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Abstract

Composites of clay minerals have been prepared with organic monomers for subsequent
study upon polymerisation. Particular combinations of clays and organic species have
enabled three unique systems to be studied.

The first involves the intercalation of the clay minerals Kaolin and Halloysite with
Phenylphosphonic Acid (PPA). The intercalation process proceeds via the use of an acetone /
water entraining agent and subsequent analysis by Diffuse Reflectance Infrared Fourier
transform Spectroscopy (DRIFTS), X-Ray Diffraction (XRD), Thermogravimetric Analysis
(TGA) and Evolved Gas Analysis (EGA) using TG-Mass Spectrometry. This has revealed the
remarkable thermal stability of these intercalates; they are stable to above 450 °C, and exhibit
interlayer spacings of 15.4 A. Furthermore, the fate of the water as the entraining agent is
determined and is found to be hydrogen bonded to the phosphonic acid moiety of PPA and
also weakly bound to the inner surface hydroxyls in these clays. This water represents an
opportunity for displacement by an organic monomer, and the lone pair of electrons on the
oxygens also provide scope for coordination. Hence, the PPA intercalates were treated with
the monomer N-vinylformamide (VFA) and evaluated for subsequent polymerisation.

In the second system, montmorillonite was intercalated with VFA and then treated with a polar
activator (Propylene Carbonate) prior to polymerisation. The polar activator interacts with the
bifunctional VFA molecules causing the clay to swell further prior to polymerisation. This
produces significant differences in the XRD traces with and without polymerisation of VFA in
the presence of the clay. If the polar activator is absent the do4) Spacing is 21.0 A. If the polar
activator is present then no do) is observed , in a situation reminiscent of an exfoliated
nanocomposite.

In the last system studied an in — sifu intercalative approach was employed. Montmorillonite
was treated with dialdehydes and diamines capable of reacting together to form amino resins
oligomers and polymers. The molar ratio of the two reactants determines the intermediate and
hence the subsequent product that is formed as characterised by DRIFTS. In a binary mixture
where both reactants are simultaneously added to the clay, if the aldehyde is in excess, then
dimethylol condensation products are formed. If the amine is in excess then monomethylol
‘condensation products are formed. Sequentially adding these two reactants to clay (i.e.
treating the clay first with one reactant and washing to remove any excess, then adding a
second reactant) also has a bearing on the results. If the amine is added first, then the
aldehyde is able to displace it from the clay interlayer. If however, the aldehyde is added first,
then monomethylol reaction product is seen and this together with DRIFTS_TGA _and_XRD

analysis indicates that some of the aldehyde has been removed during the washing process.
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Chapter One — Introduction

1.1 Aims and Objectives

Clay mineral — organic composites have been studied within this thesis using a selection of
layered minerals and organic species. Particular combinations of clays and organic species
used enabled unique systems to be studied, and permitted the formation of clay mineral -
nanocomposites from these materials. The systems studied can be divided into three areas,

each related but with differing objectives.

1.1.2 Kaolin / Halloysite — Phenylphosphonic Acid

The clay minerals kaolin and halloysite were modified with phenylphosphonic acid to form
intercalation compounds. These products were then subjected to thermal and spectroscopic
analysis to ascertain their stability versus temperature and also the nature of the interaction
between the clay mineral and phenylphosphonic acid.

Furthermore, the resultant intercalation products and untreated minerals were then treated

with N-vinylformamide with the aim of forming nanocomposites.

1.1.3 Amine — Aldehyde Clay Composites

This work was undertaken as an exploratory study for Schlumberger Cambridge Research
(SCR). Montmorillonite (SWy-2) was treated with various amines and aldehydes (in aqueous
solutions) to form a (nano) composite capable of shale stabilisation. The reaction product
between these two organics may be an imine and it was hoped to form a polyimine between
the clay layers. Alternatively this reaction may also form an amino resin, hence it was
necessary to examine any evidence for imine or amino resin formation. The montmorillonite —

single reactant systems were also studied.

1.1.3 Montmorillonite — N-vinylformamide Composites

Montmorillonite was treated with the monomer n-vinylformamide with the aim of polymerising

this monomer within the layers of the clay to form a nanocomposite. Most nanocomposites



are formed via the use of an organoclay, but the aim here was to investigate a system that
had not been organfunctionalised. Furthermore the use of a polar activator to aid in

nanocomposite formation was investigated.

1.2 Shale Stabilisation

The market for oilfield chemicals has been estimated at approximately £100 million p.a. in the
North Sea sector alone and ten times this value elsewhere. When drilling for oil, shale is one
of the most common rock types encountered, making up more than 75% of drilled formations
and causing more than 90% of borehole instability problems.1 Some of the common wellbore

instability problems are illustrated in Figure 1:-

FRACTURING

ENLARGEMENT

COLLAPSE

Figure 1.0 Common Borehole Instability Types.

Shales are rocks that have been formed by the compaction of marine sediments over time.

Water is squeezed out of the rock as the sediment is buried deeper and deeper by the
deposition of further sediment layers. Such marine sediments become more compact as the

depth of burial increases. In turn, this compaction will increase as long as excess water is



able to escape from the shale. Consequently older shales are more compact, retain less
water and as a result are hard and less easily dispersed into water, whereas younger shales,
are softer and disperse easily in water®.

Shale is typically composed of quartz, feldspar, pyrite, gypsum, moisture and a large amount
of clay — kaolinite, illite and mainly montmorillonite. Montmorillonite is a swelling clay — it is
able to intercalate a large amount of water which penetrates between the layers of the clay
thus causing it to expand. Conversely, non swelling clays such as kaolinite and illite swell to a
much less degree if at all in the presence of water. The amount of clay found in shale is
dependant on the composition of the shale sediments as they are deposited on the seabed.
The type of clay encountered in shale not only depends on the composition of marine
sediments at the time of deposition but also the conditions to which the sediment is subjected
once buried.

The presence of montmorillonite in shale is indicative of younger less compacted shales.
When these sediments age and the depth to which they are buried increases, the percentage
of illite in the shale increases. lllite is formed from the conversion of montmorillonite by a
process called diagenesis. The driving force for diagenesis is thought to be the temperature
attained as the sediments are buried deeper, rather than the pressure exerted by such burial®.
The adsorption of water can be seen in the enlargement of the borehole in Figure 1.0, and
this also causes collapse*®. Both these problems reflect the property of montmorillonite to
adsorb vast quantities of water and, hence, why this clay is the most troublesome found in
shale. As the montmorilionite in rocks swells on contact with water the sides of the borehole
also swell leading to fragments dislodging themselves and leaving behind enlarged spaces
within the borehole or subsequent fracturing. These fragments may fall further down the hole
causing blockages. In addition the swelling may be so great as to cause narrowing of the hole
in more extreme conditions.

It should also be noted that temperatures in boreholes may reach as much as 60 — 80 °C in

the North Sea and even up to 150 °C off the coast of Saudi Arabia and in the Gulf.




1.2.1 Solutions to Borehole Instability

The destructive effect of montmorillonite on borehole stability has made it very desirable to
find a solution to this problem. The collapse of a borehole ultimately leads to downtime and
simply inserting a pipeline / steel casing is not economically viable i.e. bore hole instability is
costly.
The mechanisms by which reactive shales may be stabilised include chemical adsorption,
reducing clay dispersion in drilling fluids, prevention of water invasion, binding together of
shale particles to improve mechanical strength and increasing mud lubricity (thus reducing
mechanical damage from the drillstring)?.
In order to address these mechanisms, drilling muds have been employed. The use of such
drilling muds may enable drilling to continue for longer periods without the need for steel
casing. Using less casing may also enable as much as £500000 per well to be saved. The
main desirable properties identified in such muds include the following®:
+ Control of density — prevents blowouts from the borehole which occur when porous
rocks are drilled.
+* Rheology — required for the efficient removal of suspended drilled solids (cuttings)
from the dfrill bit to the drill platform.
+ Filtration — This is effected by the use of solids in the drilling mud which form a thin
layer of low permeability on the inside of the borehole. This reduces the amount of
fluid permeating into the shale pore spaces and therefore prevents excessive wall

cake accumulation and fluid loss.

1.2.2 Drilling Muds.

Oil based muds (OBM) contain, as the name implies oil, barite as a weighting agent and
drilled solids such as clay to improve the filtration and rheological properties. As the clays are

hydrophilic surfactants are added to counteract this. OBMs were first used in the late 1970’s

——and-their-use-quickly-became-widespread-due-totheirhigh effectiveness attained during shale
drilling”. In addition, OBMs satisfy the criteria laid out above for drilling muds. However,
OBM produce oily wastes which have a lasting environmental impact and has resulted in the

banning of OBM or the reduction of waste to near zero levels®.



This has lead to considerable research into the development of water based muds (WBM).
WBM again contain barite for reasons discussed above but also polymers and surfactants to
maintain borehole stability. Clays / water suspensions also provide high-shear velocity, yield
stress and ﬂuid loss control. Soluble salts such as KCl are also added to reduce the
dispersion of clays and promote shale inhibition by shielding the negative charges on the
clayg. Polyacylamide was commonly used as the polymer additive, but these WBM proved
less effective than OBM in promoting shale stability and also not nearly as cost effective.
Cationic polymers have also been used as shale inhibitors in WBM but (although the
performance was good), these proved incompatible with other mud additives’, have an
environmental impact on marine species and have high depletion rates that increase drilling
costs'".

Research carried out in this study has investigated the possibility of forming a polymer that
will prevent a shale from swelling and effecting mud rheology. Such a polymer may be a
polyimine, formed from the reaction between an aldehyde and amine. The polymer may

interact with the clay thus forming a clay mineral - polymer nanocomposite.

1.3 Nanocomposites.

If the market for polymer nanocomposites is examined the projected figures show how

important this class materials is becoming (Table 1.0).

Global Market million Ib
Market Sector Year - 2004 Year - 2009
Packaging 105.9 367.6
Automotive 50.6 345.7
Building & Construction 13.3 151.5
Coatings 21.9 63.5
Industrial 18.2 48.1
Qther-Markets 19:9 673

Table 1.0 — Market Analysis of the Projected Growth of Polymer Nanocomposites.




The projected growth for polymer nanocomposites serves to show not only the importance of
this material but also the diversity and growth of an important market.

A composite material usually comprises of two or more materials possessing complementary
physical and chemical properties. Together these materials are expected to produce a
synergistic property, which is difficult to attain separately from that of the individual
components. Usually one component serves as the matrix in which particles of the other are
uniformly dispersed. A polymer is one of the primary components and an inorganic particle (a
filler) the other.

These polymer composites (sometimes called macro or microcomposites) are commonplace
and are used in diverse applications such transportation vehicles, construction materials,
electronics, sporting goods, and many other consumer products'?. The new property obtained
from such a composite can be illustrated by looking at the construction industry where such
materials offer the advantage of low weight but high strength, stiffness and durability.

The resulting properties depend largely on the interfacial interactions and mixing between the
organic polymer phase and the dimensions and microstructure of the particulate inorganic
filler phase. As such these phases are generally incompatible, but a better interfacial
interaction will impart better properties to a polymer composite such as high modulus, tensile
strength, and hardness as well as resistance to fatigue, cracking and corrosion'>". In a worst
case scenario the phases would be immiscible resulting in a coarsely blended
macrocomposite with chemically distinct phases. This results in poor physical attraction
between the organic phase and the inorganic filler phase. Indeed, when the phases are still
compatible to a degree, micometer size filler particles may still act as stress concentrators.
Nanocomposites are often described as “new class” of materials, where again, there is a
combination of two or more phases containing different compositions or structures but, more
importantly, at least one dimension of the dispersed phase is in the nanometer range'. The
phases may be inorganic — inorganic, inorganic — organic, or organic — organic'>. The

resulting material may be amorphous, crystalline or semicrystalline.

Similarly, nanocomposites enjoy a wide range of similar applications to their macro and micro
counterparts such as enhanced mechanical and barrier properties, fire retardation, magnetic,

electronic and optical properties. Biological, polymer based nanocomposites are also



widespread. Examples of these include bones, cartilage cobwebs, cuticles, scales, teeth,
shells, and wood. These are derived from inorganic phases such as carbonate and phosphate
minerals and from biological polymers such as carbohydrates, lipids and proteins'®.
These improved properties are generally thought to make nanocomposites better than their
counterparts due to the nanometer size characteristics of the dispersed phase. Arguments
supporting this include that they maximise the interfacial adhesion, due to the small size of
the phase and therefore the high surface to volume ratio'’; the inorganic phase is now too
small to be a stress concentrator; quantum size effects; coulombic charging effects originating
from the nanometer sizes and morphology'®*°.
Alexandre and Dubois', in their comprehensive review, identify three different types of
nanocomposites, dependant on the number of dimensions of the dispersed particles that are
in the nanometer range, -
1. Isodimensional nanoparticles. These have three dimensions in the order of
nanometers such as spherical slica nanoparticles and semiconductor nanoclusters®.
These are obtained by in situ sol — gel methods or by polymerisation promoted
directly from their surface®"?.
2. Nanotubes or “whiskers”. These have two dimensions in the nanoscale with a third
larger one forming an elongated structure. Included here are carbon nanotubes or

2% These have been extensively studied as reinforcing

cellulose whiskers
nanofillers.

3. Polymer layered crystal nanocomposites. Here, only one dimension is in the
nanometer range. The filler is present in the form of sheets of one to a few
nanometers thick and hundreds to thousands of nanometers long. This class of
material is obtained by intercalation of the polymer (or monomer which is
subsequently polymerised) inside the galleries of the layered inorganic crystals. This

class of nanocomposite offers an extensive range of improved properties as

previously discussed.

One of the most widely studied layered host crystals in the third category above are clay
minerals. They are easily available, relatively cheap and their intercalation chemistry is well

studied. Furthermore the smectite group of clay minerals, which includes montmorillonite, can



readily accommodate either polymers or monomers within their galleries, and effectively form
nanoscale building blocks. Clay mineral nanocomposites are reviewed in more detail in later
chapters.

One of the main advantages of using clay minerals as fillers is their ability to swell when
accommodating an organic phase such as a polymer. In order to overcome the hydrophilicity
of clays and enable them to swell more, they are often treated with an organic to form an
organoclay. Organoclays are commonly used to subsequently form nanocomposites due to
their enhanced swelling abilites. The use of phenylphosphonic acid (PPA) has been
investigated to such an end by treating kaolinite with this organic, and subsequently treating
this intercalated clay with the monomer N — vinylformamide, prior to polymerisation.

In this thesis the formation of hanocomposites have also been investigated without the use of
such organoclays. The use of N — vinylformamide has been employed as a route to
nanocomposite formation without the use of organoclays, as this monomer swells

montmorillonite to a large extent.




Chapter Two — Clay Mineral Structures

2.0 An Introduction to Clay Minerals

Clay minerals are the product of chemical weathering of minerals formed deep within the
earth such as feldspars and other silicate minerals. The weathering is initiated when minerals
meet the atmosphere and react with it. However, they may also be formed by deposition as a
sediment or by hydrothermal action.

As a result they are the major components of soils, sedimentary rocks, the outcrops of which
cover about 75% earth’s land surface, and of the pelagic oozes blanketing the ocean basins.
Clay minerals are composed of silica, alumina, water and usually a quantity of iron, alkalis
and alkaline earth metals.

In terms of size, clay minerals are generally thought of as less than 2um to a geologist and
less than 4um to engineers and soil scientists, 2um being the generally accepted size.
Indeed, one of the ways in which clays are separated from their bulk rock or soil constituents
employs size fractionation.

Clays have, and continue to be one of the most important industrial minerals, enjoying a wide
range of uses. They are important in geology, agriculture, construction, engineering, process
industries, and environmental applications. Traditional applications are many. Some of the
more important include ceramics, paper, paint, plastics, drilling fluids, foundary bondants,
chemical carriers, liquid barriers, decolourisors and catalysis® 2.

Research and development activities in academia, government and industry are continually
resulting in new and innovative clay products. Many of these new applications are the result
of improved processing, which provides clays of higher purity, more precise particle size and
distribution, whiter and brighter colour, modified surface chemistry and other physical and

chemical modifications. Some new and improved clay products include tailored or engineered

paper coating kaolins, enhanced paper thickeners, nanofillers for plastics, pillared clays as

special absorbents and catalysts, clays for fertilizer suspensions, clays for the adsorption of



animal wastes, calcined kaolins with high brightness and low abrasion, faster casting clays,
and clays with a high modulus of rupture?’.

The diverse usage of clay minerals is directly attributable to their variation in structure. It was
not until the 1920s that clays were first analysed and discovered to be crystalline materials by
X —ray diffraction (XRD) studies, although in the late 1800s clays were already gaining
interest beyond the traditional applications of the time such as ceramics. As other techniques
such as infrared spectroscopy, thermal analysis and electron microscopy came to the fore in
the middle of the 20th century the chemical and physical properties, and, more importantly,

their structure were then more clearly understood®.

2.1 Clay Structure

Most clay minerals have a characteristic arrangement of their constituent atoms in interlinked
planes. This gives rise to the sheet structure within clays and hence clays are generally
known as sheet silicates or phyllosilicates. These sheets when linked together form layers
within the clay. These layers are polymerised or stacked to give two dimensional structures in
a clay particle. It is the arrangement and composition of the layers that give rise to differing

clays. Essentially, two types of sheets are found in clays.

2.1.1 The Tetrahedral Sheet

A tetrahedral sheet is comprised of SiO,* units, in which each Si is surrounded by four O to
form a tetrahedron. Bonding to achieve the sheet — like structure is through sharing of basal

oxygens (Figure 2.0). The sheét is flat with all the tetrahedral bases lying in the same plane.
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2.1.4 Isomorphous Substitution

Isomorphous substitution occurs in clay minerals when cations of the same charge but different
valency (usually lower) replace ions in both the octahedral and tetrahedral sheet. This results in a
negatively charged structure and this positive charge deficiency is neutralised by sorption of
interlayer cations between the layers of the clay (see below). These hold the sheets together.

Typical substitutions are Mg for Al in the octahedral sheet and Al for Si in the tetrahedral sheet.

2.1.5 Interlayer Cations

The interlayer cations (or exchange cations) influence the surface and colloidal properties of clays
and may themselves be exchanged by other cations (metallic or organic). They are present when
isomorphous substitution occurs and neutralise the negative charge imparted on the structure
caused by isomorphous substitution. The interlayer cations may be hydrated and the addition of
more water or an organic may cause the interlayer space of a clay to swell; this is termed
intercalation. Such a clay may now have different properties depending on the intercalant. The
charge (and size) of the interlayer cation will determine the capacity of the intercalate e.g. a Na*
exchanged montmorillonite will expand in water to interlayer spacings of greater than 20 A,
whereas a Ca** exchanged montmorillonite due to its greater attractive forces exerted between
layers by the Ca®" ion will only expand to 17 A. When formed naturally, calcium is a predominant

interlayer cation, while sodium and magnesium are common.

2.1.6 Cation Exchange Capacity

The cation exchange capacity (CEC) is the maximum number of these ions that may be
exchanged. It is determined by immersing a quantity of clay in an aqueous solution containing a
salt, usually chloride, or ammonium hydroxide. The clay is extracted from the solution after being

washed several times to ensure that there is no residual salt present, and therefore that all of the

___cations-are-fixed-on-the-surface-or-in-the-clay-(hence exchange capacity). The washing step is
carried out to homogenise the ionic species present in the sample in order to quantify the amount

of material present naturally. In this way, the CEC reflects the overall charge imbalance on the
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layer structure and the exchange capacity of the clay — it is an estimate of both the number of
ions adsorbed between the layers of a clay structure and of those adsorbed on the outer
surfaces. It is measured in terms of the quantity of ions present in milliequivalents per 100g of

dried clay.

2.1.7 Classification of Clay Minerals

Some of the differences in clay minerals arise therefore, from the arrangement of the sheets, the
layer charge and the extent of isomorphous substitution, and the nature of the interlayer cations.
These properties also determine a clays ability to intercalate other species into the layer

structure. Clays to be classified into seven groups, according to their layer charge: -

1. The kaolinite and serpentine group. Has a 1:1 arrangement, and an overall layer
charge of zero. There is no isomorphous substitution and hence no interlayer cations.
Intercalation is possible but relatively difficult to achieve. Typical examples of minerals of
this group include kaolinite , Al,(Sis010)OHg and halloysite, Al,Si,05 OHs.4H,0.

2. The pyrophyllite and talc group. This group contains non — swelling 2:1 minerals, with
a layer charge of zero, resulting from the lack of isomorphous substitution. Hence
intercalation and cation exchange are not possible. Typical examples include talc
Mgs(SisO20)(OH)4, and pyrophyillite Aly(SigO20)OH),.

3. The smectite group. This group of strongly swelling clays have a 2:1 ratio (octahedral to
tetrahedral sheet) and a layer charge of 0.5 — 1.2 per unit cell. Isomorphous substitution
readily occurs with interlayer cations adsorbed to balance the layer charge. Examples
include montmorillonite Nagg(Al; 4Mdos)SisO20(OH)s. Na is shown here as the main
interlayer cation though this may be mixed with other cations such as Ca?, and easily
exchanged not only with other cations but organo-cations such as tetramethylammonium.

4. The vermiculite group. Again a 2:1 layer arrangement. The overall layer charge is 0.5 —

1.2 per unit cell. Here, isomorphous substitution occurs only in the tetrahedral sheet, and
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cation exchange is difficult. Intercalation of water and other molecules is possible.
Examples include vermiculite (Mg, Fe**, Fe**)s (Si>Al)g020(OH)4.nH,0.

5. lllite. The structure is the same as that for montmorillonite except that some of the silicon
ions are replaced by aluminium ions and the resultant charge deficiency is balanced by
potassium ions. The small size of the potassium ions allows short range Van der Waals
forces to contribute along with the electrostatic forces to an increased strength in the
bonding between the layers. Thus the clay layers are held tightly together making
swelling difficult. An ideal structural formula is KAIy(SI3Al)O49(OH),, but Mg and Fe may
also be present. Other formulae are KAl(SI3Al)Oy(OH),.

6. The chlorites. Chiorites have an unusual arrangement of two tetrahedral sheets
sandwiching an octahedral sheet, but also another octahedral sheet together comprising
one layer. This results in a layer charge of 1.1 — 3.3 per unit cell. Intercalation of water
occurs only when the hydrogen bonding between the layers is disrupted. Examples
include donbassite Al(SigO20)(OH)4Al;(OH);s..

7. The mica group. Has a 2:1 arrangement, and a layer charge of <2 per unit cell. There is
isomorphous substitution of si* by AP* in the tetrahedral sheet and this is balanced by
sorption of K*. These K" ions are in twelve — fold coordination, being situated centrally on
the lines of the centres joining the ditrigonal network of oxygen ions of adjacent silicate
layers. This arrangement together with the high charge per formula unit makes it difficuit
to expand the layers due to the strong electrostatic attraction, especially for ions of large
size and low hydration energy (NH,", Cs*) Examples include muscovite.

8. The palygorskite and sepiolite group. These minerals are composed of trimorphic
layers arranged in chains, or bands which are joined through the oxygen atoms. The
tetrahedral sheets are continuous but the apices of the SiO, in adjacent chains point in
opposite directions, giving rise to a corrugated surface with open channels running

parallel to the chains. Examples include palygorskite Mgs(SigO,0)(OH),(OH)4.4H,0.

The minerals studied in this thesis include kaolin, halloysite and montmorillonite and these are

described in further detail below.
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Hence cations (e.g. Na" which can be exchanged) are sorbed between the layers. This results in
weak electrostatic interactions, due to a lowering of the charge density, between the layers
allowing easy swelling and intercalation by water and other polar molecules.

The interlayer cations present in montmorillonite will readily bind water and this reflected in the
dpo1y Spacing of montmorillonites. However, as the interlayer cation varies in montmorillonites,
this is also reflected in the dpoy spacing. Without the presence of water the doyy spacing of
montmorillonite is 9.6 A (with an interlayer cation such as Na*). With large monovalent or divalent
interlayer cations present water will swell the clay to a dor, spacing of 19.0 A. If however, the
interlayer cation is small and monovalent (Na®, Li*), swelling due to water adsorption may be as

much as 40.0 A, reflecting the ability of these cations to hold together the clay layers.

2.4 Clay-Organic Interaction Sites

Clay minerals undergo a varied range of interactions with many organics®, which may result in
specific properties being imparted to the clay; hence the need for a clear understanding of the
source of these interactions before a description of the resulting properties and reactions can be
undertaken.

Johnston® provides a comprehensive review and identifies six predominant active sites.

1. The Neutral Siloxane Surface - This is the SiO,* tetrahedral sheet in a clay. It occurs in 2:1
layer silicates where no isomorphous substitution has taken place (e.g. talc and pyrophylite)
and in 1:1 layer silicates such as kaolin. Each of the surface oxygens are co-ordinated to two
Si atoms and, as previously stated, the oxygen atoms are arranged in a hexagonal network.
This type of surface has a low affinity for water and in terms of surface reactivity the siloxane
surface in clay minerals is considered to be inert and unreactive due to the strong bond

formed between the Si and O atoms.

2. Isomorphous Substitution Sites - This_site accurs as a result-of-isomorphous-substitution-in-2:1

layer silicates and are characterised by a permanent negative charge. Some of the sites are

situated on the basal surfaces of 2:1 layer silicates i.e. the tetrahedral sheet. To compensate
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for this negative charge exchangeable cations (interlayer cations) are sorbed. If present,
organic cations and protonated organic bases can also participate in cation exchange
reactions. The location of these sites has a large influence on the sorption of polar and
charged organic solutes. Substitution in the octahedral sheet creates a soft Lewis base which
changes to a harder Lewis base when the substitution is in the tetrahedral sheet. Selectivity
for inorganic and organic cations, degree of swelling and accessibility of the interlamellar
region are all influenced by the extent and type of isomorphous substitution in layer silicates.
For example substitution of A** for Si*" in the siloxane surface increases reactivity and surface
acidity. Repulsion between non - bonding electron pairs on the oxygen surface increases due
to Al substitution and the overall basic strength increases. The potential for polar organic
molecules to hydrogen bond directly to the clay surface will thus increase as this substitution
increases.

. Exchangeable Metal Cations and Exposed Undercoordinated Metal Atoms - In these sites, an
organic solute co-ordinates directly to the metal cation. The degree of metal - organic
interaction will depend on the ability of the organic solute to compete for co-ordination sites
around the metal centre and the size and charge of the exchange cation. A larger cation will
accommodate larger molecules as it creates more space between the layers due to its large
size such as Cs* or Ba®*. A small highly charged cation such as A** will more easily polarise
incoming molecules - such as water for example - than Ni** and Na®.

. Polarised Water Molecules Surrounding Exchangeable Cations - Two types of sorbed water
are present in this site. There are water molecules directly co-ordinated to exchangeable
cations and interlamellar spaces between the exchange cations, physisorbed water occupying
interstitial pores, or polar sites on external surfaces. The polarised water molecules
surrounding exchange cations can donate protons to adjacent organic solutes and promote a
variety of chemical reactions. Thus organic species may co-ordinate with the metal cation via

a water bridge.

. Hydrophobic Sites - Sorption of organic molecules on clay surfaces can impart a hydrophobic

nature to the clay surface. For example, exchanging of alkyl-ammonium cations for inorganic
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cations on montmorillonite. This creates an organo-clay with unique surface properties with
respect to the original clay, resulting in an organophilic surface. Such a surface on an organo -
clay makes it an efficient sorbent for non polar compounds and helps in nanocomposite
formation.

6. Broken Edge Sites - see section 2.4.1.below on kaolin surface adsorption.

2.4.1 Surface Adsorption on Kaolin

Kaolin has available a siloxane surface (from the SiO, tetrahedral sheet), and an opposing
surface of hydroxyls (from the octahedral sheet) - available for hydrogen bonding. Thus organics
must be able to interact strongly with OHs. In addition, the edges of kaolinite crystals are also
important, as these contain ‘broken bonds’ or broken edge sites. These sites occur at the end of
sheets and layers. The broken edges leave coordinatively unsaturated ions (Si‘“, Als+) which may
react with water molecules to form more surface OH groups. In turn, these surface OH groups
may form inner-sphere complexes with metal species and hydrogen bond to adsorptive or solvent
molecules accumulated at an interface or be influenced by inorganic or organic cations through
electrostatic interactions. At low pH these hydroxylated edge sites develop a positive charge due
to the adsorption of protons. This allows organic acids and oxyanions to interact strongly with
these positively charged sites at low pH. As the pH increases, these sites develop a neutral
charge and ultimately a negative charge when the pH value is greater than the point of zero
charge of the kaolin surface.

These edge sites contribute to the cation exchange capacity (CEC) of the clay and the extent of
the contribution depends on the particle size. Large particles contribute only a minimal amount,
and as the particle size decreases the contribution increases. This is a significant site in kaolin as

kaolin does not have any isomorphous substitution and hence has no exchange cations.

2.4.2 Kaolin Intercalation

As previously described, it is relatively difficult to intercalate organic molecules into kaolin - the

oxygen and hydroxyl planes of successive layers in a single crystal results in interlayer hydrogen
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bonding. Nevertheless, intercalation remains possible, usually with the aid of an organic solvent
containing the intercalating molecule, which itself, must be able to hydrogen bond with hydroxyl
surface of the octahedral sheet. At high temperatures (100°C) the organic solvent first penetrates
the layers. In time this is replaced by the intercalant of interest. Intercalation can also be achieved
without the use of such solvents and using small polar molecules alone such as dimethyl

sulfoxide (DMSO), N-methylformamide and hydrazine®®>3.

2.4.2.1 Intercalation in Halloysite

As might be expected, intercalation in halloysite is easier and generally quicker than in kaolin as
the layers are already separated by the interlayer water. Intercalation of a variety of species is
facilitated by replacement of this water, often in less extreme conditions than needed for kaolin.
This is analogous to the use of 10.0 A hydrated kaolin, which can be used as an intermediate for

the intercalation of other organic species (see Chapter 4)

2.4.3 Intercalation in Montmorillonites

Intercalation in montmorillonites primarily involves the interlayer cations. Organic solutes may co-
ordinate directly with the metal cations as previously described. However, at high water contents,
organic solutes have a limited ability to compete for co-ordination positions around the hydrated
cation. At lower water contents, however, this barrier is removed and unsaturated organic solutes
can participate in electron transfer and subsequent polymerisation reactions.

Non polar organic solutes interact with montmorillonite at four sites in relation to the active sites
previously described - the hydrophobic site (the interaction of non - polar organic compounds will
be greatly enhanced by the presence of hydrophobic "coatings" on clay surfaces), the neutral
siloxane surface, with hydrated cations (weak interaction) and with exchangeable metal cations or

exposed undercoordinated metal cations (Lewis acid sites). Polar organic compounds may

—_ interact-with-the-exchange-cation-and-broken-edge sites on"montmiorillonite.
Organic cations readily replace exchange cations and have characteristically high selectivity. In

terms of active sites, organic cations are stabilised by electrostatic interaction with charge in the
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clays. Kaolin for example, can only adsorb water onto its external surfaces and intercalate water
only under extreme conditions, via an entraining agent. The do1y Spacing caused by the swelling
of montmorillonite with water imparts a larger area to the clay thus facilitating intercalation by
other species, perhaps by replacement of interlayer water.

The driving force for this is the interlayer cation and its associated properties — its size, valency,
electronegativity and hydration energy. These properties may also determine the amount of water
intercalated by a clay. For example a clay with predominantly sodium in the interlayer may
expand up to 40 A, whereas one with predominantly calcium may only expand to 17 A.

However, the charge density of the clay also has a limited affect on the quantity of water
adsorbed. Montmorillonite with a low layer charge intercalates a large quantity of water, whereas
clay minerals with a high layer charge intercalate water less readily — the increase electrostatic
interaction between the layers and cations make it difficult for an intercalating molecule to

separate the layers.

2.5 Mechanisms of Reactions Used in Composite Synthesis.

2.5.1 Free Radical Polymerisation

A free radical is an atomic or molecular species whose normal bonding system has been modified
such that an unpaired electron remains associated with the new structure. Such a radical is
capable of reacting with an olefinic monomer to generate a chain carrier which can retain activity
long enough to propagate a macromolecular chain under the appropriate conditions.

In order to generate free radicals an initiator is often used. An effective initiator is a molecule
which, when subjected to heat, electromagnetic radiation, or chemical reaction, will readily

undergo homolytic fission into radicals of greater reactivity than the monomer radical (Figure 2.8).

(CH3)— N==N C——(CHa)2 2(CH3),——C=+ +Njp
> |

N

C
!

3

CN

!
N

Figure 2.8 — Radical formation illustrated by the Initiator AIBN
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These radicals must also be stable long enough to react with a monomer and create an active
centre. The special reactivity of T — bonds in the C=C double bond makes them susceptible to

'rearrangement if activated by free radicals (Figure 2.9) or ionic initiators. The active centre

H H H

c. A | |
H X |

H X

Figure 2.9 — Creation of active centre by free radical.

created by this reaction then propagates a kinetic chain which leads to the formation of a single'
macromolecule whose growth is stopped when the active centre is neutralised by a termination
reaction.

The complete polymerisation process — whether initiated by free radical or cationic initiators —
proceeds in three distinct stages:-

1. Initiation — when the active centre which acts as a chain carrier is created (Figure 2.9).

2. Propagation — involving growth of the macromolecular chain by a kinetic chain
mechanism and characterised by a long sequence of identical events, namely the
repeated addition of a monomer to the growing chain.

3. Termination — whereby the kinetic chain is brought to a halt by the neutralisation or

transfer of the active centre (Figure 2.10).
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H H Ha2
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H2 | %

Figure 2.10 — Termination of growing chain by reaction with similar chain.

2.5.2 Cationic Polymerisation

Cationic polymerisation occurs with the same three steps as per free radical polymerisation, the

obvious difference being that the active centre is cationically generated (Figure 2.11)

H H H
B e e
X H X

Figure 2.11 — Cationic initiation of active centre.

Chain growth takes place through the repeated addition of a monomer in a head to tail manner, to

the carbenium ion, with retention of ionic character throughout.

2.5.3 Reactions between Aldehydes and Amines

The general reaction between an aldehyde and an amine_can be summarised-as:

RCHO + R'NH; « RCH=NR' + H,0
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The functional group C=N is what is characterised as an imine and in the above equation the
product is a substituted imine or Schiff base. Imines readily hydrolyse back to their constituent
aldehydes and amines unless a stabilising aromatic group is present, or they are able to
polymerise. The above reaction proceeds readily at room temperature.
An alternate product of this reaction is however, the formation of an amino resin or aminoplast via
a two-step reaction (these are discussed further to specific reactants in chapter 7) : -

1. RNH; + HCHO — RNHCH,OH (a methylol unit) with further heating: -

2. RNHCH,OH — RNHCH,OCH,NHR + H,0 ( a condensation reaction).
Alternatively the methylol groups can react further with amino groups, also evolving a molecule of
water in what as another condensation reaction:-

3. RNHCH,OH + H,N — RNHCH,NHR + H,0
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Chapter 3 — Basic Principles of Spectroscopic Analysis of

Clays

3.1Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is now the preferred method of infrared spectral analysis and has several
advantages over the traditional dispersive methods. In a dispersive instrument a prism or
grating is used to resolve the infrared radiation into separate components whereas in a
Fourier transform instrument a Michelson Interferometer is used (see below). This allows all
the infrared frequencies of the source to be recorded in the time domain as an interferogram.
A Fourier transform can be applied to convert the spectrum to the frequency domain. During
the mathematical conversion an apodisation function is used to truncate the interferogram
which removes unnecessary data. Apodisation can affect both the resolution and signal to
noise ratio of the spectrum.

FTIR has been used extensively in clay mineral characterisation yielding information on

%% FTIR, as a technique for clay mineral

structure, interactions and composition
characterization, has the following advantages:
+ Speed of analysis
+ Requires only a small amount of sample (e.g. 5% w/w in KBr)
* Provides information yielding immediate recognition of functional groups
+ Applicable to a wide range of sample types due to the various sampling accessories
available — powder (hence well suited in this aspect for clays), liquid, suspension and film.
Several possible infrared techniques have been used for measuring the infrared spectra of
powdered samples, these include: -
1. transmission spectroscopy (halide discs and mineral oil mulls)

2. diffuse reflectance spectrbscopy

3. emission spectroscopy

4. photoacoustic spectroscopy
Work carried out in studies in this thesis use only diffuse reflectance techniques and this is

discussed in more detail further in this chapter.
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Molecules vibrate (and rotate) when struck by a photon (converting electromagnetic energy to
kinetic energy). If the frequency (€*) and hence the energy (E) of the photon matches a

fundamental vibration (as defined by an anharmonic oscillator ) of the molecule and causes

resonance, the molecule absorbs energy from the photon (Figure 3.1).

E=hv

o O

Figure 3.1 — Simple schematic depicting a photon molecule interaction.

In the above equation v is the frequency of the wave (photon) and h is Plancks constant. The
underlying principle of infrared spectroscopy is the interaction of electromagnetic waves /
photons with the electrons in a chemical bond. As the wavelength is varied, a spectrum of
infrared absorption energies can be recorded.

In energy level terms, the transition from the ground state to the next energy level — the first
excited state - by the absorption of one quantum of light is a fundamental vibration. This is the
mechanism that causes the appearance of absorption bands in the IR spectrum, when a

sample is exposed to polychromatic light.

3.1.2. Modes of Vibration

A polyatomic molecule can be looked upon as a system of masses joined by bonds with
spring — like properties. The position of each of these atoms can be described using three
numbers, which indicates its position relative to a set of axes at right angles (the x, y and z

axes). An atom has three degrees of freedom, which means it can move relative to each of

these axes. This is known as translational movement. Hence molecules_have more degrees—

of freedom because their many atoms can move relative to each other. This gives rise to
rotational and vibrational degrees of freedom. This can be predicted for small molecules

using the following equation:-
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3.1.3. Instrumentation

3.1.3.1. Overview

For the work carried out in this thesis a single beam Fourier Transform Infrared (FTIR)
spectrometer was used. The basic building blocks for such a spectrometer® are a source of
radiation, collection optics, a means to discriminate between wavelengths and a detector. In
such an instrument an infrared beam is passed from a source through an interferometer, then
through the sample, and onto the detector. An interferogram is recorded, by a single scan,
over the full wavenumber range, in a few seconds or less. To improve signal to noise ratio,
several scans are recorded, co-added and then averaged, which reduces the noise
contribution. The interferogram (see later) is transformed by Fourier transform mathematics
into an infrared absorption spectrum. The spectrum is recorded as a single beam spectrum,
so bands due to atmospheric water vapour and carbon dioxide are also present. FTIR
spectrometers operate with a fixed resolution and a variable energy profile. The sample
spectrum is superimposed on that background shape. A FTIR sample spectrum is generated
by ratioing it against a background spectrum, which has been recorded under the same

conditions as the sample spectrum, but without the sample in place.

3.1.3.2. Sources

Sources for infrared are most commonly broad band emitters, thermal for the mid — infrared,
with the sample itself sometimes acting as the radiation source. Sources are usually a rod —
like element of a refractory material which is heated to a high enough temperature to emit
continuous radiation across the mid — infrared region. Ideally, sources need to be stable, long
— lived, preferably rugged and of high emissivity. Examples include nichrome coils, silicon

carbide rods and tunable laser diodes.

3.1.3.3. Detectors

Infrared detectors are essentially of two types; thermal or quantum. Thermal detectors sense
and respond to a change in temperature. They are usually operated at room temperature and
have wide wavelength coverage, but compared to quantum detectors are slow and less

sensitive. Common thermal detectors include pyroelectric detectors, which detect a change in

32



the degree of polarisation as a consequence of a temperature change caused by incident
radiation. These include detectors such as triglycine sulphate (TGS) and deuterated triglycine
sulphate (DTGS).

Quantum (or photon) detectors are both sensitive and fast. They depend on the interaction
between quanta of the incident radiation and the electrons in a solid, which for most infrared
purposes is a semiconductor. The incident photons must be able to excite electrons in the
semiconductor from one state to another, thereby raising it from a non — conducting state to a
conducting state. The excited electrons in the conduction band and the holes in the valence
band can then generate a current via the photoelectric effect. The sensitivity of these

detectors tend to fall off rapidly close to their wavelength limit, since each photon has an
energy (E) which is directly proportional to its frequency (€), (E = h€ = h(c/A). For operation

or optimum performance the elements of many of these infrared photon detectors must be
cooled; for some, simple thermoelectrical cooling is sufficient, others need to be maintained at
liquid nitrogen temperatures (77 K). Examples of quantum detectors include PbS, PbSe,
InGaAs, InSb, and CdHgTe. The latter is most commonly referred to as the MCT (mercury
cadmium telluride) detector, and has a response time as low as 20ns and must also be

maintained at liquid nitrogen temperatures.

3.1.3.4 The Interferometer

IR spectrometers are normally required to interrogate as much of the spectral range as
possible. In FTIR instruments this may achieved by the use of the interferometer. Unlike a
dispersive monochromator, which spatially separates the spectral radiation into individual
components for successive measurement, an interferometer measures all of the spectral
radiation simultaneously; a spectrometer based on an interferometer is a multiplex detection
system. This offers very distinct advantages over a wide range of applications for infrared

spectrometers.

The-—mest—common—interferometer—used —in~commercial vibrational spectrometers is a

Michelson type, or a derivation thereof (Figure 3.3).
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occur between the recombined beams, i.e.. their intensities will be additive. Destructive
interference results when the optical path difference between the two beams is A / 2, i.e. the
moving mirror has moved (been displaced) a distance equivalent to A / 4 for the inphase
position. The optical path difference is sometimes referred to as the retardation (or optical
retardation). If the moving mirror is scanned at constant velocity, the detector will measure a
sinusoidally varying signal as the beams move in and out of phase. The intensity measured

by the detector is therefore a function of the moving mirror displacement.

The Interferogram. As the moving mirror travels away from the position of zero path
difference (Figure 3.3) between the two recombined interferometer beams the intensity of
radiation reaching the detector varies as a cosine function of the optical retardation, which
may be expressed as an equation of the form:

1(8) = B (v) cos (25 / A) = B(v) cos (2110 v)

Where [(d) is the intensity of radiation at the detector, § is the optical retardation and B(v)
represents the single beam spectrum intensity at wavenumber v. [(3) is the cosine fourier
transform of B(v). The single beam spectrum B(v) is calculated by computing the cosine
fourier transform of 1(8). The monochromatic source of wavelength A (the spectrum), and the
cosine wave (its interferogram), represent a Fourier transform pair.

This process is best illustrated as in Figure 3.4. Consider an infrared source emitting a wide
range of wavenumbers. Figure 3.4 (a) shows how the idealised wavenumber domain
spectrum of this source emitting continuously between %, and 9, might appear. We can regard
this spectrum as comprising a very large number of wavelengths between #; and ¥, so that
the corresponding detector signal, as a function of retardation, will be the result od adding
together very many cosine waves of different wavelengths. The signal is large at 5 = 0 since
all the waves are in phase, but else where they are out of phase, interfere with each other and
produce total cancellation of the signal. The intense signal at 5 = 0 is known as the centre —

burst (Figure 3.4 (b)). (Because of slight dispersion by the beamsplitter B the waves at 6 = 0

are not quite in-phase resulting in asymmetry of the centre — burst about 5 = 0).
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Figure 3.4 - (a) Wavenumber domain spectrum of a broad band source and (b) the

corresponding interferogram.

If a single sharp absorption occurs at a wavenumber v, between #; and ¥, the cosine wave
corresponding to v, is not cancelled out and remains in the interferogram (Figure 3.5).
For a continuum source the equation becomes:-

I(8) = J.="" B(v) cos(2md/A) = B(v) cos(21r5 v).
And its spectrum is calculated from :-

B(v) = [."" I(5) cos(2mid) db

Since the magnitude of the centre is large compared to that in the wings of the interferogram,
where, comparatively, the signal to noise may be low but much of the spectrally important
information is encoded, the ADC (analogue —to-digital converter) of the detection system must

have a large dynamic range, typically 10° or better.
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Apodisation. The moving mirror only moves a finite distance, since it cannot travel from
minus infinity to plus infinity, so the interferogram is truncated by a boxcar function (Figure

3.6) the Fourier transform of which is a sinc function.

LR R I B :j
; 11183y RS A TN
B=-a Ny 2=A

Figure 3.6 — Schematic of Boxcar truncation of the interferogram for a single frequency
source. The interferogram is recorded for optical retardation & cm between —-A and +A, 6 = %2

x optical path difference.

The effect of convoluting the spectrum with this sinc function is to introduce positive and
negative lobes to spectral bands. These lobes may be minimised (or effectively eliminated) to
greater or lesser extents (depending on the true bandshape) at the expense of ( increased)
band width and (decreased) band intensity, by replacing the boxcar truncation function with
another algebraic (weighting) function. These functions are known as apodisation functions.

They may be operator selective.

3.1.3.5 Spectral Resolution

The spectral resolution of a Fourier transform spectrum depends on how far the moving mirror
of the interferometer has travelled. To resolve two bands in a spectrum, the extent of travel of

the moving mirror must equal or exceed that necessary to register one complete beat pattern

———generatedbetweenthe two cosine waves in the interferogram that represent the wavenumber
position of the two bands. For a conventional Michelson interferometer the spectral resolution
(cm™) is given by:-

Av=1/Apax
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Where Anax is the maximum optical retardation, equal to twice the distance travelled by the
moving mirror from its position at zero path — length distance (ZPD) between the beams, thus:
a mirror travel from ZPD of ~ 0.25 cm will yield a spectrum of 2 cm™ resolution. A mirror travel

of ~ 2 cm will yield a spectrum of 0.25 cm™ resolution.

3.1.4 Potential Advantages of Interferometric Measurements of

Vibrational Spectra.

Three important and often quoted primary advantages of FTIR spectrometers over dispersive
infrared spectrometers are frequently referred to by the names of the pioneer scientists who
first defined or were closely associated with the principles. They are known as the Fellgett,
Jacquinot and Connes advantages. These are concerned with the multiplex, throughput and

wavenumber precision aspects of interferometric measurements respectively.

3.1.4.1 The Fellgett or Multiplex Advantage.

In a monochromator dispersive spectrometer the single — channel detector only observes one
resolution element at a time, scanning successively through consecutive wavelength /
wavenumber elements until it has built up a spectrum; to cover the normal mid infrared range
this may typically take 10 — 20 minutes. In an interferometer all of the wavelengths /
wavenumbers are being scanned continuously and for the equivalent range this may take 1
second. (Clearly there is a significant time advantage here).

Furthermore, in a system which is limited by detector noise then, providing precise data point
triggering is retained between successive scans (see Connes advantage below), successive
interferograms may be co — added (superimposed) in order to improve the S/N characteristic
of the resultant spectrum. If the spectrum recorded from a scanning dispersive single —
channel spectrometer is composed of M resolution elements, then the spectrum recorded at

the same resolution transformed from a set of co — added interferograms recorded on an

interferometer over the same time period will show a VM better S/N all other parameters being

equal.
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3.1.4.2 The Connes, or Wavelength Repeatability Advantage

Modern spectrometers employ the use of the He — Ne reference laser to monitor the position
of the moving mirror and trigger data acquisition. This ensures exact correspondence
between consecutive data points in successive interferograms. Also, since the wavelength of
the laser is known very precisely, the wavenumber positions of the data points in the FTIR
spectrum can be determined very accurately. This precision in data point repeatability and
wavenumber position is critical to successful co — addition of interferograms, and the
subsequent superimposition of spectra. They are invaluable spectral properties for the
application of spectral subtraction processes and prerequisites for many analyses involving

the comparison of closely matched spectra.

3.1.4.3 The Jacquinot, or Throughput Advantage

The Jacquinot advantage is contained within the fact that in an interferometer the ability to
accept radiation is determined by the collimating area of the interferometer mirrors or the
diameter of the interferometer circular entrance aperture, or the Jacquinot stop. The area of
the Jacquinot stop is generally considered greater than that of the slits within the optical train
of a monochromator system, and hence the etendue and thus the throughput are much
greater in an interferometer. The extent of the gain will be both wavenumber and resolution

dependant, but improvements in the order of 50 — 100 times are typical mid — range values.

3.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

(DRIFTS)

Diffuse reflectance has long been employed as a versatile sampling technique for ultraviolet,
visible, and infrared spectroscopic analyses*®*'. As a sampling technique DRIFTS offers a
number of advantages including*?:-

+ Minimal or no sampling preparation.

+ Very high sensitivity (ppm levels)
+ Applicability across a wide range of sample concentrations from ppm to neat.
+ Ability to analyse most non — reflective materials, including highly opaque or weakly

absorbing materials.
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all the information regarding the analyte that is available in the reflected radiation, is
isotropically scattered and its polarization is scrambled relative to the incident field.

The sample concentration is related to the intensity of the measured infrared spectrum thus: -

f(R.)=(1-R.)?/2R.k/s

where R. is the absolute reflectance of an ‘infinitely thick’ sample, f (R.) represents the value
of the function, k is the absorption coefficient and s is a scattering coefficient defined for
purely scattering samples by | = I ™.

It is generally assumed that s is a constant or at most a slowly varying function of analyte
concentration. An infinitely thick sample is one through which no light is transmitted. All light is
either reflected or absorbed. The infinitely thick criterion is general satisfied for samples 3 —

5mm thick.

3.2.2 Sampling Considerations In DRIFTS

The major drawbacks in DRIFTS arise from the specular component (specular and diffuse
specular) of the reflected radiation. As they do not penetrate the sample it becomes a
particular problem in spectral regions where there is a highly absorbing species and the
surface effects dominate the bulk leading to Restrahlen bands (see below). This can lead to
the distortion and inversion of bands.
The amount of specular component in the spectrum is governed by the refractive index (n’)
which is the complex sum of the index of refraction (n) (called the real component) and the
absorption index (K’) (called the imaginary component):

n’ =n + ik’ (for non-absorbing materials k' =)
The difference in refractive indices leads to reflection and these differences can be real or
imaginary components.
The absorption index, k', is related to the absorption coefficient, K i.e.

K’ = K/4mv

where v is the frequency of radiation (cm'1)

The absorption coefficient, K, is related to the absorptivity, a, by
K=2.303ac

where ¢ is concentration.
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The alignment of the DRIFTS accessory (in particular the mirrors) is critical because typically

only 10 — 15% of the energy throughput is available for DRIFTS analysis compared to the

transmission mode.

Other factors to consider include: -

>

Particle Size — a major consideration when performing DRFITS on solids*®. The
amount and type of reflectance encountered in DRIFTS is largely dependant on the
particle size of not only the sample but also the reference / diluent material used. As
the particle size of the sample decreases band heights increase and band widths
decrease. The change in diffuse reflectance spectra is due mainly to the amount of
specular reflectance collected, since the greater the particle size of the sample, the
greater the proportion of the specularly reflected component. In addition, as the
specular component increases, less of the beam penetrates into the powdered
sample and thus less refraction, scattering and absorption occurs of which the latter
results in loss of information about the sample. Similar effects are also noted with
regard to band height and width with reference materials.

Sample Homogeneity — a higher concentration of sample near the surface results in
variation in relative peak intensities*®. Therefore it is necessary to distribute the
sample as uniformly as possible within the non — absorbing matrix.

Concentration and Reference Materials — at high concentrations, there is a dramatic
increase in the specular contribution to the spectral data. As a result some sample
data will be uninterpratable without adequate sample dilution — hence the need for a
reference material. This will reduce anomalous dispersion effects and also Restrahlen
bands. As the single beam spectrum is ultimately ratioed against the reference (
background) spectrum the reference material needs to be a good diffuse reflector,
non — absorbing and highly scattering material. Most commonly used reference
materials are alkali halides, in particular KBr. They have been found to have fewest

interferences and the highest overall reflectance®’. However, such alkali halides are

prone to adsorb atmospheric water and organics so care must be taken to keep them

dry and free from contaminants.
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The Depth of the Sample Matrix — when the depth of any absorbing material is
increased a subsequent increase in its absorption bands will be observed until a
certain depth is reached®. At this depth, any further increase will result in no change
in the diffuse reflectance spectra and the sample is said to be of “infinite thickness”.
The actual depth depends on both the absorption and scattering coefficients of the
sample under investigation‘“’. For a pure KCI matrix overlaying a sample, the point of
infinite thickness occurs at 5mm, i.e. no bands due to the sample are observed in the
spectra. However, the difference in band intensity between 2 and 5mm is not very
great. If a sample is dispersed in KBr at 5% and is weakly absorbing, then the
expected depth at which no further change in the diffuse reflectance spectrum occurs
will be approximately 3mm. For strongly absorbing materials the emerging beam will
probably originate from less than 1mm below the surface of the sample. If the sample
is insufficiently deep, the incident beam will be reflected off the sample cup bottom
travelling back up through the sample. As a result, part of the radiation will interact
twice with the absorbing sample giving rise to increased absorption.

Sample Packing — In the DRIFTS experiment, the samplé mixed with the reference
material is packed and the surface carefully levelled in the sample cup. Studies

9% show that as the pressure

regarding the pressure as a result of such packing
increases the variability in the scattering coefficient decreases from sample to
sample. This may aid in reproducing diffuse reflectance spectra. Levelling the surface
is also important as this affects the particle orientation at the top surface and
enhances specular reflection — the height with respect to the incident beam and the
focal point should be the same.

Sample Height — The sample should be positioned so that maximum radiation
throughput is observed.

Absorptivity and Refractive Index — The absorptivity and refractive index (n) can have

a related effect on the types of reflection and thus appearance of the diffuse

relectance spectra. For a given particle size distribution (50 - 90um) over a wide
range of refractive indices the diffusely reflected energy increases from 0 for n=1, to a

maximum for n close to 2, and then decreases for higher refractive index values. KBr
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has a refractive index of 1.54 and is therefore a good choice for the diluting material

used in DRIFTS.

3.2.3 Variable Temperature DRIFTS

Variable Temperature DRIFTS (VT-DRIFTS), involves the heating of a solid sample and
subsequent collection of diffuse reflection spectra over a range of temperatures. Not only
does this technique provide spectral data on the sample as it is heated, but it may also be
correlated with other thermal analysis techniques such as Thermogravimetirc Analysis,
Thermochemical Analysis, Differential Thermal Analysis and Differential Scanning
Calorimetry. Two types of VT-DRIFTS experiments exist — stepped and ramped. For the
purposes of this thesis, only the former is discussed here.

In the stepped experiment, the sample is placed in an environmental chamber, which is
capable of heating the sample, accommodating the DRIFTS optics and is also purged with an
inert gas. The sample is heated to a selected temperature and a spectrum recorded at each
temperature after equilibration at that temperature.

However, the major drawback results from baseline variation. Such variation results from
instrumental fluctuations occurring between collection of reference and sample spectra. This

is a result of the fact that some FTIR instrument parameters vary with time®"*2

e.g. source
output, interferometer instabilities and fluctuations in detector pre-amplification and filter
electronics. Also unmodulated infrared radiation emitted from the heated sample may effect
the DRIFTS spectrum, especially if a liquid nitrogen cooled MCT detector is used. Baseline
artefacts are typically broad-features superimposed on DRIFTS specira.

Additionally heating of the sample results in significant thermal expansion of the sample
holder which changes the characteristics of the incident-beam-sample interface and may

result in baseline shifts®,

Quite simply, these temperature dependant effects may be minimised by recording the

sample and background spectra at the same temperatures as those-at-which-the-samples-are

recorded at.
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3.3Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is an instrumental technique by means of which a sample
for analysis is weighed continuously as it is heated at a constant temperature rate with time in

a nitrogen purged furnace ( Figure3.9).

4— Microbalance

Nitrogen | ]
Purge — —=
@‘ Crucible holding
sample
Furhace ————»
'—_‘_I—Nitroge'n Purge Out

Figure 3.9 — Thermogravimetric Balance

3.3.1 Principle of Operation

The sample to be analysed is weighed into a refractory crucible (typically alumina) which is
placed onto the receptacle of a thermal balance, residing inside an electric furnace with
adjustable and uniform temperature rise per unit time. The temperature is measured by
means of a thermocouple inside the furnace®. The nitrogen purge ensures that the sample
does not undergo oxidation reactions as the temperature increases.

As the sample is heated at various temperatures it may undergo a series of transformations
which are accompanied by a change in mass. By graphically plotting the change in mass vs.
temperature (m = f (T)) a thermogravimetric curve may be obtained. Factors influencing the
shape of such a curve include particle size and distribution, the depth of packing (too deep

and this may induce “deep bed" effects) and the heating rate.

Quite commonly these curves are represented as negative derivatives (DTG) enabling weight

losses to be displayed as maxima.
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There are several factors that influence the shape of a TG curve which are related to the
sample, the apparatus and experimental conditions. They must be considered to achieve
reproducibility:-
1. particle size distribution and packing density
2. use of inert atmospheres, for example nitrogen and / or helium which may be used to
suppress oxidation of organic materials in clays.
3. the sample holder which must enable product gases in the immediate vicinity of the
sample to be efficiently removed.
4. a heating rate of 10 °C / min has become standard, but only due to historical factors.
The resolution of maxima decreases with increasing heating rate. The maxima size
also increase with heating rate. It is important that the heating rate must be identical

for sample comparison.

3.4X — Ray Diffraction (XRD)

As previously discussed, X-rays are part of the electromagnetic spectrum (Figure 3.0) and
therefore have properties of both particles and waves. The energy of an electromagnetic
beam interacting with a medium is partly transmitted, partly refracted and scattered, and
partly absorbed®. The packets of radiation, or photons, can “bounce” and transfer energy,
which is a property of a discrete particle. They can also be diffracted by a grating of
appropriate size within the dimensions of the incoming X-ray travel. Spacing in a crystal
structure can serve as a diffraction grating. The relationship between the wavelength of the
radiation A, the angle © between the incident beam of radiation and the parallel planes of
atoms causing the diffraction, and the spacing d between these planes is called Bragg’s Law:-
nA=2dsin®
Scattered radiation from a crystal behaves as if the diffracted beam were “reflected” from a

plane passing through points of the crystal lattice in a manner that makes these crystal-lattice

planes analogous to mirrors. Such lattice_planes_are directions-in-the-crystaHattice-that-are

rich in lattice points. Each diffracted beam is considered as a “Bragg reflection” from a crystal
lattice plane, so that the angle of the incident x-ray beam (incident radiation) equals the angle

of reflection (Figure 3.10).
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Figure 3.10 — Geometry of diffraction and its relationship to Braggs Law.

The distance between families of planes in a crystal is of the same order of magnitude as the
wavelength of x-rays. For example Cu K, radiation has a wavelength of 1.5418 A and the
value of a for NaCl is 5.65 A. Consequently crystals act as diffraction gratings for x-rays. If the
above diagram (Figure 3.10) the ray BYE travels a longer distance than ray AXD. Therefore, if
these two rays are to constructively interfere then the distance (GY + YH) must be an integral
number of wavelengths. Simple trigonometry shows that GY = HY = XY sin0. However, XY =
d (the interplanar spacing) hence the integral number of wavelengths must equal 2d sine.
Hence this is the Bragg equation and coherent diffraction will occur when, and only when, the
Bragg equation is satisfied. Thus if values of 6 and A are known d may be determined, which
in clay minerals is the distance between the layers of the clay. Indeed clay minerals are often
orientated so that diffraction will take place only from the 001 plane. The resultant value of d
is known as the dg1) Spacing, d-spacing or interlayer spacing in clay minerals. These values
can be used to determine for example if intercalation upon treatment with an organic

compound has been successful or not e.g. in untreated kaolin the d-spacing is 7.2 A. On

treatment with an intercalant, this value will be expected to increase.
For x-rays of a single wavelength and for a specific orientation of the crystal, very few Bragg
reflections satisfy this condition (unless the unit cell is very large). Therefore it is usual to

oscillate or rotate the crystal through an angular range or to use multiple wavelength, in order
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to bring more diffracted beams in to the necessary diffraction geometry for measurement

(Figure 3.11).

Detector

Diffracted X-Rays

2 theta

Incident X-Rays
- - ——

*- Ray Tube

Figure 3.11 — Basic Features of a Diffractometer.

The detector and sample are rotated by a goniometer in order to reach the required angles.
Typically, the diffracted intensity of the scattered X — rays that obey Bragg’s Law, is measured
as a function of the diffracted angle (26) and the orientation of the sample which yields the
diffraction pattern. Hence diffraction will only occur if a beam of x- rays falls on a series of
atom bearing planes each with a distance apart d and at an angle 6.

Samples such as clays may be mounted for analysis as powdered samples or deposited as a
thin film cast onto a glass slide. The latter presentation may also be mounted onto a heated
stage, thus enabling variable temperature measurements to be made.

X- rays are usually produced by the sudden deceleration of fast moving electrons. They are
generated in X-ray tube when electrons are emitted from a glowing tungsten filament (the
cathode), accelerated through the vacuum of the tube by an applied voltage, usually from 15
to 60 kV, and strike a metal target (the anode). Within the target the electrons encounter

crowds of other electrons which causes a sudden deceleration. The result is X — radiation of

two major varieties: one form has a broad, continuous spectrum of wavelengths (the
Bremsstrahlung), and the other has very sharp peaks, of discrete wavelengths, characteristic

of the target material (Figure 3.12).
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The equipment generally used to produce x-rays consists of a cathode that produces an
electron beam and a stationary metal anode that is the target for this beam and from which
the x-rays are emitted. These components are enclosed in a glass tube under vacuum. Large
amounts of heat accompany the production of x-rays, and therefore the x-ray target must be

cooled by a stream of water circulating in a jacket enclosing it.
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Figure 3.12 — The X radiation emitted when an electron falls from an outer to an inner level (a)

Electronic energy levels involved (b) Characteristic X-ray spectrum for copper radiation.
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As previously stated, two types of radiation are produced when the anode target is
bombarded by fast-moving electrons in this way. A continuum of radiation referred to as white
radiation, is produced by simple collisions between electrons and target (Figure 3.12b). In
addition to simple energy exchange on collision metal atoms in the target may become
ionised by the loss of an inner — shell electron. An outer shell electron then moves to an inner
shell, and radiation of a wavelength specific to the target material is emitted (Figure 3.12a).
these x-rays produced are called characteristic x-rays because their nature is dependant on
the atomic character of the material used to make the target. Common targets incude copper
or molybdenum. Molybdenum radiation has a shorter wavelength and higher penetration
through a crystal, and it is less readily absorbed. In practice, the characteristic x radiation is
not of a single wavelength but contains several sharp lines, as shown in Figure 3.12b which
illustrates the characteristic spectrum from a copper target. All but one of these spectral lines
need to be filtered out in order to obtain a monochromatic beam. Usually Ka radiation is

selected. In addition, the white radiation described above, must be eliminated or minimised.

3.4 Evolved Gas Analysis using Synergic Chemical Analysis

A synergic chemical analysis system® consists of a thermobalance, infrared gas cell, organic
trap module (OTM), gas chromatograph (GC), and mass spectrometer (MS). (Figure 3.13).
The thermobalance is fitted with two outlets, which are connected to heated transfer lines.
One transfer line is connected to the infrared gas cell (path length 40cm) connected to an
FTIR spectrometer. The outlet from the infrared gas cell flows into a second transfer line
which is connected to an absorbent trap contained within the organic trap module. The outlet
from OTM is also connected to a GC-MS. The third transfer line is connected directly to the
MS.

This enables the user to operate in various modes:- TG-FTIR, TG-FTIR-real time MS, TG-

FTIR-OTM-GC-MS. As can be seen in all cases the TG is employed, and it is the gases

evolved during the TG analysis which are subsequently analysed.
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Figure 3.13 Synergic Chemical Analysis

The mass spectrometer used in the synergic chemical analysis system is an ATl Unicam

Automass System 2 quadropole MS. The MS is operated in the electron impact (El), positive

ionisation mode. There are three main sections in the quadrupole mass spectrometer:-

1. The lon Source — The lon Source is where the sample is introduced into the MS. The

sample passes through an electron beam (70eV) and ionisation of the sample occurs

(i.e. electron removal leaving a positive ion). The molecular ions may also fragment to

form charged and neutral fragments. Only positively charged fragments will be

detected. The ions are then accelerated by an electric field towards the quadrupole

mass analyser.

2. Quadrupole Mass Analyser — This is used to select the required mass range of

molecular ions to be detected.

3.. Detector — The ions which have travelled through the quadrupole are then sent

towards the detector. The ions strike a dynode which emits secondary electrons,

which are transformed into photons and then detected by a photo — multiplier. This

amplifies the photon signal.
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Chépter 4 - Clay Mineral Organic Interactions and

Characterisation.

4.1 Vibrational Spectroscopy of Kaolin and Halloysite

The IR, (and recently) Raman spectra of the kaolinite clay minerals, have been studied
extensively over the past four decades, and has attracted considerable interest due to its
applications in structural studies of such minerals. Among the IR spectroscopic technigques for
studying clay minerals there are |

1. The absorption (KBr) technique.

2. IR emission spectroscopy (IES).

3. The reflectance technique,hincluding diffuse and specular reflectance

4. Attenuated total reflectance (ATR).

5. IR microscopy.

6. Photoacoustic FTIR spectroscopy (PAS).
The selection of technique depends on the particular problem at hand. For example IES is
suitable for studying kaolinite dehydroxylation and thermal changes in kaolinites at elevated
temperatures®. The pressing of a KBr pellet may alter the spectrum through absorption or
exchange of K into the clay structure. ATR is limited in its use with powders by the signal to
noise ratio determined by the energy throughput. PAS is a non — destructive technique useful
for handling clays but is limited by the number of samples that can be studied in a given
period of time. Specular reflectance is not readily applicable to clay minerals, as the technique
normally applies to flat polished shiny surfaces. Hence, for the reasons discussed previously,
DRIFTS remains particularly useful in the study of clay minerals.

58,59

Some of the earliest IR studies were undertaken by Farmer and since then there has

been extensive debate with regards to band assignments of these minerals, in particular the

hydroxyl stretching region of kaolin. This is an important region to study in the vibrational

spectra of the kaolinite clay minerals as this represents the hydroxyls of the aluminium

octahedral sheet which are involved in hydrogen bonding between the layers of kaolin and
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4.1.1. The OH stretching region in kaolin and halloysite.

As previously stated the OH stretching region is of particular importance in the kaolinite
minerals, and therefore merits further investigation and discussion. The unit cell of kaolin was
determined by Bish®' to have four different OH groups and hence four different OH vibrations,

it is assumed that these can give rise to four different stretching frequencies. (Figure 4.1).
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Figure 4.1 — OH stretching in kaolin DRIFTS spectrum.

Much debate has been generated by the exact assignments of these four bands using both
conventional IR and raman spectroscopy. The accepted band positions for the IR OH
stretching frequencies are 3697, 3670, 3652 — corresponding to the outer hydroxyl groups (or
“inner surface hydroxyls”) — and 3620 cm™ which corresponds to the inner sheet hydroxyl
where the tetrahedral and octahedral sheets are joined and is considered not to participate in
hydrogen bonding. The band near 3697 cm™ is strong and the other inner surface hydroxyl
bands at 3670 and 3552 cm™ are weaker absorption bands. This intensity distribution can be

explained if the stretching vibrations of the three inner surface hydroxyls couple to give one in

— phase vibration at 3697 cm™ and two anti — phase vibrations vibrations at 3670 and 3552
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cm™ 37882 Moreover, the hydroxyl deformation modes of kaolin at 959, 938 and 915 cm™ of
kaolin, which, as shown by Frost®, can be of equal importance.

The OH stretching region of halloysite generally contains two distinct bands at 3695 and 3620
cm™ (Figure 4.2). The presence of water in the interlayer reduces the intensity and broadens

3695, 3688 and 3652 cm™' bands.

3618

©
3693

Absorbance

1 1) t 1 U
3800 3700 3600 3500 3400 3300

Wavenumber

Figure 4.2 — OH stretching region of Halloysite (Chinese origin)

As kaolin and halloysite both utilise the inner surface hydroxyls in intercalation, it therefore
follows that perturbation via bands shifts, reduction in intensity or even the evolution of new

bands in the OH stretching region may by observed when studying such intercalates.

4.2 Intercalates of Kaolinite Clay Minerals

The formation of intercalation compounds has many points of interest. For example, the basal
spacing of the complexes may be used to distinguish, by XRD, different kaolin polymorphs as
illustrated by Range et al.,,** and Wada®; differences among kaolinites with varying degrees®
of ordering may also be investigated by XRD. Lagaly®® has shown that intercalation reactivity
may be an important factor controlling the technical applicability of kaolinite.

Intercalates may be obtained in three ways:-

1. By direct intercalation.

2. Via an entraining agent.
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3. Viadisplacement of preformed complexes.

4.2.1 Direct Intercalation.

Direct intercalation occurs with alkali metal salts of short chain fatty acids, in particular
acetates, and small polar compounds including hydrazine, formamide and amines.

Intercalates of potassium and caesium acetate have been extensively studied by Frost et

al. , 67-70 /. , 71

and aiso Ruiz Cruz et a who utilised DRIFTS and Raman spectroscopy ( as well
as XRD and thermal techniques) in elucidating the structure of the complexes formed. In all
cases the complexes were formed by stirring kaolin in solutions of the acetates for varying
periods of time. Clearly seen in the hydroxyl stretching region, is a reduction in the intensity of
the original kaolin bands (as these are now involved in hydrogen bonding with the intercalate)
and the formation of new bands at 3604 cm™ (narrow) and 3450 cm™ (broad). The latter was
thought to represent the contribution of at least three bands, one wide band centred at 3450
cm™, and some higher frequency bands, the more intense at 3561 and 3520 cm™ which were
obtained upon heating the complex.. These latter bands according to Frost” represent
different types of water molecules in the intercalate (as will be discussed later), but which
Ruiz Cruz’" thought to represent the shift of the OH stretching bands due hydrogen bonding
between intercalated water and inner surface OH. The 3604 cm™ band observed was
attributed to the splitting of the inner OH stretch which is not modified by partial dehydration
as this band remains unchanged upon heating. Additionally new bands were observed in the
spectrum of the intercalate at 1586 and 1410 cm™ which arise from the symmetric and
antisymmetric stretches respectively of the COO™ moiety. The d(001) spacing of this complex
was determined to be 14.06 A which decreased to 9.35 A when heated.

Similarly, changes in the OH stretching of kaolin have been observed with intercalates of

74-75

hydrazine”™ and formamide For the hydrazine intercalates, the positions and relative

intensities of the OH bands of kaolin were affected as seen by a reduction in the intensities of

the 3695, 3668 and 3652 cm™* bands and_by_the appearance of two-new-bands-at-3568-and

3463 cm™. The appearance of two such red shifted OH stretches with a separation of 103 cm’

! indicates the formation of hydrogen bonds with two distinct N — O bond lengths. According
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to published correlations™ this 103 cm™ separation corresponds to N — O (N hydgrazine — O a1—om
of kaotinite) distances which differ by 0.07 A i.e. there are two unique environments for the
nitrogen atoms of hydrazine. Perturbation in bands of the intercalate are also observed here
in the N — H stretches. A band in the kaolin — hydrazine complex were observed at 2975 cm’™
which is a red shift of 275 cm™ from the same band in liquid hydrazine, indicating that these
NH; groups are significantly more strongly hydrogen bonded than those in liquid hydrazine.
Similarly shifts in the lower frequency twisting and scissor modes of H-N-H in hydrazine were
also observed. In hydrazine the twisting mode occurs at 1305 cm* but this shifts to 1276 cm™
in the complex with kaolin and was attributed to isolated hydrazine molecules where
intermolecular hydrogen bonding has been reduced.

Frost” has used DRIFTS and Raman spectroscopy to study intercalates of kaolin with
formamide. Here kaolin was mixed with 50% aqueous formamide for 80 hours at room
temperature. The consequence of using an aqueous mixture is apparent in the DRIFTS
results obtained. Additional bands in the OH stretching region are observed at 3606 and 3629
cm™, which are attributed to the intercalated water and to the inner surface hydroxyl groups
bonded to the formamide respectively. A band at 1595 cm™ is also attributed to adsorbed
water which is rherely “space filling” in the expended interlayer. However bands are also
observed in this region at 1715, 1695, and 1674 cm™, any one of which could be the HOH
bend from water or the C=0 stretch and the amide | and Il deformations. These bands are
assigned as ~ 1715 cm™' C=0 stretch and 1695, and 1674 cm™ to the N-H deformations. The
band positions of these groups suggest that there is interaction between the C=0 of
formamide and the kaolin inner surface hydroxyls and also the NH of formamide and the
siloxane surface of kaolin. The position of the 1595 cm”’' band suggests that this is therefore
water and not interacting with anything but merely space filling as the liquid water HOH bend
is normally observed at 1630 cm™. A small intensity of ~1% at 1624 cm™ is attributed to
adsorbed water. VT-DRIFTS (variable temperature DRIFTS) analysis here would have been

useful to ascertain the assignments of the 1800 — 1500 cm”™ region.

It is interesting to note here Frosts interpretation of the reduction in intensity of the inner

surface hydroxyl stretching bands and the results obtained from XRD. The (XRD) results
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show an intercalation ratio of 100%, which means that all of layers in the kaolin — formamide
complex are expanded. (The intercalation ration is a measure of the expanded versus non —
expanded layers in the clay and is expressed as a percentage of layers expanded). However,
this may imply that all of the inner surface hydroxyls are involved in hydrogen bonding with
formamide. This is not true and Frost explains this due to the residual intensity in the hydroxyl
stretching region from the inner surface OH groups of kaolin. Such intensity implies that not
all of these OH groups are involved in hydrogen bonding. This may be due to the size and
orientation of the formamide molecules in the interlayer of kaolin, which makes it impossible
for all of the OH groups to participate in hydrogen bonding i.e. it is a question of space.
Halloysite shows similar changes to that of kaolin, but as deposits of this mineral are less
prevalent than kaolin this is reflected in literature. Using DRIFTS but mainly Raman
spectroscopy Frost”’® has examined intercalates of halloysite with urea and potassium
acetate. With potassium acetate an additional band at 3605 cm™ is observed and attributed to
the inner surface hydroxyls bonded to the acetate ion. Again with urea there is a significant
decrease in intensity of the hydroxyl stretching bands in halloysite, with urea intercalates
exhibiting additional bands at 3387, 3410 and 3497 cm™ all attributed to hydrogen bonds
between the N-H of urea and halldysite (i.e. N-H stretching modes).

Not to be overlooked is the use of the OH bending modes in the vibrational spectra of kaolin
and halloysite, sometimes referred as the librational or deformation mode. These offer
another, complementary means of studying changes in the intercalation of such minerals.
Kaolin has OH deformation bands at 940 and 915 cm™ which are attributed to inner surface
and inner sheet OH's respectively. Halloysite also has the same bands but are less resolved
and weaker.

Returning to the earlier example of hydrazine™ intercalates of kaolin show that the intensity of
the 940 cm™ is strongly reduced (inner. surface OH hydrogen bonded to hydrazine) and the
915 cm™ is shifted to 904 cm™ showing that the inner surface OH group is perturbed by the

presence of hydrazine. Formamide intercalated kaolin® exhibits similar decreases in intensity

for the OH deformation modes with an additional band observed at 905 cm™ assigned to inner

surface hydroxyls hydrogen bonded to the C=0 of the formamide. |
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Finally, halloysite intercalates with urea” were shown to have reduced OH deformation

intensity as one would expect with a new band at 897 em™.

4.2.2 Intercalation via Entraining Agents.

As previously discussed, direct ihtercalation into kaolinites involves the use of small polar
molecules. However, the intercalation of other larger molecules is possible but it generally
involves the prior intercalation of precursors followed by the intercalation of the required
molecule®. This process occurs as one reaction mixture and the intercalated precursor
complex is not isolated prior to displacement. Such a precursor is called an entraining agent.
The entraining agent effectively opens the interlamellar space allowing
organofunctionalisation of kaolinite by the required species. For example, these reactions
may be performed using water as the entraining agent in order to intercalate alcohols®'%2.

In these reactions, called topotactic, the basic unit of the kaolinite remains intact with the
exception of the substitution of the hydrogen atoms of the octahedral sheet by the appropriate
organic groups. After the functionalisation process, ether — type bonds (Al-O-R) are formed on
the gibbsite side of the lamellae. Quite often this reaction will require heat to facilitate the
process.

The hybrid materials obtained through this process combine the physical, chemical, structural
and mechanical properties of the silicate with the particular properties of the organic
compound. Thus they find applications in industry such as chromatographic columns, catalyst
supports, coloured kaolinite for use in the paper industry, ionic exchangers and adsorbent
materials.

Water is commonly used an entraining agent, and the fate of such water in the resuitant
intercalate has been studied extensively. Water intercalates themselves are made via an

entraining agent / displacement reaction. Water in clay minerals has three principal vibrational

spectroscopic regions:-

1. the hydroxyl stretching region 3600 — 3000 cm”

2. the H-O-H bending region centred at 1630 cm™ (lower frequencies imply free

molecular water in the structure
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3. the deformation (or librational) region 700 — 400 cm’™.

Frost®*® and co. workers have studied such water in intercalates of kaolin with formamide
and hydrazine. In the case of formamide (prepared from a 1:1 % wt formamide : water
solution) TG showed that compared to kaolin intercalated directly with formamide the water -
formamide intercalated kaolin intercalated greater amounts of formamide. Additional
differences attributable to water were increases in a band at 3605 cm™ which was significantly
more intense in the water intercalated complex than the formamide one. This was identified
as being a contribution from the interlamellar water now incorporated into the structure. Bands
at 1630 and 1595 cm™ (fairly intense) were observed and attributed to adsorbed and free
water in the complex respectively, which implies that there is some water which is not
hydrogen bonded and may simply be acting as a space filling molecule in the expanded
interlayer space.

Similarly, it was found that water plays a significant role in the intercalation of hydrazine into
kaolin when mixed with hydrazine hydrate at 85°C (as this is the agueous from of hydrazine).
Here OH stretches attributed water were observed at 3413, 3469 and 3599 cm™ and OH
bends for water at 1578, 1598, 1612, 1627, 1650 and 1679 cm™ after curve fitting. The 1578,
1598, 1612, 1627 cm™ bands were attributed to free or non-hydrogen bonded water held in
the interlayer spaces of kaolin (1578 and 1598 cm™), Water in the hydration sphere of
hydrazine (1612 cm™) and adsorbed water on the kaolin surface (1627 cm™). The 1650 and
1679 cm™' were assigned to water coordinated to the siloxane surface or strongly hydrogen
bonded due to their appearance at higher wavenumber. These results correlate with the XRD
results which show a broad deg1, With a shoulder implying that there is more than one phase
present. Two were clearly identified ay 10.28 and 9.48 A and these are thought to be due to
hydrazine intercalating with a significant hydration sphere. In addition, a band at 3628 cm™ is
attributed to the inner surface hydroxyl group hydrogen bonded to the hydrazine. As
hydrazine is present as a base such as [NH,-NHs]>*OH ®the authors suggest that no HNH

bends in the region 1700 — 1600 cm™ are observed. Furthermore, on exposure to air for 6

hours the 1650 cm™ increases in intensity whilst the 3628 cm™band decreases in intensity. As

the sample is left exposed to air for 24 hours the XRD shows a collapse in the interlayer
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spacing, whilst the 1650 cm™ band remains but decreases in bandwidth. Such an observation
is thought to be due to water getting into a fixed orientation as might occur in a “crystalline
like” lattice. The 1679 cm"displays similar behaviour, whilst the 1612 cm™ (water in the
hydration sphere of hydrazine) band decreases in intensity over the exposure time.
Wypych and co workers® combine several techniques to obtain an interesting result using
TG-DSC, XRF, XRD and FTIR (KBr) in their study of phenylphosphonic acid (PPA)
intercalated kaolin. Here the entraining agent was a mixture of 1:1 (v/v) acetone: water, which
was refluxed with phenylphosphonic acid and kaolin for a period of 20 days at 95°. The
reaction can be written as :-

Al3Si,05(0OH), + 3H,0;PPh — Al,Si,05(OH)(HO3PPh);.2H,0 + 3H,0
This implies the formation of a hydrated intercalate. One phase was isolated, with a doo1y of
15.02 A which represents considerable layer expansion for kaolin from 7.12 A. The TGA
results show a 5% weight loss by 164°C which was attributed to loss of water of crystallisation
and an overall weight loss of 15%. The authors also state that the decomposition of the
complex shows that the organic (PPA) part of the structure is only eliminated at temperatures
as high as the dehydroxylation temperature of 500°C, suggesting that this complex displays
extremely high thermal stability. PPA itself has a melting point of 250 °C.
The FTIR results show a decrease in the intensity of the OH stretching bands of kaolin, as
well as new bands at 3537, 3056, 3015, 1199, 883, 850 669 and 580 cm’' for which no
assignment was given. A band at 1642 cm™ was observed to be an O-H bend but a band at
1595 cm™ was incorrectly assigned to a vibration arising from PPA. This could be free
spacing filling water trapped within the interlayer. Furthermore the hydroxyl deformation
region shows an intensification of the peaks attributed to inner hydroxyl groups in comparison
to the outer surface hydroxyl groups (915 and 942 cm™). A significant background
contribution in the OH stretching region was also observed (though not commented on by the
authors), which is indicative of a large amount of hydrogen bonding.

Wypych and co workers® took this work further by replacing the water molecules in_their

hydrated PPA intercalate of kaolin with hexylamine. This was achieved by mixing the PPA

intercalate with hexylamine for 72 hours at room temperature, as the already expanded kaolin
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