerisation rate to the
initiation or termination rate, the last tw o being equal if the steady state assumption of the
total concentration [M *] of all the radical species Mn* is m ade.

Eqn 4.11

v = itp[M] / 2(fksk[Xi)y‘

Equation 4.11 shows that the kinetic chain length, and therefore the average m olar mass,
decreases w hen the initiator concentration is increased.

Therefore any a tte m p t to

increase the rate of polymerisation by increasing the initiator concentration results in the
production of polymer with a lower average molar mass.

4.4.3

PSCN initiated by AIBN and BPO, with Increased Organoclay Concentration

In this series of experiments, the concentration of initiator was kept constant at 1 wt% whilst
the concentration of organoclay was increased to observe the effects th a t higher
concentrations may have on the properties of the PSCN products.

PSCN - AIBN/BPO (lwt%), with Increasing MCBP-Cu Organoclay

4.4.3.1

Concentration - Results
MCBP-Cu
Organoclay
loading/wt%
1

Table 4.9

[BPO]/wt%

Tmax (°C)

442

1

439

443

ii

441

450

ii

445

[AIBN]/wt%

Tmax (°C)

1

3

ii

5

it

Comparison of DTG Tmax values for PSCN initiated with lwt% AIBN and BPO
with increasing organoclay loading.
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452
450
448
oo

446
..o

X

D

E

444 442
440 -

A IB N

o - BPO

438
1

Figure 4.14

2
3
4
Organoclay Concentration (wt%)

Plot of DTG Tmax values for PSCN initiated with AIBN and BPO with increasing
organoclay loading.

5000
4000
5 wt%
3000

3 wt%

2000

1 wt%

1000

Degrees 26
Figure 4.15

Comparison of XRD traces for PSCN loaded with 1, 3 and 5 wt% MCBP-Cu
organoclay (1 wt% AIBN). Both AIBN and BPO showed similar exfoliated
traces.

As the concentration of MCBP-Cu organoclay was increased, samples initiated with AIBN
and BPO both showed

Tmax

values shifted to successively higher temperatures, until

reaching a value for 1 wt% AIBN of 450 °C a t 5 wt% (fig. 4.14). All samples were shown to
be XRD silent, i.e. they showed no silicate crystalline structure (fig. 4.15).
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4.4.3.2

PSCN - AIBN/BPO (lwt%), with Increasing C15A, C20A & C10A Organoclay
Concentration - Results

fC15Al/wt%

[AIBN]

1
3
5

1

Table 4.10

PSCN-C15A
Tmax (°C)

[BPO]

439
440
442

"
ii

Tmax (°C)
427
430
432

1
n
ti

Comparison of Tmax values for PSCN nanocomposites initiated by 1 wt% AIBN
and BPO with 1.0, 3.0 and 5.0 wt% C15A organoclay.

445

C l 5A

440 [ i......... 1
O
435 -1
• -A
430

__________ d r •

— q— A IB N

- A--BPO

425
1

2

3

4

Organoclay Concentration (wt%)
Figure 4.16

Plot of DTG Tmax values for PSCN initiated with AIBN and BPO with increasing
C15A organoclay loading.
2000

C15A

1800
a 1600
o
o 1400

5wt%

1200

3 wt%

1000
5

800

I*

600

|

400

1 wt%

200

10
Degrees 20
Figure 4.17

XRD traces for styrene/AIBN nanocomposites containing 1, 3 and
5wt% C15A.
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[C20Al/wt %

[AIBN]

1
3
5

1

ible 4.11

PSCN-C20A
Tmax (°C)

[BPO]

433
435
440

"
"

Tmax (°C)
426
433
435

1
ii
ii

Comparison of Tmax va ues for PSCN nanocomposites initiated by 1 wt% AIB
and BPO with 1.0, 3.0 and 5.0 wt% C20A organoclay.
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425
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Figure 4.18

Plot of DTG Tmax values for PSCN initiated with AIBN and BPO with increasing
C20A organoclay loading.
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Figure 4.19

XRD traces for styrene/AIBN nanocomposites containing 1, 3 and
5wt% C20A.
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[C10A]/wt %

[AIBN]

1
3
5

1

PSCN-C10A
Tmax (°C)

it
ii

Table 4.12

[BPOl

427
432
437

Tmax (°C)
425
428
432

1
ii

ti

Comparison of Tmax values for PSCN nanocomposites initiated with 1 wt%
AIBN and BPO at 1, 3 and 5 wt% of styrene.
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Figure 4.20

Plot of DTG Tmax values for PSCN initiated with AIBN and BPO with increasing
Cl 0A organoclay loading.
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Figure 4.21

XRD traces for styrene/AIBN nanocomposites containing 1, 3 and
5wt% C10A.
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4.4.3.3

Increased Organoclay Concentration (i.e. 1, 3 and 5 wt%) of MCBP-Cn,
C15A, C20A and C10A in PSCN - Discussion

The increase in the concentration of organoclay from 1 to 5 wt% of styrene monomer
increased the Tmax values of all PSCN samples (table 4.13), this was attributed to the
increased barrier to thermal decomposition. Any differences betw een the Tmax values for
the various series of samples and the PS/AIBN Tmax = 405 and PS/BPO Tmax = 404 were
attributed to the dispersal of the initiators and organoclays within the PSCN systems. The
MCBP-C 16 samples showed the highest Tmax values of any PSCN series. The organoclays
incorporated in these samples had the lowest modifier concentration (i.e. CEC = 80
meq/lOOg clay) of all the series examined.

The increased Tmax was attributed to the

structure of the organic modifier (3Me, Hexadecyl), but the reason for this increase is
largely unknown.
Tallow (-65%

C i8;

The C15A organoclay (structure 2Me2HT, where HT is Hydrogenated
-30%

Cu;

~5%

C u ))

showed a relatively large dooi = 31.5 A, and had a

higher organic m odifier concentration (i.e. 125 mEq/lOOg clay) than MCBP-C 16, however,
the DTG of the C15A-PSCN showed lower Tmax values, more evident with BPO (table 4.13).
The C20A organoclay, which was intercalated with the same organic modifier as C15A,
but reported to have a lower organic modifier concentration (i.e. 95 mEq/lOOg clay),
showed a dooi = 24.2 A.

Initiator type: AIBN / BPO
5wt% [org-MMT]
lwt% [org-MMT]
3wt% [org-MMT]
Tmax (°C)
Tmax (°C)
Tmax (°C)
450
442
443
MCBP-Cu
441
445
439
442
440
439
C15A
432
430
427
440
435
433
C20A
435
433
426
437
432
427
C10A
432
428
425
Table 4.13
Comparison of DTG Tmax for PSCN with increasing organoclay concentrations
for MCBP-Cu, C15A, C20A, C10A samples.
Organoclay
Concentration
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The reduction in dooi and organic modifier concentration in the gallery spaces of C20A,
relative to C15A, should have lowered the affinity of the styrene monomer to m igrate into
these organophilic environments. This was most evident betw een the AIBN initiated PSCN
series w hich showed higher Tmax values than corresponding BPO values. As the organoclay
concentration was increased to 3 and 5 wt% a slight reversal occurred as the BPO initiated
C20A samples gave slightly higher Tmax values than C15A.

The C10A organoclay showed a

dooi

= 19.2 A, and had an organic modifier concentration

of 125 mEq/lOOg clay, the structure of which was 2MeBzHT (i.e. as in C15A, but with a HT
group replaced by a -Chh-Bz substituent).

According to the producer's literature, C10A

had a lower surface hydrophobicity rating than C20A, which in turn was lower than C15A.
These values are relative to the surface accessibility of the different organoclay species.
The arom aticity of the benzyl substituent would mean that its presence would not alter the
overall organophilicity of the gallery spaces, however, the relatively low

dooi

and high

modifier concentration m ay indicate a high degree of order in the arrangem ent of organic
modifiers in C10A. Although, registering the lowest
the

Tmax values

Tmax

values throughout the PSCN series,

was increased by 20-25 °C, relative to PS.

The optim um organoclay content, which gave the best improvements in thermal stability
was 5 wt% for the various PSCNs.

The thixotropic effects of greater concentrations of

organoclay hindered the production process and stopped the creation of PSCN by in-situ
polymerisation with organoclay concentrations that were > 5wt%. But, in an a tte m p t to
identify the profile of increased thermal stability as the concentration of organoclay was
increased in the PS matrix, lower concentrations of C15A were a d d e d a t 0.2, 0.4, 0.6 and
0.8 wt% of the styrene m onom er (fig. 4.21).

When plotted (fig. 4.23), the

samples levelled off a t 0.8 wt%, and increased very little up to 5.0 wt%.

Tmax

of these

This m ay be

evidence th a t the additive thermal stability offered by these organoclay dispersions m ay
be reaching their material limit a t around 1.0 wt%. This may be due to a reduction in the
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concentration of exfoliated clay platelets, with greater organoclay concentrations
increasing the likelihood of platelets remaining as stacks.

1.0 wt%
0.8 wt%

100

15

Figure 4.22
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DTG traces for PSCN, initiated with AIBN, with the concentration Cl 5A
organoclay increased from 0.2-1.0 wt%.

5.0 wt%

3.0 wt%

2.0 wt%
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Figure 4.23
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DTG traces for PSCN, initiated with AIBN, with the concentration Cl 5A
organoclay 2.0, 3.0 and 5.0 wt%.
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The DTG traces in fig. 4.21 and 4.22 exemplified the previous d a ta sets that were shown as
plots. These traces show the

Tmax

as the apex of an asymmetric maximum which had a bias

towards other thermal events occurring at temperatures closer to the

o

445
440
435
430
425
420
415
410
405
400

C15A

Tmax

of styrene.

1.0 wt%

□

.

a ..........

..........

5.0 wt%

•' 0.8 w t%

3.0 wt%

a 0.6 w t%
p ' ’0.4 w t%

P0.2 w t%

-

PS

Q ■ A IB N

Clay Content (wt%)
Figure 4.24

Plot of DTG Tmax values for PSCN initiated with AIBN with C15A organoclay
loading increasing from 0 - 5.0 wt%.

4.4.4

General Discussion

All experiments and analysis within these studies were cond ucte d with the aim of gaining a
better understanding of the thermal stability offered by these nanocom posite materials.
These studies also aim ed to clarify any differences betw een the different polymer-clay
suspensions and

subsequent preparation

techniques.

This know ledge w ould

be

fundam ental in a process attem pting to control the nanoscale structure of these materials.

Within the first series of experiments, where the initiator type and quaternary ammonium
alkyl chain length were varied a general decrease in
initiators of the order of AIBN>BPO>SPS=APS»AIBA. The

Tmax
Tmax

was observed betw een the

of SPS and APS initiated PSCN

were slightly higher than samples initiated by AIBA, but this increase was attributed to
longer PS chains being form ed by the less reactive SPS and APS initiators over a longer cure
duration. The AIBN initiated the polymerisation of the mixture rapidly and any decrease in
polymer chain length m ay have been com pensated by a better platelet dispersion.

221

In studies by Kornmann e t al. [4.54] on epoxy-clay nanocomposites, three curing agents (a
polyoxyalkylene diamine, Jeffamine D-230, and two cycloaliphatic diamines: Amicure
bisparaam inocyclohexylm ethane

(PACM)

and

3,3'-dimethylmethylene-

di(cyclohexylam ine) (3DCM)) were used to produce samples for dynam ic m echanical
thermal analysis (DMTA). They conclude d that the reactivity and the diffusion rate of the
curing agents

had

a direct influence on the balance

betw een

the intragallery

polymerisation and the extragallery (bulk) polymerisation. The more reactive Jeffamine D230 produced PS with a lower glass transition (Tg) temperature (100 °C) com pared with
PACM with a Tg of 179 °C and 3DCM which had a Tg of 187 °C. When they increased the
curing

tem perature

to

balance

the

reactivity

order

of

the

initiators,

the

octadecylam m onium com patibiliser was thought to have degraded. They also noted that
as the organoclay concentration was increased between 5-12 wt% in the 3DCM samples,
the Tg gradually decreased due to a reduction in polymer mobility, which m ay have been
the result of agglom eration of clay platelets, but no XRD analysis was shown in support.

Measurements perform ed on tw o epoxy systems showed that the largest improvements in
modulus with clay content are obtained for an epoxy resin cured with a an aliphatic curing
agent with relatively low reactivity. In such an epoxy system, the largest extent of
exfoliation was observed. The corresponding larger degree of silicate layer dispersion
correlated with a higher modulus of the material [4.54].

During this and previous studies Kornmann e t al. [4.55, 4.56] have also reported that the use
of excess initiator species had no effe ct on the Tg. However, when initiator concentrations
were increased in the PSCN of this study, decreases were observed relative to the
increased concentration.

Doh & Cho

[4.11] mixed

1 wt% equivalents of Na-MMT, C15A, C25A

(dimethyl,

hydrogenated tallow, 2-ethylhexyl quaternary ammonium) and C10A organoclays with PS
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to create hybrid com posite materials. They reported an increased dooi for all organoclays
(table 4.14), however, these results contrast with those reported here in m any ways,
because a t 1 wt% it was possible to expand the clay layers in all but Na-MMT to > 43.3 A, in
samples prepared for this thesis.

org-MMT

dooi of org-MMT

C10A

dooi of PS/org-MMT

Ad

19.1 A

hybrids
34.0 A

14.9 A

C25A

20.4 A

28.5 A

8.1 A

C15A

32.7 A

32.9 A

0.2 A

Na-MMT

11.8 A

14.2 A

2.4 A

Table 4.14

XRD results reported by Doh and Cho [4.11].

As was seen during Doh & Cho's study, the addition of higher loadings of Na-MMT to PS
showed very little change in the thermal desorption onset tem perature (i.e. ~ 410 °C). The
decom position onset tem perature for C15A and C25A showed a dependency on the orgMMT loading (i.e. as seen in the relationship betw een

Tmax

and clay loading (fig. 4.23)).

TGA analysis of Doh & Cho's samples with organoclay loadings in the range of 0.2-3.0 wt%
showed that the decom position onset tem perature increased markedly with clay loading
to 0.5 wt%/430 °C from where the increase in onset of thermal desorption was gradual. In
this thesis, a similar type of effe ct was shown, but not until approxim ately 1.0 wt%/~440 °C
(fig. 4.23).

Doh & Cho's results also showed the C10A samples to have m uch higher decom position
onset temperatures a t a clay loading of 0.3 wt% when com pared with C15A. This does not
necessarily co n tra d ict the results found in this thesis, however the

Tmax

for C10A occurred at

slightly lower temperatures than all the other samples reported here. Which suggested that
the similarity of the benzene ring on the C10A cation to the PS monom er had no beneficial
effect on the exfoliation of the organoclay, as was stated by Doh & Cho.
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Wilkie e t al. [4.57] showed a 50 % w eight loss from PS-C10A (3 wt%) nanocomposites
produced by in-sifu polymerisation with AIBN to be approxim ately 40 °C higher than the
thermal desorption onset a t 396 °C (i.e. 435 °C). This equated to approxim ately the same
value as th a t seen in table 4.13, but Wilkie did state that the particular preparative
technique that is used has a large effe ct on the type of material that is produced and the
results obtained from it.

4.4.5
•

Summary of Results for PSCN
AIBN was shown to be the best initiator from the series of different types of
initiators chosen. The relative effectiveness of these various initiators for the
production of the most thermally stable PSCNs was AIBN > BPO > SPS > APS
» A IB A . This was thought to be due to the less bulky a nd more reactive AIBN
being intercalated more easily, leading to intimate polymerisation within the
galleries.

•

Lower initiator concentrations were shown to be most effective a t producing
PSCNs with higher thermal stability. 0.5 wt% of initiator and concentrations
abo ve and below this may have been better amounts to use for this study,
however, the results obtained in this thesis still give a strong indication of the
e ffe ct of changing associated PSCN variables.

•

Lower organic modifier concentrations in com bination with less bulky
organocations (i.e. single linear alkyl chain) showed higher Tmax values. The
relative effectiveness of these various organoclays for the production of
more thermally stable PSCNs was

M C B P -C n

> C15A > C20A »

C10A.

A

possible reason for the lower efficacy of the com m ercially available
organoclays m ay have been the congestion of the MMT galleries with alkyl
chains, w hich may lead to them being relatively inflexible. This physical state
m ay have reduced the migration of monomer into the gallery spaces.
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The preparation m ethod appeared to be effective a t producing exfoliated
nanocomposites, up to 1 wt% of the various organoclays using AIBN and
BPO

as initiators. The

M C B P -C n

PSCNs remained exfoliated up to 5 w t% , they

also showed higher thermal stability when com pared with the com m ercial
products, which XRD results showed to remain stacked a t organoclay
loadings > 1 wt%.
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4.5

One-pot synthesis of PSCN produced from the reaction of Na-MMT,
Decanamide and Styrene Monomer

4.5.1

introduction

This study aim ed to report on the preparation of nanocomposites from an original "one-pot"
reactive process w hich started with the Na+-form of MMT. An efficient one-pot synthesis
m ethod w ould encapsulate all PSCN com ponents simultaneously in a mixture which would
then be chem ically or physically driven towards the formation of a PSCN. Such a m ethod
would potentially provide an econom ic a d va nta ge through cost reduction, be more
efficient and reduce environm ental im pact through reduced process m anufacture.

This particular study aim ed to produce a nanocom posite via a one-pot synthesis in which
an alkylamide was used to bind to the gallery cations of Na-MMT, when dispersed in
styrene m onom er with the layered material. The carbonyl groups of Dimethylformamide
(DMF) [4.58] and N-Methylformamide (NMF) [4.59] molecules adsorbed within the galleries
of MMT have been shown to bind with increasing strength to gallery cations with increasing
charge, which was in dica ted as the thermal stability decreased as Mg > Ca > Na. It was
thought that w hen sufficient intercalated alkylamide was adsorbed betw een am ide
swollen platelets, the distance betw een the gallery surfaces would expand (between 5-100
A), preferably in the range 10-45 A, so that the clay platelets could be delam inated into
individual platelets when polymerisation occurred throughout the gallery spaces [4.60].
Due to decanam ide's a high melting point (i.e. range 95.5 - 99.2 °C) and insolubility, a
m ethod for dispersion of decanam ide within the clay gallery needed to be form ulated.

4.5.2
Structure:

Physical Characterisation - Decanamide

NH2
Synonyms:

n-decanam ide, capram ide, decylam ide, deca n o ic acid am ide.

Formula:

C 10H21 NO

Mw:

171.28

CAS:
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2319-29-1

4.5.3

Experimental Method

Due to the nature of the in-situ polymerisation process being used to produce PSCNs, the
formation of a pre-polym er required that the styrene-organoclay mixture would be heated
to temperatures in excess of 100 °C, above the melting point of decanam ide. The OPS
reaction mixture consisted of styrene, Na-MMT (1 wt%), decanam ide (1 wt%) and AIBN (0.5
wt%). These com ponents were mixed together in the dark for 5 min/200 rpm a t 110 °C/N 2 ,
were then cooled to RT, and then heated for 5 min/80 °C/N 2 before curing for 48 h/60 °C in
an oven.

The com posite

products were translucent and

showed

no visible trace

of clay

agglomerates, however, there was a slight yellowing of the sample which could have
been due to de ca n a m id e content. Although com pensated by polymerisation in the dark,
it is well known that polystyrene undergoes light-induced yellowing, the origin of this
colouration is not clear, but is variously attributed to conjugated polyene, the formation of
various oxygenated species, or the products of ring-opening reactions [4.61 ].

4.5.4

Results

4.5.4.1

XRD Analysis

Multiple XRD traces showed that although the MMT was uniformly dispersed, the d-spacing
of the MMT interlayer had been expanded from 11.8 A to betw een 36.2-> 43.3 A. This
expansion was evidence that decanam ide had preferentially entered the gallery spaces
of the clay (fig. 4.25).

The greatest increase in d-spacing appeared to occur when the d eca nam ide and NaMMT concentrations were similar (fig. 4.26).

When the concentration of the clay was

increased the dooi could be seen to gradually decrease as there was a deficit in the
concentration of d e ca nam ide for intercalation a t the collectively m uch larger gallery
surface area.
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1%Dec /l%Na-MMT/PS
—
dooi = 38.4 A
Na-MMT ^
'dooi = 11.8 A

Degrees 26
Figure 4.25

Comparison of XRD traces for Na-MMT before (dooi = 11.8 A) and after (dooi
38.4 A) dispersal in the one-pot synthesis/decanamide mixture.
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Figure 4.26

Comparison of XRD traces for one-pot synthesis/decanamide (1 wt%)
samples with increasing Na-MMT concentrations, with dooi decreasing from
38.41 A to 14.63 A (Cu-XRD).

Experiments to identify further dooi increases with increased concentrations of deca nam ide
(i.e. 2-5 wt%) were obstructed by the limitations of the x-ray diffractom eter. No signals were
seen above 43.3 A, but as the concentration of deca nam ide was increased a precipitate
deposited a t the bottom of the polymer mould with increasing depth. This in dica ted that
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when 1 wt% of Na-MMT and decanam ide were dispersed in PS the gallery cations were
satiated. When the concentration of decanam ide in the one-pot synthesis mixture was
increased to >1 wt%, the greater the concentration of alkylamide within the system the less
well dispersed it a pp eared within the one-pot synthesis mixture and the subsequent
composites th a t were formed.

4.5.4.2

TG Analysis

TGA/DTG analysis showed that when the concentrations of Na-MMT and decanam ide
were equivalent, that the com posite materials showed a 15 °C shift from a
PS to a

Tmax

= 420 °C. As the concentration of Na-MMT was increased, the

until a t 5 wt% Na-MMT the

Tmax

was less than that of PS (i.e.

Tmax

Tmax

Tmax

= 405 °C for
decreased

= 395 °C) (fig. 4.27/4.28).

This w ould have been due to the increased presence of agglom erated Na-MMT, and so,
the clay platelets w ould not have been in intimate c o n ta c t with the PS matrix, which led to
a decrease in the PSCN thermal stability.

1 wt% Na-MMT
2 wt% Na-MMT
3 wt% Na-MMT
6-
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4 wt% Na-MMT
5 wt% Na-MMT

2-

0-s
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ME7TLER TOLEDO STAR' SW 7.01

Lab: Andy Cunningham

Figure 4.27

One-pot synthesis/decanamide TGA traces for samples with increasing [NaMMT], showing most evidently increasing weight loss at the 5 % level.
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Figure 4.28

METTLER TOLEDO STAR* SW 7.01

DTG traces ofone-pot synthesis/decanamide (relative to fig. 4.26).

The onset of sample decom position (i.e. approxim ately 275 °C) started much earlier for this
set of samples than in the samples studied in section 4.4 which generally showed a thermal
desorption onset tem perature of betw een 325-350 °C. Lower concentrations of alkylamide
would need to be exchanged with future samples to see w hat effe ct this ratio of
alkylamide to Na-MMT would have on dooi,

4.5.5

Tonset, Tmax

and

Tend.

Discussion

The expansion of Na-MMT by deca nam ide in a PS matrix appeared to have been
successful in these preliminary one-pot synthesis experiments. The XRD and TGA analysis
showed the need for a balance betw een the concentration of Na-MMT and the adsorbed
alkylamide. It was also shown that the presence of agglom erated clay platelets tended to
decrease the thermal stability of the matrix, as can be seen specifically by the
by the

Tend

Tmax,

but also

values in fig. 4.29.

Like a previous exam ple to formulate a one-pot synthesis procedure [4.62], this study has
dem onstrated the ability to

prepare PS-based

from Na-MMT in a one-pot

reactive process. However in this study, deca n a m id e
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nanocomposites

by in-situ polymerisation
(an

uncharged surfactant) was used to compatibilise Na-MMT with the PS matrix, whereas in
the previous study, an organocation was used.
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Figure 4.29

Tmax and Tend temperatures for the one-pot synthesis/decanamide samples

with increasing [Na-MMT].
4.6

The production of PSCN from MMT compatibilised with
N-vinylformamide (NVF)

4.6.1

Introduction

In previous studies c o n d u c te d by Breen e t al., vapour phase DMF [4.58] and NMF [4.59]
were shown to expand the gallery spaces of MMT (SWy-2) exchanged with different
interlayer cations.

This work showed that intercalating am ide molecules w ould bind

strongly to different exchange cations and that the configuration of the am ide molecules
changed with the type of cation and the duration of exposure.

The aim of this study was to intercalate N-vinylformamide (NVF) within the galleries of NaMMT as a liquid phase am ide m olecule, with the vinyl group adding

m olecular

functionality. Because NVF is miscible with w ater a t RT the probability of the adsorption of
NVF into the clay galleries was thought to be high. When sufficient NVF was adsorbed to
the cations in the gallery, the interlayer space would expand slightly, but not as m uch as
with alkylammonium surfactants. The prospective view of this pre-polymer mixture was that
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the functional vinyl group w ould be incorporated in the bulk polymerisation of PS and
possibly encourage the polymer matrix to penetrate into the gallery spaces.

4.6.2

Physical Characterisation - N-vinylformamide (NVF)

Structure:

Formula:

C 3H 5N O

Mw:

4.6.3

Experimental Method

71.1

CAS:

13162-05-5

NVF is a liquid a t RT (i.e. M pt -15 °C) and is readily soluble in water. The production of PSCN
was a tte m pted by using tw o methods. Firstly, the formation of an NVF intercalated NaMMT organoclay prior to the addition of styrene m onom er was attem pted. Na-MMT and
NVF were mixed overnight in de-ionised w a ter a t RT, then vacuum filtered, dried and
ground, before being analysed. Secondly, a one-pot synthesis m ethod was applied: in this
m ethod styrene monomer, Na-MMT, NVF, 0.5 wt% AIBN were mixed together a t high speed
for 1, 8 and 24 hrs and were subjected to the polymerisation, and cure profiles established
with standard PSCN.

4.6.4

Results

Following the intercalation of NVF, any excess space filling NVF had to be thermally
desorbed from the propped MMT galleries to create 'free space' for any styrene m onom er
that could subsequently be intercalated into the organoclay (fig. 4.30).

When Na-MMT was intercalated with NVF a t a loading of 0.8 mmol g-1, a solid waxy clay
product was form ed, w hich was easily miscible with water. The XRD spectra for the NaMMT intercalated with NVF, a t 0.8 mmol g-', showed a dooi = 23.2 A; this indicated an
interlayer expansion of 11.5 A (fig. 4.31). XRD analysis of this organoclay after heating,
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showed a d-spacing of approxim ately 23.0 A, which indicated that the MMT galleries were
propped by NVF associated with sodium cations.

Na Cations
]

NVF co-ordinated to
exchange cation

100 ° C / 1 hr

space filling NVF
H2 O
vapour

Styrene
r—

Atmospheric
adsorption

>

~i

Direct
transfer to
styrene

h2o \ / h2o',

y x HM
H20'," t

Figure 4.30

Schematic diagram of the relationship between NVF, H2 O and styrene within
the gallery spaces of NVF-MMT propped by NVF associated with interlayer
cations.
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Figure 4.31

XRD traces for MMT before (dooi = 11.7 A) and after intercalation by NVF at a
loading of 0.8 mmol g-1 (dooi = 23.2 A).
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Thermal analysis (TGA) of these samples identified tw o distinct thermal maxima, a t 130 °C
and 260 °C. The material constituting the first maximum a t 130 °C was partially, and then
fully rem oved by heating a t 60 °C /lh r and 100 °C /lh r, respectively (fig. 4.32).

130 °C

260 °C

60 °C/1 hr

100
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rrin
Lab: Andy Cunningham

Figure 4.32

METTLER TOLEDO STAR6 SW 7.01

DTG traces for Na-MMT/NVF [0.8 mmol g-1] and samples heated at 60°C/lhr
and 100°C/lhr.

From correlations with the XRD d a ta of the intercalated clay, before and after heating, the
first thermal event was thought to be due to the loss of the space filling NVF not associated
with cationic centres, whilst the second thermal event was due to the loss strongly
attracted NVF from around the exchange cations.
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Figure 4.33

Comparison of XRD traces for Na-MMT before (dooi = 11.7 A) and after (dooi =
12.8 A) dispersal in the NVF-one-pot synthesis mixtures.

With excess NVF being easily removed, it was thought it may be possible to expand the
clay galleries with an NVF concentration similar to th a t which was lost a t the second event
(260 °C), betw een 10-20 %. Na-MMT was exchanged in deionised w a ter with 10, 15 and 20
% of NVF [0.8 mmol g*1]. The XRD traces showed that the gallery spaces of the MMT were
only slightly expanded (approx. 1 A), indicating that very little had entered the gallery (fig.
4.33).
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Figure 4.34

METTLER TOLEDO STAR* SW 7.01

DTG traces for NVF-MMT (10,15, 20 %).

This was confirm ed by TGA which saw the majority of w eight loss from the three samples
occurring around and below 100 °C, however, there were traces of NVF being evolved
betw een 350-450 °C (fig. 4.34).

This seemed to confirm that the extent and speed of

intercalation was on one level dependent on the concentration of free am ide molecules in
solution.

All initial attem pts to

produce a dispersed

PS/Na-MMT/NVF nanocom posite were

unsuccessful, with the MMT agglom erating within the host matrix.

This agglom eration

occurred when the MMT and NVF were a d d e d directly to the styrene monomer, and when
MMT pre-expanded with NVF was a d d e d as organoclays before and after heat treatm ent
(at 100 °C/1 hr) to remove space filling NVF.
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The TGA analysis of the Na-MMT exchanged with NVF a t a loading of 0.8 mmol g-' had
previously shown tw o significant thermal events.

To remove any space filling NVF and

associated w a te r from the samples, they were heated at 100 °C/1 hr.

Then the heat

treated NVF exchanged sample was transferred directly into PS (to significantly reduce
w ater adsorption) (fig. 4.30). The com ponents were then mixed together in the dark for 5
min/200 rpm a t 110 °C /N 2 , were then cooled to RT, then heated for 5 min/80 °C/N 2 before
curing for 48 h/60 °C in an oven. The clay was well dispersed throughout the sample but
faintly visible. The XRD d a ta (fig. 4.35) showed a dooi a t 25.7 A, which in dica ted that the
galleries had been slightly swollen when they were mixed with styrene.
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Figure 4.35

XRD trace for PS/NVF-MMT nanocomposite, formulated after heating NVFMMT at 100 °C/1 hr (dooi = 25.7 A).
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Figure 4.36

DTG trace for PS/NVF-MMT nanocomposite (Tmax = 427 °C).
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00 C

Although this process did not lead to the production of an exfoliated PSCN, it did produce
a well dispersed intercalated clay phase in the PS and transposed a certain degree of
thermal stability on the PS host matrix seen by shifting the

4.6.5

Tmax

> +20 °C (fig. 4.36).

Discussion/Conclusions

The expansion of the MMT gallery was shown to be promising in the NVF-MMT samples, with
a possibility that the functional NVF molecules inserted in the interlayer would participate in
the polymerisation process with the styrene monomers. The initial attem pts to produce a
PSCN were disappointing, with the reason for the agglom eration of clay platelets in the PS
matrix being attributed to space filling NVF and w ater being present in the MMT gallery,
hence styrene could not penetrate the gallery. In the additive organoclay experiments,
this leads to hindrance of the polymerisation throughout the gallery spaces which would
have driven an increased rate of polymerisation in the bulk rather than through the clay
galleries, where the NVF was held (in one phase) to be thermally stable until approxim ately
260 °C.

The production process then aim ed to remove this space filling m atter for the creation of a
clear homogeneous environment for the polymerisation of NVF with PS. This process is
outlined in fig. 4.30.

The removal of the space filling NVF and w a ter led to a uniform

dispersal of the NVF-MMT throughout the PS matrix. However, the lack of a substantially
increased d-spacing in the PSCN may have been an indication that the concentration of
PS within the galleries was limited.

This led to the assumption that the polymerisation

throughout the galleries was predom inantly betw een NVF molecules which were bonded
to the PS matrix a t the gallery edges and homogeneously dispersed as the PS chains were
propagated.
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4.7

The formulation of PSCN from MMT compatibilised by the amphoteric
surfactant - Foamtaine Scab

4.7.1

Introduction

The premise was that an am photeric surfactant (i.e. Foamtaine SCAB (FS)) w ould migrate
to cation exchange sites a t the gallery surfaces of Na-MMT. The quaternary ammonium
molecule w ould be preferentially adsorbed to the gallery surface of the MMT, displacing
the sodium cations. When sufficient intercalated m onom er was adsorbed betw een the
adjacen t platelets, the distance betw een the gallery surfaces would expand, preferably in
the range 10-45 A, so th a t the organoclay could be exfoliated into individual platelets
when polymerisation occurred through the gallery spaces.

Am photeric surfactants possess both cationic and anionic groups, they form cations in
acidic solutions, anions in alkaline solutions, and in the mid-pH range they becom e
zwitterions.

The associations betw een am photeric surfactants and saponite clays have

been previously reported [4.63, 4.64] and showed th a t the hydroxyls on the surface of the
clay galleries lead to the surfactants being attracted in both cationic and zwitterionic
states.

Because the properties of am photeric surfactants are often used for foam ing, w etting and
emulsification they have numerous applications in cosm etic and personal hygiene
products. The am photeric surfactant that was exchanged with MMT was Foamtaine SCAB
(FS) (see section 4.7.2), w hich is com m only used in m any of the applications previously
described.

To exchange MMT with such a surfactant would have led to the possible

production

of

PSCN materials which would

advantages for com m ercial plastics applications.
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m any legislative and
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4.7.2

Physical Characterisation - Foamtaine SCAB (FS)

0
II
R*

Me
N

1
1

^

.c ^ ^ s c v
^ I
1
Me
OH

H
Structure:

H

R* = 'c o c o ' radical

Chem. name: N-[3-(cocamido)-propyl]-N-(2-hydroxy-3-sulfopropyl)-N,N-di-methyl
quaternary ammonium compounds, hydroxide, inner salts
Synonyms:

cocam idopropyl hydroxy sultaine, cocam idopropyl betaine

Formula:

C20H42N2O5S

4.7.3

Results

4.7.3.1

XRD Analysis

Mw:

422.62

CAS:

68139-30-0

When Na-MMT was exchanged with FS a t 1 x CEC the resulting product was a soft, offwhite solid, which was easily miscible with water.

The XRD traces for MMT expanded with FS at a loading of 1 x CEC showed an increase in
dooi of approxim ately 10.6 A, to 22.32 A (fig. 4.37).

FS/MMT
c/001 = 22.32 A

Na-MMT
c/001 = 11.7 A

Degrees 20
Figure 4.37

XRD traces for Na-MMT before (cfooi = 11.7 A) and after dispersal In FS at [1 x
CEC] (dooi = 22.32 A).
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4.7.3.2

TG Analysis

TG analysis of the FS/MMT organoclays identified w eight loss events a t approxim ately 320
°C which app eared to conce al tw o maxima a t 320 °C and 340 °C (appearing as a
shoulder in the DTG, fig. 4.38).

All attempts to produce a FS-PS-clay nanocom posite were not successful, with the MMT
agglom erating in all samples. This agglom eration occurred when the FS and MMT were
a d d e d directly to the styrene monomer, and when the FS/MMT organoclays were add e d
after being pre-form ulated.
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700

800
55
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METTLER TOLEDO STAR* SW 7.01

Lab: Andy Cunningham

Figure 4.38

TGA/DTG traces for FS/Na-MMT [1 x CEC].

4.7.4

Discussion/Conclusions

The expansion of the MMT gallery in the FS/MMT samples was com parable with that of the
NVF samples. The relatively high thermal stability of the FS am photeric surfactant showed
promise for the application of the organoclay with various processing methods and
polymeric systems. The lack of a dispersed MMT phase in all attem pts to produce PSCNs
may have been due to many reasons:
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•

The large m olecular w eight of the surfactant may have hindered m onom er and
initiator migration into the galleries, increasing the rate of polymerisation in the bulk
rather than through the clay galleries.

•

The variety of charge carried on the surfactant molecules may have attracted
associated w a te r until higher temperatures, or m ay lead to a variety of phases
within the galleries.

•

The FS in FS/MMT was held thermally stable until approxim ately 300 °C, which was
much higher than the production process used.

The presence of the agg lom erated MMT platelets was again shown to decrease the
thermal stability of the PS material.

4.8

Summary of Results for PSCN Formulated by OPS and Novel Methods
•

A one-pot m ethod for the production of PSCN, by the in-situ polymerisation
of PS in the presence of decanam ide (an uncharged surfactant) and NaMMT, was shown to

be

successful.

When mixed, the

alkylamides

preferentially m igrated to bind with the inorganic cations in the galleries of
Na-MMT.
•

XRD and TGA analysis of these PSCN showed the need for a balance
betw een the concentrations of alkylamide and Na-MMT to optimise the dspacing (> 38.4 A) and

Tmax

(shifted +15-20 °C). An im balance was seen to

lead to the presence of agglom erated clay platelets which decreased the
thermal stability of the PSCN matrix.
•

A one-pot m ethod for the production of PSCN incorporating NVF molecules,
has to d a te been less successful than the study incorporating alkylamide. In
parallel

experiments,

attempts

to

produce

PSCNs

from

NVF-MMT

organoclays resulted in MMT remaining stacked in the PS matrix. This lack of
dispersion was attributed to space-filling NVF and w a ter being present in the
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MMT gallery, and so, styrene monomer could not penetrate the congested
gallery.

XRD and TG analysis identified the slight expansion of the MMT

galleries by NVF and the presence of tw o states within the galleries, with NVF
directly associated with the Na cations held thermally stable until 260 °C and
interstitial space-filling NVF which was thermally stable until approxim ately
130 °C.
•

The removal of the space filling
the

N V F -M M T

NVF

and w ater led to a uniform dispersal of

throughout the PS matrix (n.b. shifting the

Tmax

However, the lack of a substantially increased d-spacing in the

> +20

° C ).

P SC N

(i.e.

25.7 A) m ay have indicated that the concentration of PS within the galleries
was limited. It was thought that polymerisation throughout the galleries was
predom inantly betw een

NVF

molecules bonded at the gallery edges to the

PS matrix and homogeneously dispersed as PS chain growth propagated.
•

The one-pot m ethod for the production of FS-MMT PSCNs has so-far been
unsuccessful. In parallel experiments, the expansion of the MMT gallery in FSMMT organoclays was shown to be com parable with that of the NVF
samples (i.e. expanded by 10.6 A, to 22.32 A). These samples also showed
that the FS am photeric surfactant had a relatively high thermal stability (i.e.
Tmax

= 320 °C) which showed promise for its application with various

processing methods and polymeric systems.

However, in all attem pts to

produce PSCNs the organoclay phase failed to disperse in a PS host matrix.
This m ay have been due to the large m olecular w eight of the surfactant, the
variety of charge carried on the surfactant molecules or the thermal stability
of FS in the MMT galleries, which was higher than the production process
used.
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5
Unsafurafed Polyesfer-Clay
Manocomposlfes
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5.1

Introduction

Unsaturated polyesters are widely used as matrix for composites because of their low cost
and excellent chem ical resistance.

It was suggested by Lee & Giannelis [5-1] that

unsaturated polyester resins were not suitable to form polymer-clay nanocomposites
because they have a 3-dimensional structure that would hinder intercalation, even before
cross-linking.

Recently,

Kornmann e f a/.

nanocomposites of unsaturated polyester.

[5-2]

reported

partially

exfoliated

MMT

Unsaturated polyester nanocomposites were

prepared by bulk polymerisation in the presence of vinylbenzyldimethyl-alkylammonium
chloride.

The XRD results suggested the formation of an exfoliated polyester-clay

nanocom posite and m echanical analysis showed that these nanocomposites displayed a
higher dynam ic modulus com pared with pure polyester. Literature relevant to this chap ter
relates to work co n d u cte d by Bharadwaj & Boyd (1999) [5-3], Suh e t a/. (2000) [5-4] and
Bharadwaj e to l. (2002) [5-5].

Although being acknow ledged in the relevant literature very little has been reported about
the thermal degradation / stability and solvent resistance degradation of unsaturated
polyester-clay nanocomposites (UPCN). This section aims to elucidate any enhancem ents
offered by UPCNs.

5.2

Background and Preparation Theory

5.2.1

Unsaturated Polyester Resins (UPR)

The m olecular chains of the polyester can be represented as follows (fig. 5.1), w here ‘B’
indicates the reactive sites in the molecule.

- - A —B—A —B—A —B—A —B—A - - Figure 5.1

Two component polyester chain structure.
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For the following samples, the idealised reaction mechanism is represented in fig. 5.2.
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Figure 5.2

Schematic of unsaturated polyester resin mechanism, incorporating phthalic
anhydride, maleic anhydride and propylene glycol.

Unsaturated polyesters can be dissolved in a polymerisable m onom er such as styrene.
Unsaturated polyester is a long-chain polymer containing a num ber of reactive vinyl
groups. The styrene, which also contains a vinyl group, acts as a curing a g e n t by bridging
adjacen t polyester molecules at their unsaturated loci (fig. 5.3).
unsaturated

polyester

co-polymerisation,

an

initiator

is

During the styrene-

decom posed

by

an

accelerator/prom oter to create free radicals in the system. The free radicals initiate the
growth of styrene oligomers that react with the polyester pre-polymer. A schem atic of the
growth of these free radicals is shown in fig. 5.4 [5-6].
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t
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Figure 5.3

Cross-linked two component polyester chain structure.

Figure 5.4

Curing mechanism of UPR: (a) styrene-UP solution mixture before curing;
and (b) after curing. (• = styrene monomer; — = uncured unsaturated
polyester chain; — = polymerised-styrene chain connecting the unsaturated
points of unsaturated polyester) [5-6].

5.2.2

Curing Process

Unsaturated polyester resins can be form ulated so that the rate of polymerisation is rapid
enough for practical purposes.

Catalysts and accelerators are used to achieve resin

polymerisation within a practical time period. Dibenzoyl peroxide (BPO) was a d d e d as a
catalyst for the resin system shortly before use (i.e. to initiate the copolymerisation
reaction), the purpose being not to take part in the chem ical reaction, but simply activa te
the process. An accelerator, i.e. N,N-dimethylaniline, was a d d e d to the catalysed resin to
enable the reaction to proceed at room temperature. Accelerators have little influence
on the resin in the absence of a catalyst, and so, are sometimes a d d e d to the resin to
create 'pre-accelerated' resins. The accelerator binds to the initiator, forming an unstable
ionic species. This at first, leads to the production o f one radical, before dissociating, to
release the second radical.
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On addition of the curing age nt and initiator a polyester resin becomes more viscous, until
it reaches a state when it is no longer a liquid and has lost its ability to flow, forming a gel
structure. The resin will continue to harden after it has gelled, until it has obtained its full
hardness and properties. The reaction is exothermic and the heat generated accelerates
the reaction. The whole process is known as the 'curing' of the resin. The speed of cure is
controlled by the am ount of accelerator in a UPR.

It is possible to accelerate the cure process by the application of heat, so that the higher
the tem perature the faster the final hardening will occur. This w ould be most useful when
the cure w ould otherwise take several hours or even days a t RT. Note: the accelerating
effect of heat on a resin is that 10 °C increases in tem perature will roughly double the
reaction rate. Therefore if a resin gels in a laminate in 25 minutes a t 20 °C it will gel in about
12 minutes at 30 °C.

Curing at elevated temperatures has the a dd ed adva nta ge that it actually increases the
final m echanical properties of the material, and m any resin systems will not reach their
ultimate m echanical properties unless the resin is given this 'post-cure'. The post-cure
involves increasing the lam inate tem perature after an initial room tem perature cure. This
increases the am ount of cross-linking. To some degree this post-cure will occur naturally at
warm room temperatures, but im proved properties and shorter post-cure times are
obtained when elevated temperatures are used. This is particularly true of the material's
melting point or glass transition tem perature (Tg), which is known to increase with increasing
post-cure temperature.

5.2.3

Synthesis of an UPR with Org-MMT

Scott-Bader Com pany Ltd. is a multi-national com m onwealth com pan y which provides
specialised polymer, resin and composite solutions to the construction, chem ical, marine,
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piping and transport sectors, also high value-added, speciality niche markets.

Scott-

Bader's Wellingborough plant specialises in:
•

unsaturated polyester resins (UPR) and dicyclopentadiene (DCPD)

•

UPR gel coats, pigments and casting

•

glass fibre moulding materials

During a four day visit, the industrial developm ent and formulation process of resins and
composites within Scott-Bader was thoroughly explained.

The visit also afforded the

opportunity to produce a number of samples which could be analysed later (table 5.1).
The nanocom posite and resin materials were sent to the MRI, Sheffield Hallam University, to
be characterised in order to gain physical da ta about their composition and to investigate
w hat effect the different post-cures had on the final product.

The procedure for the formulation of these materials was outlined in ch a p te r 2, section 2.3.
Scott-Bader required results regarding the advantages that these nanocom posites would
offer. The objective of this study was to characterise the materials listed in ta b le 5.1 and
investigate their structural and thermal properties.

Std LDS

Styrenated orthophthalic UPR

LDS/Low

Std SB

Styrenated orthophthalic UPR

SB/High

Nano LDS

UPR containing 4wt% silane modified MMT Clay

LDS/Low

Nano SB

UPR containing 4wt% silane modified MMT Clay

SB/High

N.B. Std refers to a standard orthophthalate resin and Nano refers to a Std resin/silane m odified clay
Nanocomposite, SB = Scott-Bader, LDS = Lloyds (both standard post-cures used at Scott-Bader)

Table 5.1

The different UPR materials produced at Scott-Bader, corresponding codes
and different post-cure temperatures.
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5.3

Results and Discussion

5.3.1

XRD Analysis

The XRD traces of the MMT incorporated in unsaturated polyester a t Scott-Bader, before
and after silane m odification (S-MMT), showed that the treatm ent had expanded the
layers by 7.3 A (fig. 5.5).
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Figure 5.5

XRD traces for MMT and S-MMT.

a

3000 n

T 6000

2500 -

5000

2000

4000

-

UPCN

1500 -

3000

1000

2000

-

1000

500 -

0

10

20

30

40

Degree 20
Figure 5.6

XRD traces for LDS post-cured UP, UPCN together with the trace for MMT.
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XRD traces of SB post-cured UP, UPCN together with the trace for MMT.

Multiple XRD sampling of the Scott-Bader samples showed that g o o d dispersion of the
silane treated-MMT had been achieved throughout the UP matrices by blending.

XRD

results showed that S-MMT was present within the polymeric matrix, but not intercalated or
exfoliated, expressing the same

dooi

spacing that was shown by Na-MMT (see fig. 5.6 / 5.7).

The UPCNs showed a reduction in the

dooi

of the incorporated S-MMT from 20.4 A to 13.2 A

(- 7.2 A). The surface compatibilisers appeared to have been drawn out of the gallery
spaces by the UPR com ponents rather than leading to the delam ination of the clay
platelets.

This analysis of the silane-MMT and the subsequent nanocom posite form ation indicated
that the silanes (e.g. SiRhhOH) which had been used to react with the clay gallery hydroxyls
may have, for the majority, spontaneously condensed to form ethers (e.g. disilyl ether,
(SiRH2)20) or had reacted with w ater in the galleries to form disiloxanes. It was apparent
from the XRD traces that the silane treatm ent had not been tethered to the cla y surface as
was expected.
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The production of partially delam inated aluminosilicate structures has previously been
reported by Kornmann e t ol. (1998) [5-2] dispersing Na+ MMT and Bharadwaj e f a/. (2002)
[5-5] dispersing quaternary ammonium exchanged MMT. However, Bharadwaj e t al. [5-5]
found that dispersion of the organoclay was relative to local orientational ordering, i.e. at
lower magnifications TEM showed the global morphology of the UPCN samples to be
exfoliated and well dispersed, but a t higher m agnification the aluminosilicate sheets were
shown to be dispersed betw een regions of clustered platelets, in which a regular stacking
arrangem ent was m aintained with a layer of polymer betw een the sheets; and, regions
where the platelets were com pletely delam inated (fig. 5.8).

Figure 5.8

Schematic diagram of the morphological hierarchy in Bharadwaj e t al.'s
UPCN showing the dispersion of intercalated/exfoliated platelets throughout
the matrix and local orientational ordering of sheets (agglomeration) [5-5].

Suh et ol. (2000) [5-4] noted that the concentrations of styrene in the gallery spaces of a
quaternary ammonium organoclay increased with the duration of mixing, with styrene
migrating more easily than uncured UP chains into the gallery spaces. This was indicated
by the lower degree of crosslinking of samples that were mixed for shorter durations.
Hence, the styrene monomers, which a c t as a curing agent, are m uch more dispersed
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inside and outside of the silicate layers as mixing time increases. Therefore, the cross-linking
reaction takes place homogeneously inside and outside of the silicate layers, and the
degree of cross-linking density would ideally reach that of the cured pure UP.

However, the loss of the silane m odification (i.e. removing the compatibilising agent from
the gallery spaces) and the com paratively short mixing time (i.e. 15 mins) of the silane-MMT
with styrene m onom er m ay not have afforded the styrene monomer the opportunity to
enter the MMT gallery spaces.

5.3.3

TGA Analysis
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Figure 5.9

rrin

METTLER TOLEDO STAR6 SW 7.01

DTG traces collected under nitrogen for (a) MMT, (b) S-MMT, (c) StdLDS,
(d) NanoLDS, (e) StdSB and (f) NanoSB.

The TG analysis under N2 showed that the silane compatibiliser was thermally desorbed
from MMT as a series of events between 150-460 °C (Fig. 5.9 (b)), over the same range as
the total mass loss from the standard resins and nanocom posite materials.

The UPCN

samples showed a slight increase of the higher tem perature thermal decom position
maxima

(Tmax)

from 362 °C for resins to 374 °C for the nanocomposites (Fig. 5.9 (d & f). This
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was a ccom pa nied by a shift of largest mass loss to higher temperatures, which can be
seen as a larger area under the higher temperature maxima.
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Figure 5.10

min

METTLER TOLEDO STAR® SW 7.01

DTG traces collected under air for (a) StdLDS, (b) NanoLDS, (c) StdSB and
(d) NanoSB.

Under N2 the TGA d a ta showed little increase in thermal stability for both the resins and the
nanocomposites under both post cures. However, when TGA were c o n d u cte d under air
their appeared a marked shift of mass loss to the higher temperature maxima (fig. 5.10).

These results contrast the results of previous work [5-5] which showed that the TGA of the
crosslinked polyester nanocomposites displayed exactly the opposite behaviour. The onset
of degradation for the nanocomposites was progressively shifted to lower temperatures
with increased addition of clay with respect to the pure polymer. This increase in the rate
of degradation in the nanocomposites was reportedly due to the presence of increasing
am ount of hydroxyl groups in the organic modifier that provided a supply of oxygen.

The Scott-Bader UPCNs displayed two thermal desorption maxima in the DTG of all the
materials, this was most probably due to the differentiation of the polyester ba ckb o n e a t
340 °C / N2 - 370 °C / Air and the polystyrene cross-linker at 385 °C / N2 - 395 °C / Air [5-6].
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The UPCN samples show a shift towards the high tem perature thermal desorption maxima,
which shows as a stabilising e ffe ct on the entire system until an upper thermal limit of the
material which happens to coincide with the styrene maxima.

For the Scott-Bader UPCNs it was believed that this shift was due to the form ation of a
protective barrier layer due to the surface accum ulation of clay platelets with a small
quantity of carbonaceous char [5-6, 1-113]. This barrier w ould have thermally insulated the
UP matrix. Also, a highly tortuous path to mass transport afforded by the layering of clay
platelets w ould have created a diffusion barrier to gases and fumes [5-7].

These two

mechanisms were the most likely to retard the combustion of the polymeric materials.

This increase in thermal stability is more impressive when it is understood that the thermal
stability of polymeric material in air would have been prominently reduced by the oxidative
dehydrogenation of the various organic species accom pa nied by hydrogen abstraction
[5-7].

5.3.4

Solvent Resistance

To com pare the solvent resistance im parted on each of the materials, equal sections of the
materials were cut and w eighed on a balance (5 d.p.). Sections of each sample were
then immersed (in triplicate) in one of three different solvents:
1)

deionised w ater

2)

ethanol

3)

butanone

The samples were then pat-dried and w eighed every 2 hours for the first day and then
every 24 hours for 1 week.

The uptake of solvent by the various samples is based primarily on the free volum e (i.e. the
fraction of the volume that is not occup ied by polymer) and the access w hich the
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penetrant has to it, with hydrogen bonding being the main process of attraction betw een
the polymer and penetrant species.

5.3.4.1

Deionised Water (H2 O)
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Figure 5.11

NanoLDS

S td S B

NanoSB

H2 O / 240 hr - Cumulative mass increase.

The ester linkages can participate in hydrogen bonding as H-bond acceptors, this ability to
participate in H-bonding makes them w ater soluble to a certain extent. The increase in
mass o f materials which were immersed in w ater was attributed to the hydrolysis of ester
linkages and the accom panying ingress of the solvent. The cum ulative mass increase o f
the UP resins (fig. 5.11) could be seen to be greater than for the corresponding UPCN
materials. This effe ct seemed to be enhanced for the higher tem perature post-cure where
the degree of cross-linking would be higher, and so, w ould more acutely hinder the
passage of small w ater molecules. These results indicate that the presence of the cla y in
the UPCN samples hinders the passage of w a ter into the material.
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5.3.4.2

Ethanol (CH3CH2 OH)
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Figure 5.12
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Ethanol / 240 hr - Cumulative mass increase.

Ethanol is a polar solvent, but significantly less so than water; the ethanol m olecule is also
much bulkier. As ethanol diffused into the polyester structure it would have H-bonded with
the polyester backbone. The concentration and proximity of the penetrant species m ay
have also lead to esterification of the polyester backbone leading to scission as the
alcohols reacted with carbonyl groups to form esters. The ethanol uptake can be seen to
be hindered in UPCNs, but this effe ct is not as pronounced as with H2 O, the ingression o f
these bulkier molecules may have been slowed by size exclusion (fig. 5.12). The slightly
higher cum ulative mass increase was attributed to the increased m olecular w eight of the
solvent molecules.

S.3.4.3

2-Butanone (CH3(CH2) 2 CHO)

The rapidity with which 2-butanone solvated the polyester materials was believed to be
evidence of the penetrant attacking the polymeric structure.

The initial ingress o f the

penetrant would have proceeded in a similar w a y as with deionised w a te r and ethanol,
only much more rapidly, due to the increased polarity o f the ketone functional group. 2butanone would then have reacted with the polymeric structure via nucleophilic addition
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to the carbonyl linkages. The 'active' diffusion o f 2-butanone into the resin matrices was
very rapid and com plete by 24 hours, beyond this duration sample degradation occurred
very rapidly.

V 25-

% Weight Change

Figure 5.13

The standard

Std LDS

Nano LDS

Std SB

Nano SB

13.677

45.257

-3.8

22.503

2-butanone / 24 hr - percentage weight change resulting from solvent
absorption.

resins retained

less solvent

and

fractured

more

easily

than

the

nanocom posite resins. The loss of sample observed for the Std SB sample in dica ted the
solvation of surface resin (fig. 5.13). The NanoLDS and NanoSB materials increased in mass
relative to the corresponding resins and the higher tem perature post-cure displayed 50%
less solvent uptake.

The clay appeared to have provided the function of structurally

stabilising the material by providing a 'binding function' within the resin that underpinned
the polymeric matrix.

This was observed as a swollen structural app earance, more

spherical than the original cubic samples.

259

5.3.5

Dimensional Stability and Observations

The four materials were then subjected to specific thermal treatments. Designated areas
of the sheet materials were sectioned to produce several small cubes (i.e. ~ 5 mm3). These
cubes were then heated in the furnace of the TGA under a nitrogen atmosphere to
prevent ignition. To observe any significant dimensional changes that m ay occur as the
materials were heated, samples of the same material were heated for one hour at
selected temperatures; room tem perature (standard), 150, 200, 250, 300 and 320°C.

A

maximum tem perature of 320°C was used because a t 350°C the sample tended to
vaporise in the furnace.

150

Clear

O paque

Clear

O paque

200

Clear

O paque

Clear

O paque

250

Yellowing

Yellowing

Yellowing

Yellowing

300

Dark Yellow

Dark Yellow

Dark Yellow

Dark Yellow

320

Black

Dark Orange

Black

Dark O range

Table 5.2

Table of observed colour changes at selected temperatures.

At temperatures < 250°C no physical change, discolouration (table 5.2) or dimensional
change was observed.

At temperatures > 250°C there were noticeable differences,

discolouration of the samples was accom panied by dimensional loss to a greater extent as
the samples were heated to successively higher temperatures. Discrimination betw een the
tw o different post-cures produced negligible results, and so, could not be defined as
conclusive. Differences were observed betw een the resin and nanocom posite samples.
The nanocomposites were recorded as having an average of 2.1% (NanoLDS) and 2.5%
(NanoSB) less dimensional loss than their resin counterparts (table 5.3, fig. 5.17 & 5.18).
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Figure 5.14

Comparison of dimensional stability results for StdLDS and NanoLDS
samples after heating to 320°C / N2 (data taken from table 5.3).

Std SB and Nano SB (320C)
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Figure 5.15

Comparison of dimensional stability results for StdSB and NanoSB
samples after heating to 320°C / N2 (data taken from table 5.3).
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5.3.6

Topographical Analysis

5.3.6.1

ESEM Analysis

It was believed that ESEM would be useful for a cross-material comparison of surface
effects. However, due to the usage constraints, scheduling enough tim e for a full analysis
of the samples has been impossible to date. During the time th a t was allotted it seemed
more beneficial to concentrate on one of the NanoLDS series of nanocom posite samples.

The surface of the Nano LDS/RT (fig. 5.19 (a)) displayed contrasting rough and smooth
areas.

The rough areas were most prone to being disrupted by irradiation from the

electron beam , this was observed throughout the duration of the analysis. At first it was
considered th a t these rougher areas could have been the regions within w hich clay layers
were lo cate d in the nanocomposites. However, these surface deformations appeared to
have larger proportions than the sub-micron layers of clay, and so, were taken as
evidence for dispersed clay agglomerates.

The surface of the Nano LDS/200°C samples appeared much rougher and more stable
than samples treated a t lower temperatures (fig. 5.19 (b)).

The samples’ surfaces

appeared to be more stable with respect to the heating effects of the electron beam,
which after m apping, was more indicative of the surface m orphology prior to analysis and
was indicative of the EDX elemental analysis showing Al associated with Si in regions
designated to be clay agglomerates.

With NanoLDS/300°C (fig. 5.19 (c)) the surface appears to be rougher than a t 200°C. The
surface artefacts appeared similar to when smectites were previously observed with ESEM
[5-8]; showing a glassy, web-like texture. This could be near surface accum ulation of clay
platelets, possibly forming a kind of precursor of char layer. The surface was still slightly
sensitive to radiation, seen by blistering of the surface during prolonged scans.
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At 320°C (fig. 5.19 (d)), an apparent increase in surface stability was noticed, as less
electron beam degradation was observed and the surface appeared to be rougher than
with previous samples.

The ESEM images and analyses w ere taken a t random surface locations on the samples,
and so, the findings ca n n o t be generalised as being representative of the entire surface.

5.3.6.2

Atomic Force Microscopy (AFM) Analysis

5.3.6.2.1

Tapping Mode Analysis

Tapping m ode atom ic force m icroscopy (AFM) was used to m ap and identify any
differences in surface composition betw een the different materials at RT and 320 °C. For
the standard resin materials the topography o f the StdLDS/StdSB beca m e visibly smoother
at 320°C as surface material had been evolved and been perm itted to flow. This was
evident from the AFM micrographs of the UPR samples where surface smoothing occurred
(fig. 5.20 a/b). However, the NanoLDS / NanoSB materials showed no pits, and a surface
that had greatly increased in roughness betw een RT and 320 °C, this was attributed to the
initial evolution of surface resin and the subsequent build-up of clay agglom erates at the
surface-N 2 interface (Fig. 5.20 c /d ).

ot

\
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Figure 5.18

1
*.* •r.vctu
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Selected AFM images of NanoLDS 320°C - regions (a) and (b).
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However, different regions identified on the samples surface (fig. 5.18 a/b ) showed that the
build-up of clay a t the surface was not uniform, (a) shows a high-clay region and (b) shows
a region of low-clay concentration which is topographically smooth due to the flowing o f
polymer.

5.3.6.2.2

AFM Roughness Analysis (i.e. RMS and Ra)

AFM was used to measure roughness of the sample surfaces.

The units of measurement

are usually given in values o f roughness root mean squared (Rq) or roughness average
(Ra).

A IL PEAKS AVERAGED

Y

R « ROUGHNESS PROFILE

i _ /ly ld *

Figure 5.19

m

ROUGHNESS AVERAGE (Ra)

Schematic diagram of the roughness average (Ra) sample peaks [5-9].

Roughness root m ean squared (referred to as RMS or Rq) has been the a c c e p te d standard
in the past.

It can be defined as the square root of the average deviation from the

centreline squared. Ra has been designated by the International Standards Organizations
(ISO) as the correct medium for measuring the roughness, but values for both have been
collected in this work.

Ra is established by finding an average centreline. Any valleys

below the centreline would then inverted and counted as peaks. The average height of
the peaks abo ve the centreline, is the Ra (fig. 5.19). The meaningful difference betw een
the two measurements is that RMS is sensitive to peaks and valleys on a surface and the
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reading accounts for extreme peaks or valleys, whereas Ra averages them into the
reading [5-9].

Ra values for the different samples were used to estimate the increase in the number of
clay platelets a t the surface of the material as the samples were heated. The Ra values
were taken on the same samples a t RT and after heating to 320°C.

Sample

Rq-RT

Ra-RT

Rq - 320°C

Ra - 320°C

Std LDS

87.96 nm

48.99 nm

44.81 nm

20.39 nm

NanoLDS

48.28 nm

33.31 nm

270.47 nm

212.92 nm

StdSB

78.48 nm

41.37 nm

37.53 nm

18.77 nm

NanoSB

56.23 nm

36.48 nm

237.64 nm

196.36 nm

Table 5.4

Rq and Ra values for Scott-Bader Mater als.

The results in table 5.4 show that a t 320°C, the standard resins a p p e a r to have undergone
smoothing, whereas the nanocom posite resins show a greatly increased surface roughness,
which could be evidence of clay accum ulation a t the resin surface.

5.3.6.2.3

Phase Imaging

Phase imaging was used to distinguish betw een the amorphous polym eric regions and
dispersed crystalline clay platelets.

The results showed the clay a t the surface of the

nanocom posite samples (i.e. with lighter contrast and blocky morphology) and no phase
difference in the standard resins. The phase im aging d a ta in fig. 5.20 shows that the clay
platelets (with lighter contrast and blocky morphology) are randomly mixed within the
polymer system, appearing mainly a t the topographically high regions. This d a ta suggests
the formation of a char layer; but whereas the dispersion m ay be good on a m acroscopic
level, a t the m icroscopic level there may have been regions where no clay was present,
leading to discontinuity of the char layer, and so, unshielded regions which would be
thermally degraded more rapidly. This can be seen in the topographically low regions with
darker contrast in fig. 5.20.
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Figure 5.20

A selected phase image of the surface of NanoLDS / 320 °C.

This research follows work con d u cte d by Bhushan & Qi [5-10 & 5-11], where the
identification of a phase contrast in m agnetic tapes was observed. This tentative study,
using tapping m ode and phase contrast microscopy, has shown that for the measurement
of the surface composition of polymer nanocomposites AFM can provide information that
cannot be obtained by other means.
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5.3.7

ATR-FTIR Microscopy of Thermally Effected UP resins and UPCNs

5.3.7.1

Background and Experimental Method

When a polyester matrix is subjected to thermal energy, atmospheric oxygen or moisture,
the polymeric backbone will be readily cleaved; as a result of which tw o radical species
will be generated [5-12]. In the presence of thermal energy greater than the bond energy,
spontaneous scission occurs.

When this process is com bined with atmospheric oxygen,

polymers undergo thermo-oxidation, the oxidation reaction releasing carbonyl groups or
crosslink . Alternatively, moisture absorption in polyesters leads to hydrolysis. Stabilisers may
be used to reduce polymer degradation, for exam ple antioxidants that can a c t as freeradical scavengers, hindering further reaction of radical polymer chains.

Almost every polymer needs to be protected from degradation, during processing and
use, by one or more stabilisers. Developm ent of stabilising and fire retardant additives over
decades of research have been essential to the success of polymers. An understanding of
the com plex mechanisms of the degradation and stabilisation of polymers is fundam ental
to rational use of existing chemistry and to new product design.

The thermal

decomposition of polyesters produces a com plex mixture of products [5-13]. To study the
effects of different temperatures on specific UP resins and any stabilising effects in their
corresponding UPCNs, ATR-FTIR was used to d e te ct the increasing concentrations of
degradation products being produced.

Sections of equal dimensions of the different UP materials were subjected to a range of
specific temperatures <320°C, these were specified to be below the vaporisation
tem perature (325-350°C) as designated by TGA experiments.

Seven sections of each

material were exposed to RT (control), 100, 150, 200, 250, 300 and 320°C for 1 hr, under an
N2 atmosphere, to study the products of thermal degradation in the absence of sample
oxidation or hydrolysis.
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5.3.7.2

Results

The ATR-FIR spectra of the four thermally treated Scott-Bader materials showed identifiable
peaks associated with the bulk resin materials that were universal for the four materials (see
table 5.5).
Band Position / cm*1
3400-3600
3081
3067
2918
2851
1778
1724
1600
1576
1550
1545
1495
1452
1400
1368
1282
1260
1163
1116
1070
1040
1016
992
965
909
840
777
741
704
698

Table 5.5

Assignment

Identification

Reference

v(O-H)

alcohol mixture
arom atic, styrene / phthalate residues
arom atic, styrene / phthalate residues
styrene / phthalate residues
styrene / phthalate residues
high frequency carbonyl
ester carbonyl, phthalate / m aleiate
arom atic, styrene / phthalate
arom atic, styrene / phthalate
ionised carboxylic a cid
co njugated arom atic
o-di-sub. arom atic, phthalate
propyl
ionised carboxylic a cid
polymerised m aleic anhyride / propyl
polymerised anhydride
ester - multi-com ponent band
ester, phhalate
ester, phthalate
ester, phthalate
propylene glycol
o-di-sub. phthalate
-CH=CH2, styrene
CH=CH, styrene / phthalate
-CH=CH2, styrene
CH=CH, styrene / phthalate
mono-sub. arom atic, styrene
o-di-sub. phthalate
mono-sub. arom atic, styrene
arom atic breathing m ode, styrene

[5-41
[5-61
[5-6]
[5-61
[5-61
[5-8]
[5-51
[5-6]
[5-61
[5-7]
[5-7]
[5-6]
[5-6]
[5-7]
[5-51
[5-51
[5-7]
[5-71
[5-7]
[5-71
[5-6]
[5-61
[5-41
[5-61
[5-41
[5-6]
[5-41
[5-61
[5-4]
[5-71

Vring(C-H)
Vring(C-H)
Va(C-H)
vs(C-H)
v(C=OJ
v(C=OJ
Vring(C-C)
Vring(C-C)
Vj(COO-)
Vring(C-C)
Vconjugated(C-C= OJ

6(CH2)
Va(COO-)
v(C=C) /

w

(CH2)

v(C-O-C)
v(C-O) / 6(C-H)
Vring(C-H)
Vring(C-H)
Vring(C-H)
v (CH2-OH)

in-plane 6(C-H)
out-of-plane 6(C-H)
out-of-plane 6(C-H)
out-of-plane 6(C-H2)
out-of-plane 6(C-H)
out-of-plane 6(C-H)
V conjugated(C-C=OJ

out-of-plane 6(C-H)
Vring(C-H)

__

ATR-FTIR assignments for Std/Nano LDS and Std/Nano SB [5-15-5-19].

The various materials showed similar spectra and trends that were observed as a function
of different thermal treatments. The bands in the 1710-1750 cm -1 region v(C=0) and in the
1250-1300 cm -1 region

v (C -O -)

can be assigned to phthalate groups.

The ortho

disubstituted phthalic anhydride has a very characteristic band at 740-745 cm*1 and
another at 1016 cm*1 these bands are characteristic of unreacted phthalic anhydride. The
dibasic acid

com ponents of polyesters were the easiest to identify by ATR-FTIR.

Characteristic features are the bands a t 1724 cm -1 v(C=0), a t 1282 cm -1 v(C-O-C) and the
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ring breathing bands at 1600 and 1575 cm - 1 (doublet), 1163, 1070, 741 and 704 cm-1. The
bands corresponding to the ring breathing modes of the resin are derived from both the
phthalic anhydride and styrene components. In research cond ucte d by Paauw and Pizzi
[5-14] four bands were selected to follow the extent of cure within polyester systems by FTIR.
They selected 745 cm-1, free phthalic anhydride band, the 1116 cm - 1 band representing the
polymerised phthalic anhydride residue, the 1354-1380 cm -1 band of the polymerised
maleic anhydride residues, and the 1630-1647 cm - 1 band representing free maleic
anhydride. The presence of styrene was d e te cte d by its numerous characteristic sharp
bands. These were at 698, 777, 909, 992, 1021, 1452, 1495, 1545, 1576 (1603, 1632 masked),
3030 and 3084 cm-1. Also, propylene glycol has a strong characteristic band a t 1040 cm-1.

5.3.7.2.1

Std LDS and NanoLDS
■

I

*

• StdLDS
0.40-S tdLDS
■StdLDS
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D>
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f
Wavenumbers (cm-1)

Figure 5.21

StdLDS - RT, 200, 300 and 320°C (1850-650 c m 1).

In the StdLDS (fig.

5 .2 4 )

temperature, up to

sample the following observations were m ade.

1 7 5 °C ,

With increased

no structural change (FTIR) and little physical discolouration

could be observed. Between

2 0 0 -3 2 0 °C ,

bands a t

cm - 1 decreased in relative intensity, whereas the
relative intensity and a band between

1778
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741,

v r in g ( C - C )

1070,

1116,

band a t

1260,

1600

1368

and

1379

cm - 1 increased in

cm - 1 (v(C=0)) developed with increasing

tem perature. These band changes related to the thermal degradation of the polyester
matrix with increased temperature.

In the NanoLDS sample (fig. 5.25) similar observations were m ade as StdLDS sample and the
same bands were identified.

Differences could be seen which related to the greater

relative intensity of the band a t 1116 cm - 1 (vnng(C-H)) and the slower rate (reflected by
lower relative intensity) with which the band at 1778 cm - 1 was seen to develop.

NanoLDS
NanoLDS
NanoLDS
NanoLDS

200
320
RT
300

1500

1000
Waven umbers (cm-1)

Figure 5.22

NanoLDS - RT, 200, 300 and 320°C (1850-650 cm -1).

5.3.7.2.2

StdSB and NanoSB

The results for the materials subjected to the higher tem perature Scott-Bader (SB) post-cure
gave less reproducible readings than the previous samples, which could have been due to
the higher degree of the cross-linking slowing the release of degradation products. The
same bands were identified in both the standard resin (fig. 5.26) and the nanocom posite
resin (fig. 5.27) samples that had been seen previously with the lower tem perature Lloyds
post-cure (LDS). The relative intensity of the band at 1116 cm - 1 (v r in g ( C - H ) ) was increased
with increasing tem perature to a reduced extent in the nanocom posite than in the
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standard resin, and the high frequency carbonyl band (1778 cm-1) showed a similar trend,
but was not as evident as in the Lloyds post-cure.
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Figure 5.23

StdSB - RT, 200, 300 and 320°C (1850-650 c n r 1).
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Figure 5.24

NanoSB - RT, 200, 300 and 320°C (1850-650 c m 1).

5.3.7.3

Discussion

All of the bands that were assigned were due either to the changing m orphology of the
polyester backbone or the reorganisation of the polymer chains. At the temperatures used
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(i.e. < 320°C), the degradation would not involve the physical degradation of the S-MMT.
Although hydrolysis of polyesters does occur, it was not thought to be occurring at any
significant rate due to the trace concentrations of w ater that would be enclosed in the
clay galleries and the selected temperatures being significantly below the dehydroxylation
of the clay. The d ata was normalised to elucidate any band changes and shifts, also, any
reproducibility problems that were encountered with surface sampling were lessened with
increased temperature, due to a decrease in roughness of the standard resins and a
greater uniformity in the nanocom posite resins.

Several regions showed characteristic changes:

0.45

NanoLDS
NanoLDS
NanoLDS
NanoLDS

200
320
RT
300

-so"

0.30- \

a

0 .2 5 -

015-

0 . 10 -

1200

1000

800

Wavenumbers (cm-1)

Figure 5.25

Example - NanoLDS - RT, 200, 300 and 320°C (1250-650 c m 1).

Spectral changes observed for the 1250-650 cm - 1 region are displayed in fig. 5.28, and are
listed below:
■

741 cm - 1 decrease in relative intensity

(vCOn ju g a te d ( C - C = 0 ) )

indicating a possible

rearrangem ent of the phthalate structure.
■

909 cm - 1 slight increase in relative intensity (out-of-plane
scission of cross-iinking polystyrene networks.

275

6

(C-H2 )), indication o f the

■

1016 cm - 1 slight increase in relative intensity (in-plane

6

(C-H)), free ester carbonyl

resulting from scission of polyester structure.
■

1040 cm - 1 decrease in relative intensity (v(CH2-OH)j, free glycol units resultant of
scission of polyester structure.

■

1070 cm - 1 decrease in relative intensity

( v n n g (C -H )),

disappearance of band due to

scission of phthalate units from polyester structure.
■

1116 cm - 1 decrease in relative intensity

(v H n g (C -H )),

disappearance of band due to

scission of phthalate units from polyester structure.

NanoLDS
NanoLDS
NanoLDS
NanoLDS

200
320
RT
300

0.15-

i

-o.oo1600
Wavenumbers (cm-1)

Figure 5.26

Example - NanoLDS - RT, 200, 300 and 320°C (1850-1250 c m 1).

Spectra! changes observed for the 1850-1250 cm - 1 region are displayed in fig. 5.29, and are
listed below:
■

1260 cm - 1 decrease in relative intensity (v(C-O) /

6

(C-H)) and 1282 cm - 1 decrease in

relative intensity (v(C-O-C)), scission of polyester structure.
■

1368 cm - 1 slight decrease in relative intensity and shift to lower frequency (v(C=C) /
w (CH2)),

■

scission of maieic anhydride from polyester structure.

1576 cm *1 decrease in relative intensity

(v n n g ( C - C )

(doublet with 1600 cm -1)), possibly

due to structural decomposition of low concentration of styrene monomers.
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■

1778 cm - 1 increase in intensity (v(C=0), high frequency carbonyl), due to the
formation of

7

and

8

m ember ring structures, leading to this unusually high position for

a carbonyl band [5-19] (fig. 5.30). The slight shift to lower frequency of a band at 1368
cm - 1 (v(C=C) / w(CH2)) indicated that the maleic anhydride residues may have been
incorporated in the formation of the larger ring structures possibly through ring
opening reactions with free glycol residues [5-20].

Phthalate and styrene residues

may have also been degraded to form residues which may have becom e reactants.
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Figure 5.27

Example - NanoLDS - RT, 200, 300 and 320°C (1850-1700 c m 1).

From the comparison of the results for the resins and nanocom posite resins, it was evident
that the S-MMT had a good synergistic effe ct on the overall material. Under both post
cures, the addition of the organociay reduced the decrease in intensity o f the band a t
1070

cm - 1

between

( v r in g ( C - H ) }

1778

and slightly reduced the increase in intensity of the band arising

cm - 1 ( v ( C

= 0 ),

high frequency carbonyl).

Fig. 5.31 displays the difference in normalised intensity of the spectral band a t 1778 cm - 1 for
the StdLDS and NanoLDS materials. Fig. 5.32 displays the difference in normalised intensity
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of the spectral band a t 1778 cm-1 for the StdSB and NanoSB materials. The RT intensity
value was reduced to zero to display any increase in intensity with increased temperature.
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Figure 5.28

Plot of normalised intensity vs. tem perature for StdLDS and NanoLDS - v (C = 0 )
1778 c m 1.
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Figure 5.29

Plot of normalised intensity vs. tem perature for StdSB and NanoSB - v(C=Q )
1778 c m -1.

The intensity of the 1778 cm-1band in the LDS materials (fig. 5.31) at 320 °C was seen to be
reduced by 50%, by the inclusion of the 4 wt% S-MMT in the NanoLDS material relative to
StdLDS.

This effe ct was also seen in the SB materials (fig. 5.32) at 320 °C, but was
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significantly less intense and the additive effect of the S-MMT appeared to have slightly less
of an effect, reducing the intensity of the 1778 c n r 1band by 40 %.

Generally evidence of the degradation of the SB post-cured materials was more subtle
than was seen with LDS post-cured materials. This may have been due to either a more
com plete cure or higher degree of cross-linking being im parted when post-curing a t a
higher temperature. The bands in the region > 1850 cm -1 did not show any change, and
so, has been referred to, but not included in the study.

5.3.8
•

Summary of Results
XRD showed that no exfoliation had occurred in the UPCN, but that the S-MMT was
well dispersed. This was believed to have been due to an unsuccessful silanisation
process.

•

TGA

of the UPCN samples showed a slight positive shift of

Tmax

(i.e. from 362 °C for

resins to 374 °C for the nanocomposites (-10 °C)), which was a cco m p a n ie d by a
shift of greatest mass loss to higher temperatures, seen as greater area under higher
tem perature maxima. The increased thermal stability offered by the S-MMT was
more effective under air than under a nitrogen atmosphere, which is could be
evidence of char layer formation.
•

Solvent resistance tests cond ucte d on the different materials showed that the UPCN
were more resistant to H2 O and ethanol than the virgin UPR. In all cases the SB post
cured materials were the most resistant to solvent diffusion, attributed to the higher
degree of cross-linking. 2-butanone and hexane were seen to diffuse more quickly
into the UPCN than the virgin UPR. The presence of the clay platelets in the UPCN
may have caused micro-fissures and crazing that perm itted the easier passage of
the solvent into the material.

This effect was most evident with the 2-butanone

samples which had a swollen structural appearance, more spherical than the
original cubic samples.
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•

The dimensional stability of the UPR and UPCN was recorded after heating to 250
°C, 300 °C and 320 °C. The UPCN were shown to have betw een 2.1-2.5 % less
dimensional loss than the corresponding UPR.

•

ESEM topographical analysis appeared to show an increase in the surface
roughness of the UPCN relative to the UPR a t increased temperature. The surface
of the samples beca m e rougher and more stable under the radiation em itted by
the m icroscope after being exposed to higher temperatures.

•

AFM tapping m ode analysis gave roughness analysis d a ta th a t showed the
smoothing effe ct of higher temperatures on UPR and the increase in surface
roughness in the UPCN (~5x).

Phase im aging showed that the S-MMT was not

uniformly dispersed (presence of UPR regions), but that in topographically high
regions the crystalline clay phase was in abundance.
•

ATR-FTIR analysis of the UPR and UPCN, showed that the S-MMT had a good
synergistic e ffe ct on the overall material. Under both post-cures, the addition of the
organoclay reduced the decrease in intensity of the band at 1070 cm -’

(v n n g ( C - H ) )

and slightly reduced the increase in intensity of the band arising a t 1778 cm-1
(v(C=0), high frequency carbonyl). This was seen as evidence of the well-dispersed
clay agglom erates reducing the formation of combustion products, either by
thermally stabilising the polyester structure through formation of a char layer or by
slowing the mass transit of thermally degraded by-products from the polyester
structure by acting as a tortuous path to diffusion.
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6

Kaolin-Phenylphosphonic Acid (KPPA)
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6.1

KPPA Introduction

Kaolin is a dioctahedral 1:1 layered clay mineral with the structural formula AUSi40io(OH)8.
It is formed through the alteration of feldspar-rich parent rocks by either weathering or
hydrothermal processes. Each layer of kaolin consists of tw o sheets: a tetrahedral sheet in
which Si atoms are tetrahedrally co-ordinated by oxygen atoms; and an octahedral sheet
where aluminium atoms are octahedrally co-ordinated to hydroxyl groups and shared
apical oxygens from the silica tetrahedral sheet. One side of each kaolin layer presents a
siloxane surface w hich arises from the bases of the silica tetrahedra whilst the other
presents a surface of hydroxyl groups from the aluminium octahedra [6-1, 6-2]. Hydrogen
bonding betw een these tw o surfaces imparts a significant cohesive energy betw een the
layers which makes intercalation into kaolin difficult [6-1, 6-3 - 6-5].

Swelling of kaolin has previously been achieved by the intercalation of small polar
molecules like dimethyl sulphoxide (DMSO) [6-6, 6-7], form am ide [6-8, 6-9] and hydrazine [610, 6-11], which have been intercalated by hydrogen bonding to kaolin's aluminol surface.
Intercalation of other molecules has been achieved by replacem ent of an entraining
agent such as DMSO, w ater or acetone, for example w ater-expanded kaolin has
previously been prepared using a DMSO intercalate which has then been used to
intercalate molecules such as pyridine [6-12], am ino acids [6-13] and alkylamines [6-14].
Wypych e t al. [6-15] described a to p o ta ctic reaction that occurred betw een kaolin and
phenylphosphonic a cid (PPA) which resulted in the formation of covalent bonds betw een
the acid and the clay surface according to the reaction:
AI2Si20 5(0H)4 + 3H20 3PPh -> AI2Si20 5(0H )(H 03PPh)3.2H20 + H20

This implied that PPA reacted with all three of the inner surface hydroxyls and the only OH
group remaining after the process was the relatively inaccessible inner sheet hydroxyl. The
aim of this study was to intercalate PPA in kaolin (KPPA) under reflux conditions, in a wateracetone mixture a t elevated temperatures.
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6.2

KPPA Results

6.2.1

XRD Analysis
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Figure 6.1

Comparison of XRD traces for (a) kaolin and (b) KPPA after 15-days under
reflux in a water-acetone mixture.
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Figure 6.2

Comparison of XRD traces for KPPA samples refluxed for (a) 3, (b) 9,
( 0 ) 1 5 , (d) 21 and (e) 28 days in a water-acetone mixture.
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The premise for these studies was that the greatly increased thermal stability being offered
to PPA by kaolin, as was previously shown in [6-16, 6-17], could be investigated further
before attem pting to transfer this stability to a PS-KPPA hybrid.

The XRD traces in fig. 6.1 and 6.2 show that the kaolin had expanded (from 7 A) when PPA
was intercalated into the gallery increasing the interlayer spacing to 15.4 A. The intensity of
the dooi peak for the KPPA, increased steadily with reflux up to 15 days, after which the
intensity did not increase further. The low intensity kaolin dooi peak a t 12.3° 26 remained
present in the 15, 21 and 28-day reflux samples, the intensity of which fluctuated slightly
beyond 15-days. This m ay have been the result of longer durations of reflux displacing
some surface bound PPA.

6.2.2

TGA / DTG Analysis

The TGA traces in fig. 6.3, and DTG traces in fig. 6.4 clearly show the thermal stability being
afforded to PPA through its intercalation into the kaolin gallery.
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Figure 6.3

Comparison of TGA traces for (a) kaolin, (b) PPA and (c) KPPA (15-day
reflux).

The TGA and DTG traces (fig. 6.3 and 6.4) show the extremely high thermal stability of the
PPA intercalates. The DTG shows that decom position of PPA reached a
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Tmax value

a t -350

°C and the dehydoxylation of kaolin occurred at a

Tmax

= -500 °C. The KPPA intercalates

exhibited two major distinguishing maxima when com pared to kaolin and PPA. The first
was associated with a loss of -4 wt% a t 140 °C and the second occurred with the majority
w eight loss after the layer dehydroxylation a t 585 °C.
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Figure 6.5

i

Comparison of TGA traces for KPPA after refluxing in a water-acetone
mixture for (a) 3, (b) 9, (c) 15, (d) 21 and (e) 28 days.

As the duration of the reflux increased the w eight losses a t 140 °C increased from 0.3 wt%
at 3 days to 3 wt% a t 21 and 28 days (fig. 6.5). This has been reported as adsorbed w ater
by others [6-15] and was definitely confirm ed by Breen e t ol. [6-18] using TG-MS. As well as
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this increase, the maxima indicating events around the dehydroxylation of kaolin (> 500 °C)
shifted to increasingly higher temperatures with increasing reflux duration (fig. 6.6). The Tmax
values ranged from 540 °C a t 3 days to 660 °C a t 21 days.
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Figure 6.6
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Comparison of DTG traces for KPPA after refiuxing in a water-acetone
mixture for (a) 3, (b) 9, (c) 15, (d) 21 and (e) 28 days.

The Tmax in the 28-day reflux samples was decreased by 80 °C to 580 °C (fig. 6.6(e)) and
evolved products were thermally desorbed over a slightly increased tem perature range
(i.e. 400-800+ °C) than previously shown in the 21-day samples (fig. 6.6(d)).

6.2.3

DRIFTS Analysis

The DRIFTS spectrum of each of the kaolin, PPA and KPPA samples (fig. 6.7) were obtained
a t RT. The spectra of these samples exhibited a range of bands most of w hich could be
directly assigned to vibrations of the kaolin host or PPA.

Bands a t 3698 cm-1 and 3625 cm -1 were assigned to the inner surface and inner sheet
hydroxyls. M uch broader bands a t 3551 cm*1 and 3331 cm-1 were attributed to hydrogen
bonded hydroxyls arising from either the interaction of w ater or PPA with the inner surface
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Figure 6.7

DRIFTS spectra (1800 - 500 c m 1) of the KPPA intercalate after refiuxing for
(a) 3, (b) 9, (c) 15 and (d) 28 days.
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DRIFTS spectra (1800 - 1300 c m 1) of the KPPA intercalate after refiuxing for
(a) 3, (b) 9, (c) 15 and (d) 28 days.
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hydroxyls on the gibbsite sheet. In this region, there was also a broad contribution from
hydrogen bonded OH in the region 2500-3700 cm -1, which increased with reflux duration. A
band a t 3056 cm-1 and a corresponding shoulder a t 3076 cm-1 were assigned to the C-H
stretching vibrations of the phenyl ring, along with other bands at 1591 and 1487 cm-1 (fig.
6.8).

Phenyl ring bands a t 749 and 693 cm-1 could not be discerned because they

overlapped with kaolin bands.

There was some uncertainty regarding the band a t 1207 cm*1 because the v(P=0) stretch
occurs a t 1220 cm -1 in PPA. This was also true of the 1140 cm-1 v(P-O) stretching band
which was downshifted (by 26 cm-1) and appeared a t 1167 cm-1. The other v(P-0) bands
a t 1068, 1040 and 990 cm -1 were obscured by the Si-O bands at 1100, 936 and 916 cm-'
assigned to the inner sheet and inner surface hydroxyls, respectively. However, there was a
third contribution in this region near 885 cm -1. The inner sheet hydroxyl was considered to
be relatively inaccessible although its perturbation via interaction with adsorbed hydrazine

<D
a
c
D

Si
k.

O
.Q
to

<

1439
1596

,1800

1600

1400

1200

1000

'

800

Wavenumber

Figure 6.9

DRIFTS spectra of the 15-day reflux KPPA intercalate (a) after refiuxing and
(b) after heating at 150 °C / 2 h.
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has been reported [6-19] which may suggest that the 885 cm-1 band represents a
significant dow nw ard shift in the 936 cm-1 band.

A broad band a t 1643 cm-1 was assigned to hydrogen bonded w ater and the P-C stretch
of the PPA intercalant was shown as a prominent band at 1439 cm-1, the intensity of both
these bands increased with reflux duration.

The spectra recorded after increasing the

reflux duration showed that an increasing quantity of w ater and PPA had been adsorbed,
by the intensity of the bands a t 1643 cm -1 and 1493 cm -1 having increased relative to the
band a t 916 cm -1 (fig. 6.7 and 6.8).

After heating the 15-day reflux product a t 150 °C for tw o hours (fig. 6.9), the bands at 3457
and 1642 cm*1 were removed.

The band a t 1207 cm -1 m erged with a b an d a t 1167 cm-1

and the band a t 885 cm -1 had com pletely disappeared leaving the bands a t 937 and 916
cm-1. In addition, a broad band attributed to hydrogen bonded OH (-3400 cm -1) was
significantly reduced, whereas the bands for the P-C stretch (1437 cm -1) and the phenyl
ring vibrations (3056, 1596, 1487 cm -1) were not significantly a ffe cted by the increased
temperature. This was taken as evidence of the strength of the bonding betw een PPA and
the kaolin surface.

6.2.4

31P MAS NMR Analysis

The intensity per unit weight increased as the period of the reflux increased, this indicated a
quantitative increase in the concentration of PPA that was binding a t the kaolin surface.
This intensity reached a maximum after refiuxing for 15 days, after which time further
refiuxing appeared to remove PPA from the kaolin surface. Scrutiny of the corresponding
XRD da ta (fig. 6.2) app eared to support this interpretation.

The 31P MAS NMR spectrum of pure PPA exhibited a single resonance a t +21.2 ppm (fig.
6.10 a), which correlated well to the literature value of +21 ppm [6-20]. The spectra for the
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kaolin-phenylphosphonic a cid reflux products was, however, more complex. The spectra
for all the refluxed samples exhibited three peaks a t +1.2, -3.7 and -7.3 ppm (fig. 6.10 b).
The intensity ratio of the three peaks did not vary with reflux time, indicating that the first
and last PPA molecules to be intercalated were all in the same environment.

0

40

(a)
Figure 6.10

40

20

(b)

31P MAS NMR of (a) PPA resonance and (b) KPPA-15 day reflux chemical
shifts.

The lack of a resonance a t +21.2 ppm m eant that there was no unreacted PPA in the reflux
products and no trace of the coupling of tw o phosphorous systems, which w ould have a
resonance a t +5 ppm [6-21, 6-22]. It was difficult to determine w h at the nature of the three
different resonances were, if they were wholly due to bonding of the PPA to the kaolin
surface or mixed with coupling within the galleries (i.e. betw een PPA molecules). The other
resonances were, therefore, representative of chem ically altered PPA existing in a range of
non-equivalent states within the unit cell. These were believed to be due to PPA binding to
the surface hydroxyls of kaolin in three distinct ways, outlined in fig. 6.11. One shift may
represent phosphonic acid groups trigonally hydrogen bonded to surface hydroxyls.
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Whereas, the other tw o shifts m ay represent the phosphonic acid groups forming covalent
bonds through one or tw o Al-O-P linkages to the surface.

ho-

(0
Figure 6.11

JP--OH-

o r\
I o

•o h

(ii)

(iii)

Schematic representations of three proposed bonding orientations of PPA at
the kaolin surface.

The intensity per unit w eight increases as the period of reflux increases, indicating a
quantitative increase in the concentration of PPA binding a t the surface.

Reaching a

maximum a t 15 days after which time further refiuxing appears to be removing PPA from
the kaolin surface, this appears to be confirm ed by the XRD d a ta for the 6 samples.

KPPA-15 day reflux, chemical shifts (ppm)
(a) air dried

(b) 150 °C / 2 hr

(c) sample (b) rehydrated

+1.25

+ 1.40

+1.40

-3.68

-3.43

-1.21

-7.30

-7.05

-5.64
-7.85

Table 6.1

Comparison of the chemical shifts observed after drying and rehydrating
KPPA-15 day reflux samples.

When samples of the 15-day reflux products were heated at 150 °C for tw o hours, only
slight variations were observed in the 31P NMR shifts (see table 6.1b). This could indicate a
lack of w ater in the interlayer after refiuxing, which removes the possibility of w a te r bridges
being form ed betw een phosphonic acid groups. However, when the same samples were
hydrated a t elevated humidity and transferred under an inert atmosphere, the peaks
changed from the three previously observed positions, to two doublets (see table 6.1 c, fig.
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6.12). The interactions betw een the w ater molecules and the phosphonic acid groups
appears to alter their bonding states considerably, most significantly the peak a t -3.7 ppm
was no longer present.

r r .p r r T r . p ^ T .r ^ X T T T .p r . ^ . . r p ...r .r .( j T T - ii j i T T •• 7 * r r v f T r r T ' r r r ' r T T y r r ^ ' T T T r r r j ' r i

60

AO

20

0

-?.0

-4 0

“ 60

Figure 6.12

31P MAS NMR chemical shifts of hydrated KPPA-15 day reflux.

6.2.5

PS-KPPA Nanocomposite Preparation

The formation of nanocomposites from KPPA dispersed in a PS host matrix was unsuccessful
when atte m pted using both in-situ polymerisation and melt blending processes. There was
no evidence of any PS entering the expanded kaolin structure of samples prepared using
KPPA samples refluxed for betw een 1 5 - 2 8 days. As a result of this

lack of PSmigration,

agglomerates of KPPA were formed which resulted in there being no KPPAdispersal

to

transfer any thermal stability to the host matrix.

6.3

Discussion / Conclusion

The expansion of the interlayer spacing by 8.4 A was consistent with the phenyl ring of PPA
being oriented a t a high angle to the kaolin basal surface. PPA in tercalated the kaolin
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crystal structure to form an expanded phase that exhibited remarkable thermal stability.
The intercalation by reflux from a w ater-acetone mixture slowed beyond 15-days, with
reference to PPA and w ater uptake, however, intercalated m atter did increase in
concentration as shown by TGA / DTG (fig. 6.5 and 6.6).

DRIFTS spectra showed that the KPPA complexes had retained w a ter as well as PPA and
that by heating these samples, this weakly hydrogen bonded w ater could be lost. 31P MAS
NMR of all the KPPA samples showed three peaks (at +1.2, -3.7 and -7.3 ppm ) which were
representative of PPA existing in three non-equivalent bonding states a t the kaolin surface.
The evolution of the weakly hydrogen bonded w ater appeared to significantly alter the
nature of the bonding, most notably the disappearance of a shift a t -3.7 ppm , which may
have indicated the presence of PPA in a hydrogen bonded state after refiuxing.

The inability to form nanocomposites through the union of KPPA and PS m ay have been
due to an incom patibility of the production processes for the materials (i.e. solvent
intercalation may produce a more intimate mixture).

Other changes which could be

m ade, may be to change the polymer host matrix or to possibly functionalise the
intercalant species to increase the com patibility of the gallery environment.

The high thermal stability of these hybrid materials was evident from these studies. The use
of covalently

bound

intercalants

in nanocom posite

investigation.
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m anufacture warrants further
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7.1

Conclusions

7.1.1

Characterisation and Thermal Stability of Organoclays

in studies of the thermal stability of n-alkylammonium and n-alkyltrimethylammonium
surfactants exchanged with structurally different MMT clays, various differences were
shown with regard to the desorption of the respective organic content. TGA/DTG showed
that alkyl chains with increasing lengths released organic com pounds a t varying stages,
which were signified by w eight losses within the 200-450 °C range. These stages appeared
to be related to the increasing length of the alkyl chain in the clay gallery.

For n-

alkylammonium surfactants these stages of desorption were shown to increase in number
and shift to higher temperatures as Cn was increased. Whilst for n-alkyltrimethylammonium
surfactants the increasing number of desorption stages were shown to shift to increase the
concentration of com pounds desorbed at temperatures between 200-300 °C.

The desorption of the fragm ented alkylammonium surfactants at higher temperatures (i.e.
>380 °C) from iron containing SWa-1 (43 %) than SAz-1 (36 %) organoclays m ay be
evidence of a radical trapping mechanism, which has been reported as offering a possible
additive a dva nta ge in flame retardant polymers.

A large number arom atic species were shown to be desorbed at lower temperatures from
the Cn = 16 (CTAB) organoclays, which could have implications for processing of polymerclay nanocomposites (particularly by melt processing).

7.1.2

Polystyrene-Clay Nanocomposites (PSCNs)

7.1.2.1

Analysis of the Thermal Stability PSCNs

It has been shown that by dispersing 1 wt% of various alkyltrimethylammonium exchanged
MMT clays in styrene monomer and then submitting these materials to a high tem perature,
short duration curing procedure led to the production of exfoliated polystyrene-clay
nanocomposites (PSCNs).

The preparation m ethod was shown to be effective at
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producing exfoliated nanocomposites, up to 1 wt% of the various organoclays using AIBN
and

B PO

as initiators. The

M C B P -C n

PSCNs remained exfoliated up to 5 wt% , they also

showed higher thermal stability when com pared with the com m ercial products, which XRD
results showed to remain stacked at organoclay loadings > 1 wt%.

These materials were analysed by TGA and XRD to characterise any increase in thermal
stability and the dispersal of clay platelets within the material.

From a comparison of

different types of free-radical initiators, it was dem onstrated that by using AIBN as the
initiator, the greatest increase in thermal stability was achieved. The relative effectiveness
of the different initiators for the production of the most thermally stable PSCNs was AIBN >
BPO > SPS > APS »A !B A . This was thought to be due to the less bulky and more reactive
AIBN being intercalated more easily, leading to intim ate polymerisation within the galleries.

From a comparison of 0.5, 1.0 and 2.0 wt% initiator concentrations, 0.5 wt% was shown to
be the concentration that was most effective a t producing higher thermal stability in
PSCNs. 0.5 wt% of initiator and concentrations above and below this m ay have been
better amounts to use for this study; however, the results obtained in this thesis still give a
strong indication of the effe ct of changing associated PSCN variables.

It has been demonstrated that lower organic modifier concentrations in com bination with
less bulky organocations (i.e. single linear alkyl chain) showed higher Tmax values.

The

relative effectiveness of these various organoclays for the production of more thermally
stable PSCNs was

M C B P -C n

> C15A > C20A »

C10A.

A possible reason for the lower

efficacy of the com m ercially available organoclays may have been the congestion of the
MMT galleries with alkyl chains, which may lead to them being relatively inflexible and
reduced the migration of m onomer into the gallery spaces.
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7.1.2.2

PSCNs Formulated by OPS and Novel Methods

A one-pot m ethod for the production of PSCNs, by the in-situ polymerisation of PS in the
presence of deca nam ide (an uncharged surfactant) and Na-MMT has been shown to be
successful.

XRD and TGA analysis of these PSCN have shown the necessity for a balance betw een the
concentrations of alkylamide and Na-MMT to optimise the d-spacing (> 38.4 A) and

Tmax

(shifted +15-20 °C). An im balance was shown to lead to the presence of agglom erated
clay platelets which decreased the thermal stability of the PSCN matrix.

The one-pot synthesis of PSCNs incorporating NVF molecules, has to da te been less
successful.

Attempts to produce PSCNs from pre-formulated NVF-MMT organoclays

resulted in MMT remaining stacked in the PS matrix. The lack of dispersion was attributed to
space-filling NVF and w a ter making the MMT gallery congested and hindering the
penetration of styrene monomer. XRD and TG analysis identified the slight expansion of the
MMT galleries by NVF and the presence of two states within the galleries. These states were
thought to be (i) NVF directly associated with Na+ cations, held thermally stable until 260 °C
and (ii) interstitial space-filling NVF, held thermally stable until 130 °C.

The removal of space-filling NVF and w ater led to a uniform dispersal of the NVF-MMT
organoclay throughout a PS matrix. This dispersal shifted the

Tmax

> +20 °C. However, the

dooi = 25.7 A shown by the corresponding PSCNs indicated that the concentration of PS
within the galleries was limited. It was thought that polymerisation through the galleries was
predominantly betw een NVF molecules. These were bonded at the gallery edges to the
PS matrix and homogeneously dispersed as the PS chain growth propagated.

The one-pot synthesis of foam taine scab (FS)-MMT PSCNs has so-far been unsuccessful. The
MMT galleries in FS-MMT organoclays were shown to be expanded by 10.6 A, to 22.3 A.
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These organoclays showed that the am photeric surfactant had a relatively high thermal
stability (i.e.

Tmax

= 320 °C) which showed promise for its application within various

processing methods and polymeric systems. However, in attempts to produce PSCNs the
organoclay failed fo disperse. This could have been due to the high m olecular w eight of
the surfactant, the variety of charge carried by the surfactant or the relatively high thermal
stability of FS in the MMT galleries, which was much higher than the production process
used.

7.1.3

Associated Studies on Unsaturated Polyester-Clay Nanocomposites (UPCNs)

TG analysis of the UPCN samples showed a slight positive shift of

Tmax,

from 360 °C for

standard resins to 375 °C for the UPCNs (-15 °C). The increased thermal stability offered by
the S-MMT was more effective under air than under a nitrogen atmosphere, which may
have been evidence of the formation of a char layer.

The XRD traces showed that no exfoliation had occurred in the UPCN, but that the silane
m odified MMT (S-MMT) was well dispersed. This was believed to have been due to an
unsuccessful silane treatm ent process a t Scott-Bader.

Solvent resistance tests showed that the UPCNs were more resistant to w a te r and ethanol
than the standard resins. In all cases the SB post-cured materials were the most resistant to
solvent diffusion, which was attributed to a higher degree of cross-linking.

Dimensional

stability tests on the resins and UPCN materials were co nd ucte d and the dimensions were
recorded after heating to 250 °C, 300 °C and 320 °C. The UPCNs were shown to have
approxim ately 2.5 % less dimensional loss than the corresponding resins.

ESEM topographical analysis showed an increase in the surface roughness of the UPCN
relative to the UPR a t increased temperature. The samples' surfaces b e ca m e rougher and
more stable to the radiation em itted by the microscope after exposure to higher
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temperatures.

AFM tapping m ode analysis provided roughness analysis d a ta which

showed the smoothing effe ct of higher temperatures on UPR and the increase in surface
roughness in the UPCN (~5x).

Also, phase imaging showed that S-MMT had not been

uniformly dispersed in the UPCNs.
topographically low regions and

This was signified by an a b u ndan ce of UPR in
an

abundance

of a

crystalline clay

phase in

topographically high regions of the materials surface after heating.

ATR-FTIR analysis of the UPR and UPCNs, showed that the S-MMT had a good synergistic
effect on the overall material.

Under both post-cures, the addition of the organoclay

reduced the decrease in intensity of a band a t 1070 cm-'

(v n n g (C -H ))

and slightly reduced

the increase in intensity of the band arising betw een 1778 cm-1 ( v ( C = 0 ) , high frequency
carbonyl).

This was thought to be evidence that the well-dispersed clay agglom erates

reduced the form ation of combustion products, this was either done by thermally stabilising
the polyester structure through formation of a char layer or by slowing the mass transit of
thermally degraded by-products from the polyester structure by acting as a tortuous path
to diffusion.

7.1.4

Kaolin-Phenylphosphonic Acid (KPPA)

The XRD analysis of kaolin intercalated with phenylphosphonic acid showed the interlayer
to be expanded by 8.4 A; this was consistent with the phenyl ring of PPA being oriented at
a high angle to the kaolin basal surface. TG analysis of the PPA intercalated in the kaolin
crystal structure to form an expanded phase that exhibited remarkable thermal stability.
The intercalation by reflux from a w ater-acetone mixture slowed beyond 15-days, however,
intercalated m atter did increase in concentration as shown by TGA / DTG (fig. 6.5 and 6.6).

DRIFTS analysis showed that the KPPA complexes had retained w ater as well as PPA and
that by heating these samples, this H-bonded w a ter could be lost. 31P MAS NMR of all the
KPPA samples showed three peaks at +1.2, -3.7 and -7.3 ppm which represented PPA

301

existing in three non-equivalent bonding states at the kaolin surface.

The evolution of

hydrogen bonded w a ter app eared to alter the nature of the bonding, shown most notably
by the disappearance o f a shift at -3.7 ppm, which m ay have indicated the presence of
PPA in a hydrogen bonded state after refiuxing.

The inability to form nanocomposites through the union of KPPA and PS was thought to be
due to the incom patibility of the production processes for the materials. The very high
thermal stability of the hybrid materials shown in this study indicated that the use of
covalently

bound

intercalate

in

nanocom posite

m anufacture

warrants

further

investigation.

7.2

Further Work

7.2.1

ATR-FTIR Study of PSCN Reaction Kinetics

The main regions that have been studied, so far, are the disappearance of C-H st. - 951841 cm -’ and the a p p earance of C-H bend - 2955-2837 cm-1.

Linked spectrum at 0.066 min.

0.5
0 .4 -

C-H bend
951-841 cm

0 .3 -

C -H st
2955-2837 cm 1
Linked spectrum at 325.683 min.
0.7

0.4
0.3
0.2
0.1
0 .0 .
2000

1000

Wavenumbers (cm-1)

Figure 7.1

ATR-FTIR spectra of (a) styrene / 1wt% C15A and (b) polystyrene/1 wt% C15A.
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Figure 7.2

Styrene/1 wt% BPO initiator, cured at 80 °C. Spectra taken every 15 mins, for
500 mins total.

*

Log(1/R)

'iSffl

-

-

500

400

0 .1 0 -

-

0 .0 8 0 .0 6 -

-

300

200

0 .0 4 -

0 .0 2 -

0.00

100

-

2000
Wavenumbers (cm-1)

Figure 7.3

Styrene/1 wt% BPO lnitiator/1 wt% C15A, cured at 80 °C. Spectra take every
15 mins for 500 mins total.
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Figure 7.4

Integrated series peaks for styrene/1 wt% BPO sample, (a) appearance
C-H st. 2955-2837 c m 1, (b) disappearance C-H bend 951-841 cm*1.
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Figure 7.5

Integrated series peaks for styrene/1 wt% BPO/1 wt% C15A, (a) appearance
C-H st. 2955-2837 cm*1, (b) disappearance C-H bend 951-841 cm*1.
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In studies co n d u cte d to follow changes to the IR spectra during the cure of virgin polymers
and PSCNs, there a p p e a re d to be a distinct increase in the rate of polymerisation of
styrene brought abo ut by the presence of the organoclay.

One possibility is that ionic

polymerisation of the styrene by the aluminosilicate surfaces markedly increases the
polymerisation process.

In recently co n d u cte d studies to follow the polymerisation rate of various samples
com pared to virgin PS (com parative sequential IR spectra are shown in fig. 7.217.3). The
plots of integrated peak area (fig. 7.417.5) for the primary regions of interest showed that
polymerisation reached com pletion for the PSCN formulation in approxim ately 200 minutes,
whereas virgin PS took >600 minutes to reach the same degree of polymerisation in the
absence of an organoclay. The exact nature of this catalysis is uncertain, but it has been
shown that a t low concentrations C15A can be intimately dispersed within a PS matrix, and
the clay brings the styrene monomers into c o n ta ct with metal ions and hydroxyl groups.
These initial investigations could form the basis of a wider kinetic study of PCNs.

7.2.2

GPC Analysis of Selected PSCNs

The analysis of only a small selection of samples by gel perm eation chrom atography (GPC)
has been co n d u cte d to d a te (table 7.1).

Sample

Table 7.1

Description

1

Polystyrene - Aldrich Standard (Av. MW 120,000)

2

Polystyrene/BPO (lwt% Initiated)

3

Polystyrene/Na-MCBP-CTAB (1 wt%)

4

Polystyrene/Na-MCBP-TTAB (1 wt%)

5

Polystyrene/Na-MCBP-DTAB (1 wt%)

6

Polystyrene/Na-MCBP-OTAB (1 wt%)

7

Polystyrene/Decanamide (1 wt%)/Na-MMT (1 wt%)

8

Polystyrene/C 10A (1 wt%)

Description of samples analysed by GPC.
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The aim was to distinguish w h at effect, if any, that different organoclays had over the MW
of different PSCN samples.

Table 7.2

The

M n, M w

Sam ple

Mn

Mw

PDI

1

58273

121395

2.083

2

67240

117939

1.754

3

14492

57385

2.271

4

16563

38134

2.113

5

18046

30113

1.818

6

25269

37890

2.614

Com parison of M w for samples

- 6.

and PDI d a ta suggested that as the length of the alkyl chain increased the

and PDI increased.

The reasons for the increase in

Mw

Mw

and PDI are unclear, but may

represent an increase in the concentration of m onom er and initiator within the clay
galleries. These first results also support results reported in ch.4, with the increased chain
length offering greater thermal stability.

The GPC results for PSCNs form ulated using a C10A organoclay and by an OPS m ethod
incorporating decanam ide and Na-MMT are shown in table 7.3.

Sample

Table 7.3

Mw

PDI

7

16929

112999

6.675

8

19593

114829

5.861

Com parison of M w for samples

- 6.

Due to the nature of the OPS material (i.e. sample 7, table 7.3), the results of this self
assembling system were expected to be unpredictably varied, due to the differences in
alkylamide interaction throughout the sample.
sample 8, table 7.3) also showed high

Mw

The PSCN form ulated with C10A (i.e.

and PDI, this result, especially the PDI m ay be a

306

strong indication as to why the thermal stability of other samples m ade with C10A was so
poor.

The mid-range PDI could be indicative of a polymer system in flux, with a high

degree of heterogeneity, due to m onomer being excluded by the organoclay.

This samples w ould need to be repeated and the series extended to encompass other
factors like change of organocation, initiator and their loading.

7.3

Future Work

The work in this thesis could be expanded upon in a number of ways:
a.

By conducting

a

direct comparison

of all the N-alkylammonium

and

N-

alkyltrimethylammonium surfactants used in this thesis (i.e. thermal stability of
organoclays) with all the different clay species. This m ay be investigated further by
exchanging a selection of the samples on organoclays with different exchange
cations.
b. The e ffe ct of iron content on the thermal desorption of compatibilising agents
could

be

investigated

further by graduating

aluminosilicate and monitoring the effect on
c.

the

content

of iron in the

Tmax.

By conducting a comparison betw een the PSCNs generated in this thesis and
samples generated by other processing methods (i.e. melt polymerisation) it would
be possible to determine w hat industrial advantages may be gained from in-situ
polymerisation of PSCNs; time did not permit this comparison to be com pleted.

d. Further investigation of the novel techniques for OPS and PSCN production
(especially incorporating decanam ide and vinylformamide) w ould undoubtedly
expand upon the promising initial results.
e.

Expansion and com pletion of the kinetic study of PSCN curing.

f.

The UPCNs m ay be significantly improved through greater quality control of the
silane m odified MMT and an increased styrene swelling duration for the organoclay
species.

307

Further NMR studies of the KPPA samples produced in this thesis described in
chap ter 6. The further use o f 31P MAS NMR and also analysis by 29Si MAS NMR may
confirm the bonding states present at the kaolin gallery.
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Associated Work
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8.1

Conferences Attended
Materials Research Day.
Location: Sheffield Hallam University. Date: 16,h January 2001.
Poster: Thermal Analysis o f Alkylammonium Exchanged MMT.
M ineralogical Society, Clay Minerals Group Autumn Meeting.
Location: University of Huddersfield. Date: 17th O ctober 2001.
Materials Research Day.
Location: Sheffield Hallam University. Date: 17,h January 2002.
Poster: Thermal Characterisation o f Polystyrene-Clay Nanocomposites.
IRDG University Research Meeting.
Location: Strathclyde University. Date: 11th April 2002.
IRDG Christmas Meeting.
Location: King's College, London. Date: 18th Decem ber 2002.
Materials Research Day.
Location: Sheffield Hallam University. Date: 22nd January 2003.
Hybridnet Meeting.
Location: Sheffield Hallam University. Date: 15th April 2003.
IRDG University Research Meeting.
Location: UMIST, Manchester. Date: 15,h O ctober 2003.

8.2

Postgraduate Study

The following taught units were atte nded as an integral com ponent of the research studies
aspect of the degree:
Date
2001
2001
2001
2001
2001
2001

Course
Vibrational
Spectroscopy
Polymers and Liquid
Crystals
X-ray
Crystallography
X-ray
Fluorescence
Topographical
Analysis
Industrial Polymer
Processes

Location
Sheffield Hallam
University
Sheffield Hallam
University
Sheffield Hallam
University
Sheffield Hallam
University
Sheffield Hallam
University
Scott-Bader,
Wellingbrough
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Duration
8 hours
8 hours
8 hours
8 hours
8 hours
4 days

Future Publications

8.3

1. TG-MS Studies of the Thermal Decomposition
Exchanged MMT: The Formation of Ring Compounds.
A. Cunningham, C. Breen, in press

of

Alkyltrimethylammonium

2. The Effect of Organic Modifier and Initiator Properties on the Thermal Stability of
Polystyrene-MMT nanocomposites.
A. Cunningham, C. Breen, in press

3.

Intercalation of PPA into Kaolin and Halloysite,31P NMR and Related Studies.
C. Breen, A. Cunningham, in press
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