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Abstract

Aim: to characterise the surface sites present on unrefined and ball milled Cornish
kaolin, with a view to ultimately determining the mode of interaction between the mineral
and industrially significant organic molecules. Milling and temperature were found to
affect the structure of kaolin and types of surface sites present. These changes were
monitored primarily by variable temperature diffuse reflectance infrared Fourier
transform spectroscopy (VT DRIFTS) and other complementary techniques including
XRD and TGA. Curve fitting of the VT DRIFT spectra was used to aid characterisation
of the types of water present on the mineral surface. The diagnostic probe molecule
pyridine was used to identify the changes in reactive acid sites present as temperature
increased both before and after milling, and oleic acid was used as a representative
adsorbate to analyse the effects of carboxylic acid treatment.

As ball milling time increased, so did the kaolin agglomerate size and the amount of
surface sorbed water. The types of water present on the surface of unrefined and ball
milled Cornish kaolin have been characterised, and grouped into four main types -
strongly hydrogen bonded, moderately strongly hydrogen bonded, weakly hydrogen
bonded and very weakly hydrogen bonded. The different water environments were
observed using DRIFTS in the bending and stretching regions of the spectrum. Changes
in the stretching region were generally less distinct, since the bands were broader than in
the bending region. However, changes in both regions were elucidated by curve fitting
of the VT DRIFT spectra, and certain bands appeared to have similar thermal behaviour.

Freshly milled samples had a greater proportion of strongly hydrogen bonded water
compared with the other, more weakly bonded types. Aged samples had less total
surface sorbed water, and relatively less strongly hydrogen bonded water compared with
the more weakly bonded species.

Pyridine displaced the more strongly hydrogen bonded water (an effect similar to
ageing). A dehydrated halloysite impurity was found which intercalated pyridine. VT
XRD showed that deintercalation occurred at ¢ 100 °C. The hydrogen bonding nature of
the halloysite-pyridine interactions became less pronounced as milling increased.
Pyridine adsorption to kaolin was via Brensted sites in the unmilled kaolin. As milling
time increased the mineral surface took on Lewis acid character and less hydrogen
bonding occurred. Brensted associations were present in all the milled (and unmilled)
samples and became more significant as milling time increased (as more surface water
was present). In addition to the intercalation reaction between halloysite and pyridine,
this probe molecule is likely to bind to exposed (broken) edge sites on kaolin and/or
halloysite, or to sorb between the slightly expanded mineral layers at the edges of the
mineral stacks.

Oleic acid adsorption onto kaolin at pH 3, was via surface adsorption of monodentate.
Acid precipitate was loosely associated with the surface via hydrocarbon chain
interactions with the adsorbed salt. At pH 9, total surface adsorption was low.
Adsorbed species were monodentate in character. Mono- and dioleate were present as
loosely bound surface precipitates. At pH 12 the salt was associated with the surface in
the bridged bidentate form. Adsorption was high due to hydrocarbon chain associations
with micelles, containing some trapped acid species. The precipitate at pH 12 was
strongly held, and there was no significant reduction in intensity after washing.
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1.1 Aims.

The aim of the work presented herein was to characterise the surface sites present on
unrefined and ball milled Cornish kaolin, with a view to ultimately determining the mode
of interaction between the mineral and industrially significant organic molecules used in
the purification and processing procedures. Milling and temperature were found to
affect the structure of kaolin and types of surface sites present. These changes were
monitored primarily by variable temperature diffuse reflectance infrared Fourier
transform spectroscopy (VT DRIFTS) and other complementary techniques including x
ray diffraction (XRD) and thermogravimetric analysis (TGA). Initially, curve fitting of
the VT DRIFT spectra was used to characterise the types of water present on the
mineral surface. The diagnostic probe molecule pyridine was used to identify the
changes in reactive acid sites present as temperature increased both before and after
milling, and oleic acid was used as a representative adsorbate to analyse the effects of

carboxylic acid treatment.



1.2 The structure, composition and properties of kaolin.

Kaolin, or in its absolutely pure and single layer form, kaolinite, is probably best known
as China clay. It is a whitish-opaque powdery mineral which was formed by the
metamorphosis of granite under extreme conditions of temperature and pressure in
geological time. Kaolin is a phyllosilicate, and the general chemical formula of the kaolin
minerals is AlLSi;Os(OH);.  Although there are slight variations in the chemical
composition of the kaolin minerals (particularly regarding the number of associated water
molecules), the accepted chemistry for the minerals is 46.54 wt % SiO,, 39.50 wt %
ALO; and 13.96 wt % H,0 . Itis comprised of individual crystals which form booklets
from stacks of crystal sheets. Deposits of kaolin comprise pseudo-hexagonal particles
with a variety of sizes, varying between micron and sub-micron in diameter™. It is
ubiquitous throughout the world and is mined extensively throughout Europe and the
USA. Primary deposits (kaolin found in the location at which is was created) may be
moved over time, for example, by water flow, and transported to another site (secondary
deposit). Depending on the location of the deposit, and ultimately the means by which
the deposit was formed, kaolin can vary widely in terms of crystallinity, size, aggregation

and purity.

Kaolin is extensively used in the cosmetic, paint, rubber and adhesive industries as
coating pigment or filling material, and of course, it is the base material from which
porcelain and bone china are produced. Primarily though, with approximately 85%
going to the paper industry, it is here where its significance and market potential lies.
Kaolin may require significant processing and purification before it is suitable for use in
these industries, and many of the procedures used are not fully understood at a molecular
level. Some of the general procedures used in the processing of kaolin have been

documented in a work by Skuse’.
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Figure 1.1  SEM of kaolin®’.
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This SEM (scanning electron micrograph) shows clearly the pseudo-hexagonal particles
and angular booklet structures expected to be present in a highly crystalline kaolin such
as Cornish kaolin. Generally, less ordered kaolin presents particles with poorly
developed or irregular hexagonal outlines. The kaolin in Figure 1.1 has a remarkably
large particle size, since generally, the dimensions of the particle surface of a well
ordered kaolin are from 0.3 - 4 zm wide, with a thickness of around 0.05 - 2um '. These

values are substantially reduced for a poorly crystallised kaolin.

Kaolin is non abrasive due to its ability to delaminate easily. It has a large internal
surface area of approximately 600m’ per gram, and a specific surface area of approx. 10
m’ per gram’, factors which make it very useful in a number of applications. In
particular it is ideal for use as a coating pigment and filling material used in the industrial

preparation of paper. Here it provides a smooth, opaque surface with improved aesthetic

and functional properties.

1.2.1 Classification of minerals

Minerals may be divided into several classes The class of silicates is divided into several
sub-classes based on the types of linkages between the basic units of their structure (i.e.
SiO; tetrahedra).



Figure 1.2  Silicate minerals classification.

—— Phyllosilicates
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Before describing the minerals of interest in this study, an understanding of clay structure

is required.

The feature which distinguishes the subclass phyllosilicates is the presence of SiOs
tetrahedra which can be linked by sharing three of the four oxygens, and form sheets
with a pseudohexagonal network (referred to as the silica-tetrahedral layer). Figure 1.3

shows a representation of individual silica tetrahedron and the sheet structure which can

be formed.

Figure 1.3  Schematic representation of silica tetrahedra.

(a)
O and = Oxygens

o and e = Silicons

This tetrahedral layer is combined with another, octahedral sheet. Here, cations in six
co-ordination, (mainly Al, Mg and Fe), are surrounded by oxygen and hydroxyl anions in

an octahedral pattern. The anions are shared between adjacent octahedra groups and a
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planar network results (See Figure 1.4). In kaolin, the anion is almost always Al (see

later for isomorphous substitution).

Figure 1.4  Schematic representation of tetrahedra.

O and «\' :‘, = Hydroxyls . Aluminums, Magpesiums, etc.

The octahedral and tetrahedral sheets may be superimposed upon each other and form

layers joined by chemical bonds.

The ratio of tetrahedral (T) to octahedral (O) sheets and the type of cation in the sheets
is the basis for the classification system used to assign clays to various groups. For
example, if one octahedral sheet and one tetrahedral sheet is shared a 1:1 (TO) layered
mineral results (e.g. kaolinite), whereas if two tetrahedral sheets are joined with an
octahedral sheet, a 2:1 layered mineral is obtained (TOT) (e.g. montmorillonite, illite and
chlorite). 2:1:1 layer silicates, such as the chlorite group of minerals are also formed,
and are of the form TOT-O-TOT). The structure of kaolin will be discussed in detail

later.

1.2.2 Isomorphous substitution.

In certain clay minerals, isomorphous substitution may occur, where a cation from the
tetrahedral or octahedral sheet is replaced by another cation. The exchanged cations
usually have the same charge as, but a different valency to (usually lower) the original
cations. Isomorphous substitution occurs most commonly in the octahedral sheet. The
substitution imparts a negative charge on the structure, and this is satisfied by the

sorption of exchangeable cations.  The sharing of these exchangeable cations bonds



the clay layers together. These species are thus known as interlayer (exchangeable)
cations. The number of cations required to neutralise the lattice is known as the cation
exchange capacity (CEC) and is measured in milliequivalents (meq) per 100 grams of
clay. Different clays have different CECs. Swelling minerals such as montmorillonite
have very large CECs, whilst non swelling minerals such as kaolin have very low CECs.
Cation exchange occurs naturally and may also be emulated in the laboratory by placing
the clay in a solution of the desired ion, e.g. Na, Ca, Mg and K. Cation exchange is rare
in kaolin, since most of the exchangeable cations are associated with the edges of mineral
layers, where the ions have unsatisfied valences. These are often referred to as broken

edges.



Figure 1.5 Schematic representation of kaolin.
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The kaolin structure consists of a single silica tetrahedral sheet condensed with a single
alumina, gibbsite-like octahedral sheet combined in a unit so that the apices of the silica
tetrahedra and one of the oxygen layers of the octahedral sheet form a common layer.
Two thirds of the oxygen atoms are shared by Si and Al atoms, and the remainder are
shared by protons and Al atoms. All the apices of the silica tetrahedra point in the same
direction and toward the centre of the unit made by the silica and octahedral sheets. The
dimensions of the T sheets and O sheets are continuous in their a and & directions, and
stack above one another in the ¢ direction. Thus, composite TO layers are formed. The
arrangement of the stack determines the specific kaolin mineral type. Several stacked
layers are termed “tactoid”. Thus, bulk kaolinite has composite 1:1 TO sheets which are
stacked directly above one another, as shown in Figure 1.5. Different types of hydroxyls
are present in the kaolin tactoid. The inner sheet hydroxyls belong to the plane of
oxygen molecules shared between the tetrahedral and octahedral sheets. Inner surface
hydroxyls are internal to the tactoid and belong to the planes which are not involved in
the condensation of the sheet. Surface hydroxyls belong to the planes which are external
to the tactoid, but are otherwise the same as the inner surface hydroxyls. Because of the
multiple stacking in the ¢ direction, much of the external surface of the kaolin stack (i.e.
tactoid) is dominated by hydroxyl or oxygen species (c 80 %), whilst ¢15-20 % of the

surface area is attributed to edges’.

A recent work suggests that the 1:1 type layering of the octahedral and tetrahedral sheets
may not always be present at the kaolin surface and that within the bulk layer structure
defects may occur®. There are three possible types of kaolin surface layers, as shown in
Figure 1.6: a) the expected T-O layer, b) a pyrophillite-like layer (i.e. a 2:1 (TOT)
mineral with the chemical formula Al,(Si,Os5)2(OH), on one side of the kaolin particle,
(iie. T-O-T....O-T-O-T) which may be found in industrial grade, highly ordered
kaolinites, and c) one or more smectite-like layers at one or both ends of the kaolin stack
@.e (T-O-T)T-O-T...... O-T-O-T(T-O-T), which may be found in some poorly ordered
kaolinites. The non-ideal surface layers (types b and c) are not detectable by XRD, and
the smectite-like layers of type c¢ are not tightly bound to the kaolin stack, and can be
separated from it. This allows the introduction of interlayer cations, thus the smectite-

like layer defects can contribute to raised CEC. Typically, the CEC for kaolin is 3-15

10



milliequivalents/100 g7. CEC is affected by the size of the particle and to a lesser extent

to the crystallinity ofthe mineral8.

Figure 1.6 Schematic of the three surface layer types of kaolinite.

Tetrahedral Sheet Smectite
(no charge) Layer

PyrophiDite-like

Surface Layer

Layer
Octahedral Sheet Yy Smectic-like

Layer
Tetrahedral Sheet
(charged)
Surface Smectite

Interlayer Cation Layer Layer

There are also three types of structural defect in the kaolin stack, as shown in Figure 1.7:
a) a dislocation whereby some of the layers cleave in the ¢ direction, b) a lateral layer
termination, whereby one or more layers terminate within the stack and other sheets bend
to compensate for the “vacant” space, or c) deformation, or bending, of several layers.

Types a and b are most common in primary kaolinites and type ¢ are most abundant in

secondary (transported) kaolinites.
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Figure 1.7 Schematic of the three types of structural defects of kaolinite.

a) Dislocation

b) Lateral Layer Termination

¢) Deformation

Figure 1.8  Potential binding sites on kaolin stacks.
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The aluminium hydroxyl basal surface carries undissociated aluminols at neutral pH. The
small proportion of negative charges on the basal surface arise from isomorphous
substitutions in the structure, and are generally believed to be pH independent. (It
should be noted that these isomorphic substitutions lead to a small number of cation

exchange sites not depicted in Figure 1.8).

The charges on the lateral surfaces arise from protonation or deprotonation of aluminol
and silanol groups, and hence are pH dependent. At low pH (5 or below), some
aluminol groups are protonated, creating positive charges which may be balanced by the
permanent negative charges on the silicate surface and the dissociated silanols on the
edge surface’ (the effects of these surface/edge charges are discussed more fully in
Chapter 4).

Molecules may adsorb to the surface of kaolin at the points shown on the diagram and it
is also possible that intercalation of some molecules will occur, whereby the hydrogen
bonding network between the kaolin sheets is perturbed due to the ability of the
molecules to enter into the hydrogen bonding network. A model for the intercalation of
polar organics was proposed by Slonka'®. The formation of intercalates is useful as a
tool to distinguish between different types of kaolin, since all will react slightly differently

to the presence of an intercalant'™'.

Intercalation of certain compounds may be
facilitated by the use of an entraining agent- i.e, a molecule which will readily
intercalate, but can then be replaced by another molecule. It is also possible to enhance
the intercalation of certain compounds by complexing them with another more readily
intercalated molecule, e.g. iron (III) chloride intercalation may be enhanced by

complexing with DMSO".
Impurities such as mica and feldspar may be found in the kaolin matrix. These are
typically very fine grained and therefore it is difficult to completely purify kaolin for

academic study, and as such individual samples can exhibit wide variability.

The industrial preparation of kaolin for use in the paper industry is designed to

significantly reduce impurities from the end product and typically a Cornish kaolin has

13



the composition shown in Table 1.1'*. Tt should be noted that this mineral sample was

not used in the current study.

Table 1.1 Analysis of kaolin prepared from a Cornish matrix.
Mineral % of total mass <20 zm % of total mass < 10um
Kaolinite 83 90
Mica 14 8
Feldspar 2 1
Fe,0; 0.9 0.6
TiO, 0.05 0.06
K;0 1.9 1.1

Mica is the least desirable of these impurities, since it will decrease the working life of
industrial paper rollers and other equipment due to the abrasive nature of the mineral.
However, in the commercial products produced at ECCI, the problem is minimised, since
the particle size cut of the final product is such that the slightly larger grained mica is

essentially removed by the various sedimentation processes.

1.2.3 Determination of the composition of kaolin using XRF.

An elemental analysis of the Cornish kaolin sample used in the work presented herein

was carried out using x-ray fluorescence and the results are shown in Table 1.2 below:

14



Table 1.2 The elemental analysis of kaolin samples expressed as % oxide.

Ocxide Weight %
Si0, 46.43
ALO; - 3728
MgO 0.36
Ca0 0.09
TiO, 0.03
NaO 0.29
K0 0.95
NiO 0.01
Fe,03 0.65

The SiO, concentration was higher than expected (compared with the percentage weight
of AlOs), and the major contaminants were found to be potassium and iron. These
factors are likely to be due to the low concentration of mica impurity identified by XRD

(see chapter 2).

1.2.4 Hydrogen bonding in the kaolin lattice.

A hydrogen bond between a donor covalent pair, H-X (where X is a more
electronegative atom than H) and another non-covalently bound electronegative atom
with a lone pair of electrons B (in the polar species AB), results from electrostatic
attraction. In the direction of the X-H bond, as the electronegativity of X increases, the
the positive electric potential of H increases. This gives rise to a dipole with the
hydrogen end of the bond being more positive. Coulombic interaction of this dipole with
excess electron density at the acceptor atoms forms the hydrogen bond interaction (i.e.,
X*-H*----B*-A’"). The hydrogen bond has directional character, which is generally less
pronounced than in covalent bonding. The strength of hydrogen bonding varies
enormously, with a continuum of strengths between very weak and very strong
interaction. If X is exceedingly electronegative, and B has a large excess of electron
charge, very strong hydrogen bonds can be formed, which are practically covalent in

nature. If, however, X is less electronegative, the hydrogen bond will be weaker, and the
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interaction will be primarily electrostatic in nature. The bond length will be greater than

that of covalent or strong hydrogen bond association.

A review of the hydrogen bonding interactions between the adjacent tetrahedra and
octahedra in the kaolin stack was produced by Yariv’. The siloxane group has a low
affinity for protons and does not form stable hydrogen bonds. Al-O is a stronger proton
acceptor than Si-O, and thus forms stronger hydrogen bonds. As a result of the
polarisation of the Si-O and (Al)- OH bonds, the surface oxygen and proton plane obtain
a negative and positive charge respectively. Strong electrostatic attraction forces
between the planes of parallel layers with opposite charges and van der Waals
interactions lead to the stacking of the tetrahedra and octahedra in flat, parallel layers.
The hydrogen bonding which results from the interactions between Si-O and Al-OH is
thought to be weak (based on bond angle measurements for the inner surface hydroxyls
of 168, 146 and 144°). However, bond angle measurements are controversial, and Hess
and Saunders’ suggested that the inner surface hydroxyls are oriented over a range of
angles. The positions of the IR spectral bands of the outer sheet hydroxyls (¢ 3695-3650
cm™) also indicate that the bonding is weak. Presumably, whatever the angle, the effects
of multiple weak hydrogen bonding interactions are synergic, and thus the sum of the
interactions between the tetrahedra and octahedra leads to the strong associations
observed during intercalation studies (i.e., that intercalation rarely occurs, except with
highly polar molecules which are able to penetrate the interlamellar bonding network).
Recently, Raman microscopy has been used to study the kaolin structure'®'?!*1%%°
Raman microscopy can also discern the 4 major hydroxyl stretching bands of kaolin
between ¢ 3695 and 3620 cm™. Another band at 3685 cm™ can also be readily
distinguished. This band is usually IR inactive. It has been attributed to the in phase
analogue of the 3650 cm™ (out of phase) inner sheet hydroxyl stretch. The 3695 band
was said to correspond to the in phase vibration of another inner sheet hydroxyl. This
band is coupled with the out of phase vibration of the same hydroxyl at 3670 cm™.
Based on observations of the Raman spectra of various kaolin samples of differing
crystallinities and observations of the relative intensity shifts of the 3695 and 3685 cm™
bands after disordering via intercalation, Frost has proposed a scheme for the hydrogen

bonding between adjacent kaolin layers'.
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Figure 1.9  Proposed structure for hydrogen bonding between kaolin layers.

Si Si Si Si
\O/ \O/ \O/ \O/ DY
3685 cm-1  ff 3695 cm-1 }|1
vibration / vibration /
Vs )
Al Al

The hypothesis for differentiating between the Raman active 3685 and 3695 c¢m ! bands
is based on two models for the direction of the Al-OH groups in relation to the Si-O
groups of the adjacent layer. If the groups form a linear hydrogen bond, then on the pico
second timescale (which is the timescale of measurement by Raman spectroscopy) the
hydroxyl proton may form a centre of symmetry between the two oxygens (thus,
resulting in a Raman active but IR inactive vibration). If the hydrogen bond is non linear,
or covers a range of angles, the hydroxyl mode will be both Raman and IR active. The
3695 cm™ band does not posses a centre of symmetry, and is thus active in both Raman
and IR spectroscopy. Intercalation by mechanical and chemical means (i.e. increasing
disorder) has resulted in an increased intensity of the 3685 cm™ band compared with the
3695 cm™ band. Thus, it was concluded that the 3685 cm™ band represented a linear
hydrogen bond, and that the 3695 cm™ band represented a hydrogen bond which could
exist over a range of non linear positions.

Treatments such as grinding®>*

temperature 2, adsorption® and intercalation®® can have
a considerable effect on not only the physical, but also the chemical properties of kaolin.
For example, disaggregation by intercalation of urea was used by Chinese ceramists to
increase the dry strength of their “egg-shell” porcelain®’. Amongst the most significant
changes are the total surface area and the number and type of binding sites which are
exposed. The effects of physical or chemical treatments on the structure of kaolin can be
studied using a number of techniques, including IR spectroscopy, TGA

(thermogravimetric analysis), DTA(differential thermal analysis), XRD and SEM.

17



1.3 Materials.

1.3.1 Kaolin sample.

Unless otherwise specified, the Cornish kaolin used here was a gift from ECCI, St
Austell, Cornwall, England. It was classified as a chemical free, special particle size
(SPS) equivalent. Purification was carried out using only gravitation and filtration

techniques, which resulted in a particle size cut as shown below in Table 1.3.

Table 1.3 The size of SPS grade kaolin produced by ECCIL.

Particle Size (um) % of Total
<2 80
<10 100

For infrared spectroscopy, the kaolin was diluted with 99 % pure potassium bromide
(KBr), purchased from Sigma Aldrich. Neat KBr was used as a reference material in
each case. For variable temperature DRIFTS (see below) the KBr used as background

spectra was heated in the same way as the sample.

1.4 Methods used to study clay minerals.
1.4.1 Infrared spectroscopy.

1.4.1.1 History of spectroscopy in minerals science.

IR spectroscopy is particularly suitable to the study of the effects of milling, organic
interactions and water adsorption, since it is able to visualise not only interlamellar sites,
but also the surface of the mineral, and thus, the base-clay interaction modes (however, it
cannot distinguish between these sites, and XRD is thus used as a complementary
technique). Bond formation and strength can be estimated from the perturbation of the
characteristic infrared adsorption bands of both the organic and mineral species. Hence,
the surface sites on the clay, can be distinguished. DRIFTS has been used successfully in
a few studies®™®**"but historically, the most widely used method for the examination of
minerals has been the IR transmission of alkali-halide pressed disks®. Other techniques
have also been used to measure the infrared spectra of powdered samples, in particular,

. 33,34,35
absorption >3

emission®*”’ and near IR*®  Additionally, the thermal stability of
mineral-organic complexes has been well studied by various IR techniques, including
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ATR (attenuated total refraction)®, transmission*® and emission*'. However, potentially
one of the most suitable and informative methods is VT DRIFTS, which has seldom been
exploited. It is ideal for use with powdered minerals of small, relatively evenly sized
particles. Pandurangi and Seehra*’ used DRIFTS to quantify the concentration of silica
in silica-kaolin mixtures. They established that it was possible to use overtone and
combination bands (see later) (e.g. a band at 1875 cm™) to quantify the silica present and
that the relationship between spectral response and concentration remained constant up
to 75 mg silica in 300 mg KBr (i.e. 25 %). The work presented herein generally uses
concentrations of kaolin well below the expected concentration of non-linearity (between
5 and 10 % in KBr). Pandurangi and Seehra also noted the appearance of restsrahlen
bands in certain areas (e.g., a strongly absorbing band at 1080 cm ™), probably due to the
interference of Fresnel reflectance (i.e. Fresnel diffuse reflectance). They noted this
effect above 10 % sample in KBr. At higher concentrations, they also noted peak
distortions due to (Fresnel) specular reflectance. In a study conducted by the author of
the work herein, no spectral distortions were observed in the range 1 to 50 % sample in
KBr. The only effect of decreasing sample concentration was the relatively higher
contribution of the water vapour spectrum. Due to limitations in the mass of available
sample, generally concentrations of 5 or 10 % sample in KBr were used. This technique
allows in situ FTIR spectrometry of the sample as it is heated. It can be used to assess

the effects of heat on the mineral alone or in combination with organic probe molecules.

DRIFTS holds several advantages over pressed disk methods. Perhaps in this work, the
most important advantage is that DRIFTS does not require any pressing of the sample.
Pressed-halide (usually KBr) disk methods depend upon the powdered sample being
exposed to extreme pressures in the sample preparation stage. This can lead to
orientation effects and/or degradation of the sample. The KBr disk sample also must be
pre-ground, leading to possible decreases in cyrstallinity and ordering. KBr is frequently
used as a diluent in IR spectroscopy of minerals, since it is transparent to IR radiation
down to ¢ 250 cm™ and it has a refractive index similar to that of many minerals.
However, particular problems arise in the transmission methods, since not only can KBr
interact with the mineral during pressing, but also it is hygroscopic. During the pressing

of the disc, water adsorption often occurs. Although this adsorption is generally
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reversible, its removal is by heating to elevated temperatures (e.g. 100°C) for several

hours. Thus the sample may be further altered.

To produce a sample for diffuse reflectance work, the mineral specimen must simply be
mixed with KBr for a few seconds, thus ensuring heterogeneity of particle size and
thorough distribution of the mineral. The DRIFT spectrum can then be collected

immediately.

1.4.1.2 Theory of infrared spectroscopy.

In general terms, spectroscopic techniques measure “the difference between energy levels
in a material by measuring the energy of the absorbed or emitted radiation when the
material is excited to a higher energy state, or as it decays back to the ground state”.
For IR spectroscopy, the exciting radiation is, naturally, infrared, with a wavelength of
between 10” and 10° m. A summary of the theory of infrared spectroscopy is presented
herein, and for a more detailed account, the reader is directed towards the existing

specialised books available***>%.

In the simplest, idealised model of an IR active vibrating molecule, 2 atoms of differing

mass (m1 and m2) are joined by a weightless spring (i.e., a simple harmonic oscillator).

When the atoms are pulled apart, attractive forces pull the atoms back together.
Likewise, if the atoms are forced together, repulsive forces may push them apart again.

The behaviour of the system is governed by Hookes Law shown below.

Equation 1
f=-k(r-ro)

where = the restoring force, k = the force constant
r= the internuclear distance, r.= the internuclear distance
at equilibrium or bond length.
Of course, in a real system, if the atoms are pulled too far apart, the bond (spring) will
break, and the atoms become dissociated. The energies associated with the atoms during

anharmonic compression and extensions are approximated by the Morse function:
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Equation 2
V =D, [1-exp{a(r. -0)]*

Where D. = dissociation energy a = constant for a particular molecule
r. = equilibrium distance, or bond length

r = internuclear distance.

This equation can then be used to solve the Schrédinger equation, the permitted energy

levels are found to be

Equation 3
E, = (v+ B)w. - (v+ V2)* @wexe

Where @, = oscillation frequency,  x. = anharmonicity constant = a*/ 2uw@,

v=0,1,2 ... 4 =reduced mass.

Thus, the selection rules for an anharmonic oscillator undergoing vibrational changes are

Av=-+/-1,+/-2,+/3, ...

The lowest energy level is when v = 0, as is called the ground state. It should be noted
that the energy does not equal zero, but it is the “zero point energy” which can be
calculated from the approximated equation, Equation 3. A general equation for the
energy levels has been derived and is used to fit experimental data and find the

dissociation energy of a molecule (Equation 4).

Equation 4

E, = (v+ )@, - (v+ %) wxet (v+ %) @ ye. ...

If a molecule is to absorb infrared radiation, it must undergo a net change in the dipole
moment due to its vibrational motion. The dipole moment is the product of the
magnitude of the localised electrical charges within any molecule and the distance
separating the positive and negative components of the charges (i.e. the atoms). If the
frequency of the incident radiation is the same as that of the molecular vibration, a net
transfer of energy can occur. Radiation is absorbed which results in a transition from one

vibrational level to a higher vibrational level.
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1.4.1.2.1 The vibrational modes of polyatomic molecules.

In a polyatomic molecule, each atom has three degrees of motional freedom, that is, it
can move independently in three different directions along the axes of a Cartesian co-
ordinate system. If there are n atoms in a molecule, then there are 3n degrees of
freedom. Three of the degrees are translational (i.e. they involve moving all atoms
simultaneously in the same direction parallel to the axes of a Cartesian co-ordinate
system). Another three degrees describe rotations about the principle axes. The
remaining 3n-6 degrees are motions which change the bond lengths and angles between
atoms. The bonds are eléstic, and thus periodic motion occurs. All vibrations of an
idealised molecule result from the superposition of 3n-6 non interacting normal
vibrations. The frequency and relative motions of the atoms are governed by force
constants of the bonds, the masses of the atoms and the molecular geometry of the local
environment. The motions of the vibrating molecule give rise to spectra characteristic of
that group of atoms. In a diatomic molecule, if the atoms are alike, no vibrational
spectrum is observed. See Figure 1.10 for a schematic representation of the vibrational

modes in a polyatomic molecule.

Figure 1.10  Vibrational motions in a polyatomic molecule(e.g. water).

~
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The transitions that are normally observed are

v = 1«0, which is a fundamental transition (i.e. the first harmonic) and

v = 2«0 or v = 3+-0, which are overtones, and occur at frequencies of 2v; and 3v,
where v, is the fundamental mode frequency.

Selection rules (see below) permit combination bands and difference bands. The former
arise from the addition of two or more fundamental frequencies or overtones, and the
latter from the subtraction of two or more overtones or fundamental modes.

Combination bands generally have small intensities compared with fundamental

vibrations.
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1.4.1.2.2 Factors affecting the intensity of infrared bands.

Intensity of the spectrum depends upon three factors:

a, the selection rules for infrared. This determines whether the transition is
“forbidden” or “allowed” (see reference’’ for details).

b, the population of the initial state at thermal equilibrium. For most systems it is
found that the ground state is the most heavily populated at thermal equilibrium. The
intensities of the transition at thermal equilibrium are proportional to the population of
the initial vibrational state. The population is given by the Boltzmann distribution shown

in Equation 5

Equation 5
Ni/No =gi/go exp (-AE/KT)

Where N; = number of molecules in a particular state,
Np = number of molecules in the ground state,
AE = difference in energy between the states,
k = Boltzman constant, T = temperature,

g; and gy = degeneracies of the particular levels.

¢, the number of molecules in the beam. (i.e. sample thickness or concentration).
The relationship connecting the intensity of transmitted and incident radiation to the

number of molecules is governed by the Beer-Lambert Law (see Equation 6).

Equation 6
log (Io/T) = ecl.

Where I, = intensity of radiation falling on the sample,

I = transmitted radiation, ¢ = sample concentration,
| = path length, ¢ = extinction coefficient at a given
wavelength.

1.4.1.2.3 Fourier transform spectroscopy.

Fourier transform (FT) instruments in spectroscopy are now commonplace and hold
many advantages over dispersive instruments, where a grating or prism is used in order

to resolve the radiation into separate components. FT infrared spectrometers combine a
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radiation source, a sampling arrangement (discussed later), a device for spectral
dispersion or selection of radiation, and a radiation detector connected to the appropriate
recording device. The spectrometer used in the current work employs a Michelson
interferometer. A Michelson interferometer allows all the infrared frequencies of the
source to be recorded in the time domain as an interferogram, thus reducing the
measuring time of the instrument in proportion to the number of spectral elements (the

“Fellgett advantage™*).

This is a dramatic improvement compared with traditional
dispersive instruments. A Fourier transform is then used to convert this to the frequency
domain (see below). During the mathematical conversion an apodisation function is used
to smoothly truncate the interferogram thus removing spurious oscillations. The choice
of apodisation function can influence the resolution and signal to noise ratio of the
spectrum. There is no perfect apodisation function, and the optimum function for any

given system should be used.

1.4.1.2.3.1 Fourier transform.

This is a mathematical procedure which converts the signal as a function of time
(retardation) to a signal as a function of frequency. The intensity of the radiation at the

detector can be described by Equation 7 below.

Equation 7

I(x)= 2_"003'(;) cos(27zx;)d\_)

Where S(v)= spectral density as a function of the wavenumber v
and x= retardation.

In practice, the mirror does not travel an infinite distance, but has a maximum (Xmax),
which means there is a maximum permitted frequency, known as the aliasing frequency

(shown in Equation 8 below).

Equation 8

Vimax= 1/ 2Xmax

Thus, a more practical transform is given by Equation 9.
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Equation 9

+ Xmax

1 S(v)cos(2;rvx:)</v

1.4.1.2.4 Diffuse reflectance.

Specifically, diffuse reflectance infrared spectroscopy is dependent upon the reflection,
refraction and diffraction of an infrared beam caused by interactions with a powdered
sample. Scattering of the incident beam within the sample is vital to the success of the
experiment and this radiation must be collected with the exclusion of the specularly
reflected radiation. With a strongly scattering sample, radiation is scattered in all

directions above the sample (see Figure 1.11 below)

Figure 1.11 Schematic representation of diffuse reflectance.

True
Diffuse

Fresnel specular reflectance occurs when the angles of incidence and reflectance are
equal (as if reflected in a mirror). This type of reflectance (sometimes also referred to
specular-, true specular-, front surface- or regular reflectance) is governed by the Fresnel

. 4849
equations 2,

In the Fresnel diffuse (diffuse specular) type reflectance, the incident beam undergoes
multiple reflections off particle surfaces without actually penetrating the particle. The

reflected beam emerges from the sample in all directions.
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In the third type of reflectance (true diffuse), before emerging from the sample, the beam
passes into the particles and undergoes absorption, reflection, refraction and scattering.

This type of reflectance also emerges in all directions.

The possible interference of specular reflectance is one of the major factors affecting
DRIFT spectra. The amount of specular component in the spectrum is governed by the
refractive index of the sample, (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’=0)

Specularly reflected light may be described by Fresnel’s equations (see reference **)
which express the reflection of radiation at an interface as a function of the refractive
indices of the two media that form the interface. The difference in the refractive indices
leads to reflection. The differences in refractive index that lead to reflection can be due
to the 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™).
The absorption coefficient, K, is related to the absorptivity, a, by:

K=2.303ac,

where c is the concentration.

If the sample absorbs, the absorption coefficient, K (# k’) has an effect on the amount of
specular reflectance near the wavelength where absorption occurs. The appearance of
the features produced in the infrared spectrum depends on the value of the absorption

index and hence the absorptivity.

If the absorptivity is very small, very little if any change in the spectrum results. If the
absorptivity is intermediate, as is for most organic compounds, the increased specular
reflectance can result in an anomalous dispersion feature. This leads to a derivative
shaped feature or a shift in the peak maximum to higher wavenumber of the band in
question. If the absorptivity is large, such as the strong bands in some minerals, a large
reflectance maximum, called a reststrahlen band results.
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In order to collect the spectrally important radiation (i.e. to eliminate as much of the
Fresnel diffuse and Fresnel specular components as possible), mirrors covering a large
angle are positioned above the sample cup, although efficiency of diffusely reflected
radiation may still be low. The collection of specular reflectance radiation by the
detector can lead to non-linearity of the DRIFT spectra. Specular reflectance is
particularly abundant in compact samples with a smooth surface, and in order to

eliminate as much of this as possible, a number of steps can be taken

Firstly, the mirrors are positioned such that the angle of specular reflection is avoided.
Early diffuse reflectance cells used a “blocker” in order to further reduce the collection
of specular reflectance. The Graseby Specac DRIFTS Accessory used in the current
work had a complex mirror arrangement, as shown in Figure 1.12 below. Specular
reflectance can also be greatly reduced by mixing the sample with a non absorbing
diluent, such as KBr. For a more detailed review of the theory of DRIFTS, the reader is

referred to two of the more recent and detailed reviews **°.
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Figure 1.12 Schematic diagram of the DRIFTS sampling arrangement.

Sample

or

IR beam IR beam
Out

The alignment of the mirrors and sample in this arrangement is critical, since typically
only 10 to 50% of the energy throughput is available for DRIFTS analysis compared

with the transmission mode.

Diffuse reflectance spectra are not easily reproducible, since the technique depends
crucially upon many factors5l. However, it is possible to achieve good reproducibility if
these parameters are monitored and controlled as far as possible. Some of the more

important factors are listed below:

Choice of halide as a diluent (and reference powder). The use of a sample diluent
decreases the specular component of the reflected beam, whilst increasing the diffuse
reflectance component, thus reducing (or removing) reststrahlen bands and other
anomalous dispersion effects. Alkali-halides are used most frequently in this capacity,
since they are highly scattering, good diffuse reflectors, and infrared transparent. KBr
was selected as the diluent of choice for the work presented herein, since it has been used
historically in minerals analysis by IR very successfully. The interactions with the sample
are believed to be negligible under the conditions used for DRIFTS analysis. The

hygroscopic nature ofalkali halides is a potential disadvantage in IR spectroscopy, since
28
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water produces very intense bands in the ¢ 3300 and 1650 em™ regions. The adsorption
of organics is also a potential problem, since bands are produced at ¢ 2950 cm™. These
areas are also of significance in minerals analysis. To overcome this issue, KBr was dried
at 400 °C for at least 2 hours prior to use. It was cooled in a moisture and organic free
desiccator and removed immediately prior to background spectrum collection or to

mixing with the mineral sample.

Particle size of the sample (and diluent) can influence the amount of diffuse reflectance.
Generally, particle size needs to be less than 10 um for optimum collection of diffuse
reflectance, and minimal specular reflectance. Particle size should be kept as constant as

possible between samples.

Initially, as the depth of the sample is increased, there is a subsequent increase in the
absorption bands produced. At a certain depth for a particular sample, no further
increase will be observed. The sample is said to be of “infinite thickness”. This
thickness generally ranges between 2 and 5 mm. In the present work, a crude
investigation was carried out to determine the infinite thickness. It was deemed to be no
more than approximately 2 mm. The samples from which DRIFT spectra were collected

for presentation in this thesis were no less than ¢ 3 mm in depth.

Sample packing affects diffuse reflectance spectra. An advantage of packing the sample
under pressure is that it can help to orient the sample. However, closely packed particles
are less suited to diffuse reflectance spectroscopy than lightly packed samples. The
closer packing leads to a greater proportion of the incident radiation being specularly
reflected. In the present study sample packing was not used, since it is known to

significantly alter the physical properties of the sample.

Sample homogeneity is important and good mixing is essential for DRIFTS, since
sampling is over a relatively small area. Ball milling can be used to achieve adequate
mixing (and provide uniform particle size), but milling has a substantial effect on the
structure of the mineral (discussed in detail in Chapter 2) and is not suitable for use here.

Instead, the 200 mg sample-alkali halide mixture was mixed lightly using a mortar and
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pestle for 40 seconds. This mixing achieved good homogeneity and was intended not to

alter the sample integrity.

The height of the sample in relation to the optics of the system must be optimised to
ensure that the point of contact of the IR radiation is at the focal point of the mirror

arrangement.

Polarisers can be used to reduce the specular reflectance component if placed prior to
and after the points of reflection. However, the specular component is never completely

removed and loss of signal intensity is a secondary result.

The use of a blocker to physically block the specular component from the detector has -
been used in some DRIFTS systems (often a razor blade placed a few mm above the
sample). This is more efficient if the sample is flat and well packed because the angles of
specular reflectance are obviously more diverse if the sample contains randomly oriented
particles. The use of a blocker results in a loss of intensity of the signal reaching the

detector. It is not employed in the DRIFTS accessory used in the present study.

If the physical characteristics of the sample are kept constant, as the sample
concentration increases, so does the amount of specularly reflected radiation, thus the
diffuse reflectance observed decreases. For this reason it is advantageous to dilute the

sample with a non absorbing compound such as KBr.

VT DRIFT spectra are susceptible to baseline artefacts, typically broad features
superimposed on the spectra, which can result from instrumental fluctuations occurring
between the collection of the reference and the sample spectra, such as interferometer
stability. Heating the sample holder also changes the baseline, since the thermal
expansion results in changes in the sample-incident beam interface. This effect is
minimised by heating the KBr used as a reference to the same temperature as the sample.
However, the collection of the sample interferogram and that of the reference
interferogram may be days apart, and thus changes in atmospheric water vapour spectra
are inevitable. The resulting sample spectrum may have a water vapour spectrum
superimposed on it, and as a result the bands of interest in the sample spectrum may
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become obscured. This problem is minimised during the practical procedure by purging
the instrument with dry air and purging the sample holder with nitrogen. Subsequently,
water vapour subtractions can be made using the software package. Here, a ratio is
taken of interferograms at two consecutive temperatures in the “stepping” scheme, e.g.
100 and 125 °C. The spectrum of water vapour alone is thus obtained (see Figure 1.13
for an example of a typical water vapour spectrum). The result may then be subtracted
from the sample spectrum (at 125 °C). Complete water vapour spectral subtraction is
not always possible, but the effect can be minimised this way. The Kramers-Kronig
transformation can be used to mathematically overcome spectral distortions caused by
the refractive index effect, by separating the real and imaginary components of the
spectrum. A spectrum which consists primarily of specular reflectance can be converted
into one which displays absorption information. This type of spectral manipulation was

not required in the work presented herein.

Figure 1.13 A typical water vapour spectrum (the water bending region).
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VT (variable temperature) DRIFTS allows the collection of diffuse reflectance spectra as
a sample is heated and can be thought of as an in situ method of gaining information

regarding the changes occurring during thermal treatment. The information obtained can
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be correlated with VI XRD, TGA and DTA. Furthermore, quantitative analysis is
feasible using this method of study™.

1.4.1.3 VT and RT DRIFTS experimental parameters.

Samples were diluted to 5 or 10 % in KBr. The KBr had previously been dried for at
least 2 hours at 400°C in order to drive off excess moisture and inorganic impurities, and
stored in an airtight container. Following light mixing using a pestle and mortar, the
samples were placed immediately into the VT DRIFTS cell and a spectrum and time = 0

was recorded.

All spectra in the following study were produced using a Mattson Polaris FT-IR
spectrometer equipped with a temperature controller with a range of 0 to 500 °C and an
MCT detector. The sealed instrument, incorporating a Graseby Specac Ltd “Selector™”
DRIFT accessory, was purged with dry air over night to ensure the contribution from
water vapour was minimised. N, flow was resumed the next morning and spectra were
collected at intervals of 25°C up to 200°C and of 50°C thereafter. Temperature within
the environmental chamber was controlled by a Graseby Specac P/N 20130 series
automatic temperature controller, which has a range of 0-500°C. The selectable

parameters were as follows:

Table 1.4 Parameters used in the collection of IR spectra.

Parameter Setting
Resolution 40cm™
Sample Scans 276
Background Scans 276

Start Wavenumber 400 cm™
End Wavenumber 4000 cm™
Iris 85%
Signal Gain 1
Apodization function Triangular
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The single beam spectra obtained were ratioed against a neat KBr background which was
recorded in a separate experiment under the same conditions. Water vapour was
subtracted where appropriate, and multipoint baselines were used to level and zero the
data over the regions of interest. Spectral manipulations such as baseline adjustment,
curve fitting (band component analysis) and water vapour subtraction were performed
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH,
USA).

1.4.1.4 Curve fitting of DRIFT spectra.

Figure 1.14 A typical DRIFT spectrum of kaolin.

Unmilled Kaolin

1.2-

A bsorbance

LT

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Most of the work in this thesis investigates the influence of various treatments upon the
areas of the spectrum highlighted above. ‘A number of bands are present in these regions,
but are not all discernible by eye. In order to elucidate information regarding the
changes in intensity and frequency of bands in these regions, curve fitting was employed.
As far as possible, band positions were used which had previously been discussed in the
literature. The shapes of the fitted bands applied are discussed in the relevant chapters.
Reliability of fit was achieved by a critical evaluation of the Chi’ results for a set of,
rather than individual spectra. An acceptable set of fits provided Chi® values which

varied no more than ¢ +/- 5% around the mean value.
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1.4.2 XRD.

XRD has historically been very important in the study of the crystalline phases present in
clay minerals. Although quantitative analysis is possible, reproducibility is dependant
upon many factors including sample length, thickness, position, alignment (pressing), |
sample homogeneity and the quality of the standards used®>. Hence, sample preparation
is very important in XRD analysis. XRD can be particularly useful in the study of
intercalated clays. Identification of clays by XRD is based in the most part on the basal
(or d) spacing of the crystallographic planes parallel to the sheet structure. If the d
spacing of the untreated mineral is known (7.12 A in the case of kaolin), an increase in
value can be attributed to successful intercalation (e.g. to 8.4 A for artificially hydrated
kaolin®®). VT XRD (i.e. variable temperature XRD) can be used to monitor thermal
decomposition, i.e., the loss of the intercalated species and the subsequent collapse of the
mineral layers with increasing temperature. The extent of expansion of the mineral layers

can be calculated using Bragg’s Law (see below).

The crystallinity of kaolin may be assessed according to the Hinkley index. However, the
index can be greatly influenced by the presence of impurites® and therefore was not

utilised in the present work.

1.4.2.1 Theory of XRD.

In modern XRD instruments, an evacuated chamber contains a metal target (Cu in the
instrument used for this work) which is stuck by incident high speed electrons from a
heated filament. X rays are thus produced. The x rays are directed at the sample over a
range of angles. X rays are electromagnetic waves characterised by an electric field, the
strength of which varies sinusoidally with time at any one point in the beam. This
oscillating electric field exerts a force on the electrons of an atom causing any electron it
encounters to oscillate about its mean position. This accelerating and decelerating
electron emits an electromagnetic radiation, and it is in this sense that the electron is said
to scatter x rays. The scattered beam is simply the beam radiated by the electron under
the action of the incident beam, and has the same frequency as the incident beam. Thus,
the scattering of x rays by matter occurs. Scattering of x rays is proportional to the size

of the atom, providing that the dimensions of that atom are less than the x ray
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wavelength. See Figure 1.15 for a schematic representation of a typical x ray

diffractometer. )

Figure 1.1S  Schematic representation of an x ray diffractometer.

diffracted x-rays CDeteotor X-rays may be
scattered or absorbed
o 20 by the sample
incident -V
X-rays ’
§—ray tube sample

(Taken from reference’")

If Bragg’s Law is obeyed, diffraction will occur at an angle 6, if a beam of x rays falls on
a series of atom bearing planes within the sample, each a distance, d, apart. Bragg’s Law
states that nA = 2d sinf , where A = wavelength and n is an integer. During an
experiment, both the detector and the sample are rotated in order to reach the required
angle. The intensity of the scattered x rays obeying Bragg’s Law is measured as.a.
function of the diffraction angle (°26) and the orientation of the sample XRD cannot
distinguish bulk from surface mineralogy. Thus, by rearranging Bragg’s equation, the d-

spacing of a mineral can be obtained: d =n.A /2 sin 6.

1.4.2.2 Experimental parameters.

For room temperature XRD, samples were presented to the Philips PW1830 x ray
diffractometer operating at 35kV and 45mA, as pressed powders. A Cu K « radiation
source was used, with a wavelength of 1.5418A. The diffraction patterns were recorded,
with an angle range of 5-65 © 20 at a scan rate of 2 °26 per minute. VT XRD traces
were collected using the same instrumental parameters, but the sample was mounted
onto a glass slide as a film. The liquid pyridine treated sample was pasted onto the slide
and allowed to dry in sifu. Drying was complete after approximately 30 minutes. This
was placed on a heating plate, and temperatures were ramped in a manner similar to that

used in the VT DRIFTS experiments.
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1.4.3 Thermal analyses (TGA, DTA and DCS).

It is possible to investigate the thermal stability of mineral complexes using a number of
thermal techniques, including TGA (thermogravimetric analysis), DTA (differential
thermal analysis) and DCS (differential scanning calorimetry). These techniques are
frequently used to assess energy changes and weight loss (or gain) from minerals and
mineral-organic complexes upon heating. Sidheswaran et al,> used the techniques to
study the thermal decomposition of kaolin-potassium acetate salt intercalates. Although
this work was able to discern changes in decomposition between the intercalated and
untreated mineral, it was not able to assign the weight losses without other corroborative
evidence. Methods of qualifying these weight changes include on line mass

spectrometry, or more usually, FTIR.

Most of the thermal analysis in the work presented herein has been carried out using
TGA. A few milligrams of sample are suspended from a sensitive recording balance in a
refractory crucible. Mass loss from the sample may be recorded as temperature
increases. The mass loss curve may be presented as the negative derivative (-dw/dt),
thus showing rate of change of mass over temperature. Weight losses may thus be
observed as maxima. Particle size, initial mass and packing density should vary as little
as possible between samples in order to optimise reproducibility. An inert atmosphere
was used to suppress the oxidation of organic materials in the clay sample, and also to
remove any evolved gaseous by-product of the heating process. The heating strategy

was kept constant throughout the course of the study.

DTA depends upon the detection of the exo-or endothermic reactions occurring when a
substance is heated. It may be used to examine structural changes such as
dehydroxylation (the conversion from kaolin to metakaolin) at ¢ 550 °C, and also events
which do not involve weight loss, such as the conversion at ¢ 990 °C of metakaolin to

" mullite.

1.4.3.1 Experimental parameters.

For TGA and DSC measurements, a Mettler-Toledo TA8000 thermoanalyser was used
to analyse samples of between 7 and 10 mg. They were heated from 35 to 800°C at 20
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°C per minute under a flow of N, carrier gas at 20 ml per minute, after an initial

acclimatisation period of 15 minutes at room temperature.

For DTA measurements, samples of approx. 6mg were presented to a Polymer Labs
simultaneous thermal analyser (STA 409EP). Samples were heated from 20-1200°C at

10°C per minute under a flow of N, carrier gas. Al,O; was used as a reference.

1.4.4 Ball milling.

1.4.4.1 Experimental parameters.

Ball milling of the samples was carried out at Schlumberger, Cambridge, England, using
a Retsch MM2 ball mill grinder equipped with 2 tungsten carbide grinding pots (internal
volume of 10 ml) and 2 tungsten carbide grinding balls (diameter 12 mm) per pot. 2g of
kaolin were ground at a frequency of 45 Hz, for 3, 10 or 30 minutes. Samples were

stored in sealed vessels until use

1.4.5 XREF.

XRF is used to quantify the elemental oxides present in a sample. X rays are directed
towards the sample, and x ray fluorescence occurs at characteristic “finger print”
wavelengths specific to the elements present. The concentration of the element is

proportional to the intensity of the fluorescence at that wavelength. .

1.4.5.1 Experimental parameters.

1g samples were fused with 10g of Li,B4O;. The beads formed were presented to a
Philips PW2400 sequential XRF spectrometer. A wide range oxide analysis was

performed using certified synthetic reference standards.

1.4.6 SEM.

Electron microscopy is a long established method for characterising clay minerals (see
Shaw™ and references therein). The advent of scanning SEM in the late 1940s has
facilitated the three dimensional visualisation of clay particles. A disadvantage of SEM is
that it is not been possible to examine the mineral sample in its natural state, since

multiple and sometimes harsh preparation steps are required before micrographs can be
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obtained. Sample preparation was kept to a minimum in the work presented herein, but

it is acknowledged that some alterations will have occurred.

1.4.6.1 Experimental parameters.

Lightly ground samples were spotted by blowing, with compressed gas, dry powder onto
carbon coated aluminium stubs. Samples were then gold coated, using a sputter coater,
to reduce charging problems, and presented to the Philips XIL40 scanning electron
microscope equipped with an Oxford Instruments LINK energy dispersive x-ray analyser

(EDX). Micrographs were produced using a 20 kV electron beam.

Note

Kubelka-Munk (K-M) conversions are sometimes used in the literature to present
DRIFT spectra, since the conversion is said to create a result similar to that produced by
transmittance spectroscopy. Work by the author (not presented) showed that
“absorbance” spectra were almost identical to true transmittance spectra (produced by
the pressed pellet method), whereas K-M spectra showed marked differences to the
transmittance spectra. For this reason DRIFT spectra presented in the work herein have

been converted to “absorbance” spectra.
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2.1 Introduction.

The aim of this work was to characterise the water sorbed by kaolin before and after dry
ball milling, and to study its thermal stability between ambient temperature and 500°C
using variable temperature diffuse reflectance infrared Fourier transform spectroscopy

(VT DRIFTS). The effects of ageing were also investigated.

Studies on the effects of milling (or grinding) kaolin have been carried out for several
decades by various investigators, and the effects of micronization have been examined
using many techniques including thermal analysis' SEM, TEM?, XRD®, NMR* surface
area measurements"*’, photoacoustic IR® and IR absorption'® spectroscopy. Molecular
modelling has also been attempted®. (Note: some of the more recent literature has been
referenced herein, and many contain information gathered using more than one

technique.)

The effects of grinding on other clays have also been studied. Sondi ez al'., examined
the changes in the surface properties of (non swelling layered silicate) ripidolite and
(swelling aluminosilicate smectite) beidellite clays after milling. The first stages of
milling caused cleavage along the (001) basal plane (i.e. delamination) and subsequent
milling induced cleaving normal to the basal plane (i.e. fracture). Changes in surface area
(due to the break up of clay stacks), cation exchange capacity (due to the exposure of
new edge sites) and electrophoretic mobilities (zeta potential) resulted. The alteration in
zeta potential was particularly significant, since in their natural state these clays do not
have an isoelectric point. The charge in unmilled ripidolite and beidellite is carried by
basal surfaces with a constant negative charge. This is pH independent and is due to the
isomorphous substitution of Si*" by AI**. After milling, the mineral edges are fractured,
resulting in broken bonds and pH dependant charge. The changes occurred rapidly (after
approximately 6-10 minutes) and subsequent milling for up to 300 minutes did not

significantly alter the properties examined.

Drief and Nieto® used several techniques including XRD, thermal analyses and IR
spectroscopy to examine the effects of milling of the serpentine mineral, antigorite. They
suggest that in the early stages of grinding the octahedral sheets are preferentially
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destroyed. Further grinding results in the destruction of both sheets, resulting in a
mixture similar in composition to the starting material, but having only weak associations

between the tetrahedral and octahedral layers.

The effects of milling upon kaolin will be discussed in detail later in this chapter, but in
crude terms, the most obvious changes are similar to those observed with the milling of
other minerals: initially, the kaolin sheets are cleaved along the basal plane, resulting in
delamination, followed by the fracture of particles normal to the basal plane after
prolonged milling. Thus, an increased number of edge sites are exposed. The amount of

surface-sorbed water species increases.

Water adsorption and desorption on swelling clays has been well studied by IR

spectroscopy and other standard techniques such as TGA>'*''*

More unusual
techniques have also been used to monitor the thermal desorption of water, for example,
using a vacuum microbalance apparatus'. The milling study carried out by Drief and
Nieto® on antigorite highlighted a water stretching mode in the IR spectra at 3436 cm™
which increased as milling progressed, and was attributed to randomly attached OH ions
and adsorbed water. Bands in the water bending region at approximately 1630 and 1650
cm™ were also obvious from the spectra presented, but were not commented upon in the

text.

Certain aspects of the infrared spectrum of water and hydroxyls on kaolin have been well
studied. The intensity in the bending and stretching regions of the IR spectrum are
dependent upon both the degree of hydration and ball-milling time. Some work has
examined the adsorption / desorption of water and the observed intensity increase or

decrease in certain regions of the spectrum after milling '**

. In a comprehensive study
of the effects of dry and wet milling on kaolin (using IR spectroscopy, XRD, TGA,
DTA, SEM, surface analysis, particle size analysis and pore volume measurements), it
was postulated by Suraj and co-workers'* that initially the dry grinding process exposed
directed hydroxyl bonds between the octahedral and tetrahedral layers (amorphization),
and that these OH groups became less stable as grinding progressed. They found that
dry grinding had a greater micronization effect compared with wet grinding, probably

due the water (involved in wet grinding) damping down the effect of the zirconia balls
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used in both milling techniques. They suggested that “the newly formed vacant sites...
accommodate extra structural water” and therefore that the OH bands at 3708 and 3620
cm™ and the Al-OH bending bands at 938 and 918 cm™ broadened. They reported that
dry grinding caused amorphization, i.e. it exposed the directed hydroxyls between the
tetrahedral and octahedral layers. Prolonged grinding led to the hydroxyl groups
becoming unstable. Vacant sites on the outer surfaces were formed, and these were able
to accommodate extra structural water. This had the effect of broadening the hydroxyl
bands in the spectrum. The continued availability of the structural hydroxyl groups was
visualised by the persistence of the 938 and 918 cm™ Al-OH bands (not shown). These
factors and variations in the relative intensity of the inner surface and inner hydroxyl
stretching modes (in the present work designated a and d, with frequencies of around

3695 and 3620 cm respectively) confirm the structural deterioration of the mineral.

Although not discussed in detail in their work, there was also a very obvious broadening
of the ¢ 3000 - 2600 cm™ region after grinding and the appearance of a new band at
1620 cm™ (this band was partially obscured by intense water vapour bands). A
broadening of the 3695 (c.f. 3708 cm™) and 3620 cm™ bands was not quantifiable in the
current work, it is clear from the data presented herein that as milling time increased
more loosely bound water (in various forms) was present on the surface of the kaolin
(although as milling time increased, there was an overall decrease in the total amount of
water present). Although the possible broadening in the present work was not
quantified, there was at times a detectable change in the width of the OH bands. It is not
certain if this change was a result of inaccurate curve fitting due to sofiware difficulties
in distinguishing between bands, or if it was a real change. Although it is not possible to
rule out this phenomenon, it is postulated that the water in the current study was
adsorbed mainly to broken edge sites, rather than to the upper or lower surfaces The
“extra” water is likely to originate both from atmospheric moisture and from prototropy,
i.e. the migration of protons to hydroxyl groups, thus forming “new” water molecules. It
is the opinion of the author of the work herein that the interpretation of the IR work by
Suraj et al., is a little simplistic. It is postulated that the bands at 3708 and 3620 cm™

(and those in between) were indeed losing their integrity after milling, but that this effect
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was not merely due to the broadening of these bands. More realistically, they were being
swamped by water bands at lower frequency which increase in intensity as milling

increased.

Another detailed study of the effects of milling of kaolin was carried out by La Iglesia
and Aznar’. Their work examined the effects upon four different types of kaolin when
subjected to milling at different pressures for various times. Using XRD, DTA, TGA, IR
and TEM they were able to assess the changes in particle morphology, structure and
cyrstallinity after milling. In the range of pressure (0.1-2 GPa) and grinding studied (1-
12 hours) it was found that grinding was more destructive to the integrity of the mineral
than pressure. Grinding was found to alter the morphology , resulting in small particles,
periodicity disorder and short range disorder, whereas pressure resulted in limited
changes. Short range disorder resulted in the formation of an amorphous phase.
Grinding decreased the temperature and intensity of the endothermic processes at
approximately 550 °C (i.e. dehydroxylation) and marginally increased the temperature of
the exothermic processes at approximately 980 °C (ie. metakaolin-mullite
transformation). Dehydroxylation temperature decreased in both pressure treated and
ground samples because both treatments produced changes in the crystal structure which

facilitated the elimination of hydroxyls (i.e. water).

Interestingly, a large increase in the overall % weight loss was also observed. This effect
is not mimicked in the work presented herein. For samples that were ground for over 4
hours (in the referenced study), a new endotherm was observed at approximately 200 °C.
Although the cause of this effect is not explained in the study by La Iglesia and Aznar, it
is likely that it is the result of low temperature loss of relatively weakly bound surface

water.

Only very recently has DRIFT spectroscopy been introduced into the study of clay

minerals!>1%%*

. To date DRIFTS has not been widely exploited in variable temperature
work. Michaelian et al’., studied the effects of the wet and dry grinding of kaolinite in
the presence and absence of CsBr, CsCl and CsI. They determined that upon ageing, a
mixture of kaolin and CsCl sorbed water and formed an intercalation complex. If the
mixture was dry ground, the intercalation process was more rapid. If the mixture was
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wet ground, the intercalation complex was formed during the grinding process. They
showed that the dry grinding of kaolin with CsBr and Csl did not lead to intercalation
formation.  They suggest that this phenomenon indicates that environmental
(atmospheric) salt or water molecules do not react with the mineral to form an
intercalation complex. CsBr and water formed an intercalation complex upon wet
grinding (although this effect was not mimicked by the CsI and water system). It was
concluded in that study that the degree of intercalation of kaolin with a caesium halide
salt was governed in some way by the size of the halide ion- the larger the ion, the lower
the degree of intercalation. There are two possible causes of the observed phenomena.
Firstly, the intercalation into the interlamellar network may be restricted by the physical
size of the halide ion, (Cl” being small enough to fit easily into the interlayer space, Br’
penetrating when forced to do so, and I being too large). The other possible explanation
is that hydrogen bonding between sorbed water molecules and the ions are essential for
the intercalation process, (ClI" forming weak associations, Br" forming very weak
associations, and I forming few (if any) associations). The second explanation appears
to be more plausible, since there were observed shifts in the IR frequencies of the water
modes between the CsBr and CsCl systems. After delamination induced by milling,
intercalation complexes between CsCl, (and to a lesser extent with CsBr), water and
kaolinite were formed, whereby hydrogen bonds formed between hydroxyl groups of the
octahedral sheet and the oxygen of water, and between protons of the water and the
siloxane oxygens of the tetrahedral sheet (see Figure 2.1). It was found in another
study'® that intercalation was most likely in wet ground samples, least likely in lightly

mixed samples, and moderately likely in air ground samples.

It was determined that the intercalation of water and CsCl was a two step process, with
the delamination occurring during grinding and the subsequent intercalation taking
sometimes over a month to complete. They apparently observed no spectral changes
when the kaolin was dry ground with CsBr and CsI at ambient atmosphere, and that this
led to the conclusion that water molecules from the atmosphere do not react to form
intercalation complexes with these molecules. However, water molecules from the
atmosphere were involved in the intercalation of CsCl, and adding extra water increased
the rate of intercalation with CsCl. CsBr intercalation only occurred when a few drops

of water were added during the grinding process. The spectra recorded by Michaelian ef
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al,’ were produced a minimum of 3 months after the initial treatment. During this time
it is likely that significant changes would occur, particularly in the water bending region
of the spectrum (see section 2.3). The possible changes after this 3 month period were
discussed in the reference, but there was no evidence of investigations carried out prior
to this period. It is the author’s opinion that an investigation of this kind should include
spectra taken immediately after treatment of the mineral, since, as discussed later in this

chapter, ageing has a considerable effect on the IR spectra of ground kaolin.

Figure 2.1  Illustration of the intercalation of CsCl into kaolin.

OH OH OH

Ch--H—0--Cs
H

/O\
—Si  Si—

5

It was suggested by Michaelian ef al,’ that a water molecule co-ordinated to the Cs
cation donates one proton to a siloxane oxygen and the other to a halide, while accepting
a proton from an inner surface hydroxyl. The CsCl -kaolin complex was able to sorb
atmospheric water for use in this process, whereas the CsBr-kaolin system was not, and

therefore water had to be incorporated during the milling process.

Yariv® also studied the grinding of kaolinite in the presence and absence of alkali
chlorides. The adsorption of water was examined in some detail in this work. After
delamination, Yariv noted that the layer became hydrated, and concluded that this water
was sorbed from the atmosphere. The reaction with water was divided into 3 stages:

a) during grinding, the layer was disintegrated and kaolin structural atoms became
exposed. Protons were attracted to exposed hydroxyls, and hydroxyls were attracted to
exposed silicon and aluminium.

b) enhanced by the lattice defects caused during grinding, excess protons were

sorbed by the kaolin, causing the surface to become positively charged.
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c) Free water molecules were sorbed by the positively charged kaolinite surface.

This sample was ground with alkali chlorides, and Yariv went on to say that the water
molecules were polarised by the alkali cation, and thus their adsorption occurred. Figure
2.2 shows the mechanism proposed by Yariv. Presumably, the absence of the alkali

chloride when grinding (as in the current work) does not inhibit the sorption of water.

Figure 2.2  Tllustration of the proposed method of interaction of alkali cations
and water on the surface of kaolinite.
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Other work carried out by the author (see chapter “The adsorption of pyridine to
kaolin™) has discovered that the predominant surface sites present on the surface of
unmilled kaolin at room temperature are of the Lewis type. However, after 10 minutes
of ball milling, Brensted sites are more prevalent, i.e., the probe molecule used in the
work was increasingly likely to be bound (to an edge site) via a water molecule, rather
than directly to the kaolin surface as milling time increased. These results suggest that

the theory of Yariv, whereby water sorbs to edge sites is the more likely.

Perhaps the most widely examined characteristic of the spectrum is the group of 4

distinct peaks in the 3700-3600 cm™ region. Although several papers have addressed

this area, the assignments of these bands is still the subject of some controversy”’ls.

Generally, the agreed assignments for the more commonly detected bands are as follows:
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Table 2.1 IR frequencies of bands in water stretching region of kaolin

spectrum.
Frequency (cm™) Assignment
3695 (a) Free outer OH / inner surface OH stretch
3669 (b) Inner surface OH stretch
3650 (¢) Inner surface OH stretch
3620 (d) Inner OH stretch
3627 inner stretch halloysite (different because of the rolling of
the layers)®®
3590 (e) Interlayer or intercalated water (especially in disordered
kaolins and halloysites)*®
2600-3600 (f-h) Stretching modes of water adsorbed to kaolin surface.
Note ¢

In the DRIFT spectrum of kaolin there is also a broad absorbance between
approximately 3600 and 2600 cm™ which has variable intensity and incorporates several
overlapping bands. Several workers using IR techniques have noted variations in this
area, which have been generally been loosely assigned to “water stretching” vibrations of

adsorbed water 3842,

There has been less interest in the mid-frequency range of the spectrum and with the
exception of a water band near to 1640 cm™, '>® assignments have seldom been made.
Mendelovici' noted changes in the 1640 cm™ region and conceded that water molecules
of different bonding characteristics contributed to the band, but did not explain what the
bonding environments may be, and did not interpret the changes observed with grinding
or increasing temperature. Three bands at 1637, 1823 and 1933 cm™ were observed by
Michaelian et al’., who assigned the 1637 cm™ band to water and the latter bands to
combination transitions involving strong bands at low frequency. Other workers have
tentatively assigned more IR bands, and the merits of these assignments will be discussed

in more detail in the bulk text. Some of the more established assignments are included in

the table below.

@ Specific references have not been given where the assignments are commonly accepted.
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Table 2.2 IR frequencies of bands in water bending region of kaolin spectrum.

Frequency (cm™) Assignment

1930 (s) Kaolin combination band of Si-O stretching mode @ 1020
cm” and OH deformation at 915 cm™ *°.

1830 (1) Kaolin overtone band from doubling of the 915 cm™ OH
deformation mode™.

1730 (u) Kaolin combination band (precise assignment currently
unknown*).

1679 (w) HOH bending of water very strongly H-bonded to
kaolinite (siloxane) surface*’.

1651 (v) HOH bending of water very strongly H-bonded to
kaolinite (siloxane) surface®’.

1627 (x) HOH bending of water adsorbed to kaolin surface*".

1578 (1) HOH bending of water molecules in the second sphere of

hydration and weakly hydrogen bonded to kaolin

surface*!.

*Bands at 1740 and 1710 cm™ have previously been observed in the DRIFT spectrum of
kaolin, but not assigned®®. They are not usually present in pressed disk spectra. In the
spectfa of the Cornish kaolin studied in the present work, only one band centring at ¢
1730 cm™ was resolved. The intensities of the 1910, 1810, 1740 and 1710 cm™ bands

are said to reduce with lattice disorder.
Assignments of the bands in the kaolin IR spectrum in the ¢ 1100 - 400 cm™ region are

given below for completeness, but the changes in these bands will not be discussed in

detail in the work herein.
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Table 2.3 IR frequencies of lattice modes of the kaolin spectrum.

Frequency (cm™) Assignment

1115 vibration of in plane Si-O

1031 vibration of in plane Si-O

1009 vibration of in plane Si-O

939 inner surface OH deformation
912 inner OH deformation

797 vibration of gibbsite-like sheets
789 vibration of gibbsite-like sheets
751 vibration of gibbsite-like sheets
693 vibration of gibbsite-like sheets
542 Si-O-Al skeletal vibrations

476 Si-O-Al skeletal vibrations

(taken from Farmer & Russell™")

Like the broad area between 3600 and 2600 cm”, the water bending modes between

1670 and 1630 cm™ are affected by hydration and ball-milling.

A detailed study of the 3700-2600 and the 2100-1400 cm™ regions, with specific
reference to the relative intensities and shifts in the frequency of the water modes, as a
function of milling and temperature has not previously been made. Curve fitting of the
OH stretching region of unmilled kaolin and kaolin ground with CsCl and KBr was
carried out by Michaelian and co-workers'® although they attempted only to fit down to
3200 cm™, and their work concentrated mainly on the changes in the 4 peaks between
3695 and 3620 cm™. Frost™ also carried out curve fitting, but using Raman spectra.
This work examined the hydroxyl deformation modes in the region between ¢ 800 and
1000 cm™ of unmilled kaolinite, dickite and halloysite from different locations. Shoval et
al®., carried out a curve fitting study of selected bands in the ¢ 3750-3550 cm™ region of
the IR and Raman spectrum. Although the work gives a detailed comparison of the two
spectral techniques, “multiple points on either side of the region of interest were selected

for linear baseline correction,” and as a result, no attempt has been made to account for
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the intensity of any other bands (worthy of particular note is the apparent absence of any

contribution of surface-sorbed water in the lower frequency region).

The effects of increasing temperature have also been studied in isolation (i.e. in the
absence of grinding). Various methods have been employed to monitor the effects upon
kaolin including IR techniques™ > **”’. XRD' and DTA® (also included XRD data).
Perhaps the most detailed study of its kind was by Frost and Vassallo®®. The work
concentrated on monitoring the dehydroxylation process of kaolin (and other minerals)
by examining the changes in the stretching and lattice vibration regions at 3750-3550 cm’
! and 1400-400 cm™ respectively. However, curve fitting technology was not used, and
for this reason, the effects were based upon general trends, rather than more specific

data.

Kristof et al’® ., used IR, XRD, DTA and surface area analysis to conduct an experiment
examining the change in thermal effects and the structural alterations occurring after the
milling of kaolin. This work concentrated on the 1640 cm™ water bending mode.
Although an interesting article, it is lacking in detail. For example, in the spectra
presented, the 1640 cm™ band is broad and there is clear asymmetry, but only one band
has been assigned. It appears that upon heating, the asymmetry is reduced, thus it

appears that one (or more) type(s) of water is less resistant to heating than the other(s).

Frost et al’®., studied the effects on the water stretching, bending and liberational regions
of the kaolinite IR spectrum after pressure and heat treatment using DRIFTS. Of
particular interest were the conclusions drawn regarding the partial intercalation of water
molecules at exposed edge sites when water was forced into the kaolin under high
pressure (approximately 20 bars). The workers observed differences in the IR spectra in
the water bending and stretching regions of low and high defect kaolins when exposed to

these treatments.
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Figure 2.3  Schematic of the possible location of water molecules on the kaolin
surface.

Low defect

It was proposed by Frost er al”., that the high and low defect kaolins had different
mechanisms of water adsorption., shown in Figure 2.3 above. The low defect mineral
has regular stacks of layers, whilst the high defect kaolin has layers with disordered
stacking (a halloysite with broken tubes). When the low defect kaolin edges were
expanded (as a result of temperature and pressure treatment) the two layers are thought
to expand congruently, and thus allow a water molecule to fit in between. In contrast,
when the high defect kaolin edges are expanded, the curved edges leave more space for
an increased number of water molecules to fit into (or adsorb onto). In the stretching
region, the untreated high defect kaolin gave rise to bands at ¢ 3600 cm ™ and 3564 cm™,
corresponding to intercalated water and adsorbed water respectively. The intercalated
water band at 3600 cm™ was observed since the mineral is a halloysite, with interlayer
water. After heating to 120 °C and pressure treatment of 2 bars, additional bands at
3585 and 3555 cm™ appeared, which were assigned to edge intercalated water. The
overall contribution of the water increased by 10% compared with the untreated sample.
XRD showed that there had been expansion of the d-spacing from 7.35 to 7.6 A, and it
was determined that the additional water was filling the voids between the edges of the
sheets. Heating the sample to 220 °C at a pressure of 20 bars decreased the intensity of
the water bands compared with the lower temperature and pressure treatments.
However, these findings were thought to be due to experimental error or to problems

associated with overlapping bands.

The untreated low defect kaolin had one water band at 3590 cm™, which was assigned to

interlayer water. This assignment was surprising, since interlayer water would not be
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expected in an untreated, low defect kaolin. After heat and pressure treatments (120 °C
and 2 bars) a new and intense band at 3610 cm™ appeared, corresponding to “non
hydrogen bonded water” between the layers. It is thought unlikely by the author of the
work herein that this assignment is incorrect. It is more likely that the water molecules
represented by the 3610 cm™ band are extremely weakly hydrogen bonded between the
expanded layer of the kaolin. After heating to 220°C and a pressure of 20 bars water
bands were present at 3593 and 3450 cm™ corresponding to edge intercalated and’
strongly hydrogen bonded water respectively. Although shifted in frequency, the bands
were of similar significance to that in the lower temperature and pressure treated sample.

Again, XRD confirmed that expansion of the layers had occurred.

In the bending region, the high defect kaolin examined presented a water mode at 1630
cm™ in the untreated sample. After heat and pressure treatments, the band split and
shifted to 1650 and 1623 cm™. The 1650 cm™ was attributed to water hydrogen bonded
to the kaolin surface, and the 1623 cm™ band to adsorbed water fitting into the spacers
between expanded layers. In contrast, the untreated low defect kaolin produced no
water bending mode in the IR spectrum. However, after heat and pressure treatments,
two new bands appeared at 1682 and 1605 cm™. The high frequency 1682 cm™ band
was attributed to strongly hydrogen bonded water co-ordinated to the kaolin surface,
~and the 1605 cm’ band to edge intercalated, weakly hydrogen bonded water. The 1682
cm™ was associated with the 3450 cm™ band in the stretching region, whilst the 1605 cm’

! band was associated with the 3595 cm™ band.

The work presented herein is unique in that it uses VT DRIFTS to correlate, in a
systematic manner, curve fit findings in the water bending (2100-1400 cm™) and water
stretching (3800-3600 cm’) regions, as both milling time and temperature increase. VT
DRIFTS was chosen over other infrared methods (e.g. VT transmission) since it
facilitates the in situ, dynamic study of the effects of temperature on a powdered sample.
It has high sensitivity and a high signal to noise ratio. Sample preparation is also much
more simple than for other IR techniques. Bell ez al,”® showed that the sample

preparation involved in collecting a DRIFT spectrum of kaolinite removed the spurious
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effects which can be produced by harsh pressing or grinding used in the more traditional

.. 30
transmission methods®>”".

The changes occurring in each region are related to each other and to the types of
structural water present on the surface. The intensities of the bands associated with
various water types have been semi-quantified using curve fitting procedures carried out

using the Grams software (See Chapter 1)

2.1.1 Curve fitting.

Curve fit parameters were kept constant throughout the work. Bands a-f, r and u-x were
all fitted using Lorentzian functions, but for bands g, h, s and t, a reliable fit could not be
produced with this function. Therefore, bands g, h and s were fitted using a Gaussian
function, whilst band t was fitted most appropriately with a 50 : 50 Gaussian : Lorentzian

combination (see Table 2.1 and Table 2.2 for details of bands).

Curve fits of the 30 minute ball milled sample have not been included in this chapter,

since due to the very broad nature of the bands, reproducible fits were not achievable.

2.2 Results. The effects of ball milling

2.2.1 Scanning electron microscopy (SEM).
Representative micrographs of unrefined and ball milled kaolin are presented on the

following pages.
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Figure 2.4

SEM of unmilled kaolin.
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Figure 2.5 SEM of kaolin milled for 3 minutes.
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Figure 2.6 SEM of kaolin milled for 10 minutes.
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Figure 2.7 SEM of kaolin milled for 30 minutes.
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Using electron microscopy it was possible to elucidate some information about the
structural changes occurring after milling. The unmilled kaolin consisted of angular

leaves with some evidence of stacking. Larger leaves had a diameter of up to 10 pm.

Using a wet sedimentation technique carried out at English China Clays International,
Cornwall, UK, the initial particle size of the unmilled kaolin was determined to be 100%

<10 um, 80% < 2 pm.

After 3 minutes ball milling, little evidence of stacking remained and individual particles
lost their shape and decreased in size. After 10 minutes the individual particle were again

much smaller, but evidence of the formation of larger aggregates was apparent.

Figure 2.7 shows that after 30 minutes milling, large agglomerates were formed. No
booklets remained and individual particle fragments were very small. It is likely that the
aggregate formation is a result of smaller particles adhering to each other due to the
increased surface energy and the action of the amorphous surface layers during

prolonged grinding7’31.

Similar patterns have been observed in work carried out by others,”* however, the
timescale over which this process occurs can be very different. Under the conditions of
Gonzalez Garcia®?, Burela kaolin aggregate formation began “incipiently” after 8 hours,
and only after 36 and 65 hours did it become obvious. The less crystalline Alcaniz kaolin
‘showed signs of aggregate formation after 4 hours of grinding. The mass of kaolin used
in the Gonzalez Garcia work was much greater than that in the present study, and the
force with which the kaolins were ground is not known. It is postulated that these
factors may explain some of the discrepancies between the two sets of data, although it
would be unreasonable to assume that the Cornish kaolin would aggregate at precisely

the same rate under the conditions used in the Gonzalez Garcia work.
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2.2.2 Thermal Analysis.
Figure 2.8  TGA of unmilled kaolin.
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TGA of 3 minute milled kaolin.
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Figure 2.10 TGA of 10 minute milled kaolin.
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Figure 2.11 TGA of 30 minute milled kaolin.
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Figure 2.12 Combined TGA / DTA 0f0, 3,10 and 30 Minute Ball Milled Kaolin.
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As shown by TGA and DTG data (Figure 2.8 to Figure 2.11), ball milling induced a

change in the dehydroxylation (deOH) temperature. In unmilled kaolin, physisorbed
water is reversibly lost up to ¢ 450°C. There is then a major, irreversible weight loss at
around 550°C, which is indicative of structural dehydroxylation. This temperature
decreased significantly after milling. The weight loss curves of the milled kaolin show
that a greater proportion of water loss occurred at lower temperature (indicated by
increased weight loss below 400°C). One reason for this increase at reduced
temperatures is that there is an increased amount of adsorbed water on the clay surface
as milling increases. Although weight loss increased at low temperatures, there is no
evidence to suggest that total weigh loss before dehydroxylation at around 600°C
increased. To the contrary, there was a very slight decrease in the total weight loss as
milling time increased which may have been within the limits of calculation error (see

Table 2.4’below).

Table 2.4 Weight losses from kaolin during thermal analysis.

Milling time (mins) Weight loss under 400°C (%) | Total weight loss (%)
0 3.0 16.8
3 3.6 16.2
10 5.7 16.1
30 8.7 16.0

- The shift in the DTA peak (initially at 550°C for unmilled kaolin) to lower temperature
was mimicked by the shift in, and intensity reduction of the deOH endotherm with

increased milling time (see Figure 2.12).

In the present work, milling even for 30 minutes exerted little influence on the
irreversible metakaolin to mullite transformation temperature, indicated by the sharp

exothermic peak at around 990°C.

In work by Kristof and co-workers> crystallographic changes in the formation of mullite
from a milled Sedac kaolin were noted. The metakaolin-mullite transformation is

influenced by the structural state of the metakaolin, but after very extensive structural
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perturbation. After milling the Sedac kaolin for 10 hours the exothermic peak
representing this transformation occurred at 920°C rather than 1000°C. It is clear that
the Cornish kaolin in this work was not milled extensively enough to cause significant

changes in the transformation temperature.
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2.2.3 XRD.
Figure 2.13 XRD of unmilled kaolin.
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Figure 2.14 XRD of 3 minute milled kaolin.
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Figure 2.15 XRD of 10 minute milled kaolin.
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Figure 2.16 XRD of 30 minute milled kaolin.
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XRD traces are shown in Figure 2.13 to Figure 2.16. In these kaolin samples, it is
possible that mixed layer minerals are present but it is very difficult to distinguish these in
a bulk analysis. For example, halloysite has a 10 A d spacing in its usual state (i.e.
hydrated) at room temperature. When it is dehydrated the spacing becomes 7 A and is
indistinguishable by XRD from kaolin. It is possible to distinguish the two minerals by
their morphology, but in the SEM work carried out herein, no halloysite component was
found. The XRD study was not intended to form a detailed investigation, but more t(;
confirm gross changes present after milling. Figure 2.13 is typical of the trace of a well
crystallised kaolin. It contains well defined, sharp and intense reflection bands. There is
evidence of a mica impurity (designated “M”), and also a small amount of what is likely
to be smectite at approximately 6°26. After milling for 3 minutes, (Figure 2.14) the
intensity of the kaolin bands has reduced and fewer bands are recognisable. The
amorphous hump between 20 and 30 °20 is a more prominent spectral feature (due to the
relative decrease in intensity of the other kaolin peaks). The mica impurity is still
evident. The 10 minute milled trace (Figure 2.15) shows a further reduction in the
intensity of the kaolin peaks. The kaolin peaks continue to become less well resolved.
There is still clear evidence of the mica impurity. This is unsurprising, since mica is
harder than, and therefore more resistant to milling than kaolin. Afier 30 minutes ball
milling, (Figure 2.16), a trace is obtained which is characteristic of a very poorly ordered
kaolin. The characteristic kaolin peaks have been very greatly reduced in intensity.
There is still some evidence of a mica band at approximately 8 °26, although it is now
less obvious due to structural degradation. This trace suggests the structure of the
“kaolin has been significantly damaged. The trend in these findings is also confirmed in

3,14,33

the literature of the milling of kaolin and other minerals’.
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2.2.4 Infrared of ball milled kaolins. The 3800-2600 cm 1region.

Figure 2.17 RT (Room Temperature) DRIFTS of ball milled kaolins.
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As milling time increased, there was a dramatic increase in the intensity in the ¢ 3400-
2800 cm'lregion. Also, bands a-d began to converge after only 3 minutes milling. The
relative intensities ofbands a and d alter. Initially, after 3 minutes milling, the intensity of
band a increases with respect to band d. After prolonged milling (30 minutes) band d
becomes more intense than band a. This region ofthe spectrum has been enlarged, and is

shown in the figure below.
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Figure 2.18 Ball milled kaolins. The 3800-3475 cm 1region.
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The RT DRIFTS show that the bands a-d alter in frequency and relative intensity
according to milling time. These phenomena have been observed and studied to varying

. ° * ~7.19293343
degrees of detail by many workers using XR spectroscopy techniques 1’ f

As well as the 4 obvious bands above, there is some controversy over the existence in the
IR spectrum ofother bands (usually present as shoulders). One such shoulder is present
at around 3684 cm'l. The spectra above are inconclusive with regard to the presence of
overlapping bands, but, particularly in the unmilled kaolin spectrum, there is a clear
asymmetry ofband a, which suggests the presence of another band (designated a*). This
band has been assigned to the uncoupled inner surface OD or OH stretching vibration in
weakly deuterated kaolinite34. However, the Cornish kaolin used here is not deuterated
and the band is instead tentatively assigned to halloysite 26 At this point it should be
noted that the concentration ofthe 3 minute milled kaolin is lower than that of the other
spectra presented. The possible effects upon the collected spectrum will be discussed in
more detail later, but one of the gross effects is to make the complete subtraction of
water vapour more difficult, due to the relative increase in water vapour intensity with
respect to the collected spectrum of interest. One interesting feature seen here is the
weak band, kaolin, at 3750 cm'l in the 3 minute milled sample, which appears as a

doublet due to incomplete water vapour subtraction. According to Frost et al.?5, it
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represents vapour-like monomeric non hydrogen bonded water. It is not reasonable to
expect non hydrogen bonded water in this system, and therefore, an assignment is based
on another work by Frost*' which offered an alternative assignment for a band at this
frequency and identified a corresponding band in the bending region at ¢ 1580 cm™ (see
Figure 2.52). The band was attributed to very weakly hydrogen bonded water in the
second sphere of hydration. This is a much more likely assignment, since it is reasonable
to expect “multilayers” of hydration within this system. There also appears to be a
shoulder on band d (d*) in the 3 minute milled sample. This could correspond to a

halloysite hydroxyl stretching mode °.
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2.2.4.1 The effect of temperature on milled kaolin. The 3800-2600 cm 1region.

2.2.4.1.1 Unmilled (0 minute) kaolin.

Figure 2.19 Unmilled (0 minute) kaolin. The 3800-2600 cm lregion.
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In all samples, (0 to 30 minutes milled) peaks a and d in the 3700-3600 cm'lregion were
distinguishable at room temperature, although peaks b and ¢ were at times inseparable by
eye. The curve fit programme allowed these peaks to be identified by position, although
it was not able to reliably distinguish between the relative intensities of peaks b and c,
since often the areas were readily interchangeable. However, since these are generally
assigned to inner surface hydroxyls, precise information regarding the absolute peak
intensities was, for the purpose of this work, not necessary. There are many possible
ways in which curve fitting can be carried out. The results presented here represent one
of a number of possibilities. However, they are believed by the author to be a true
representation of the effects of the physical processes occurring during milling.
Presented below are 3 representative curve fits of the unmilled kaolin. A detailed

description ofthe changes occurring after heating follows.
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The 3800-2600 cm Iregion. Room temperature

Figure 2.20 Unmilled kaolin.

curve fit.
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Unmilled kaolin. The 3800-2600 cm Iregion. 200 °C curve fit.
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Figure 2.22 Unmilled kaolin. The 3800-2600 cm lIregion. 350 °C curve fit.
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At room temperature bands a to d were well defined. There was a small amount of
surface-sorbed water with a band (g) centring at around 3300 cm'l. Bands e and f were

present at approximately 3600 and 3550 cm'lrespectively.

At 200 °C, bands a and d remained distinct, but bands b and ¢ began to converge. A
peak was still evident in the position of band b, but ¢ was distinguishable only by curve
fitting. Band e has remained almost constant in position. Bands f and g shifted to higher
frequency and g in particular decreased in relative intensity. Band h at approximately

2700 cm'lbecame more obvious.

After heating to 350 °C, the relative intensity of band a increased (largely due to the
decrease in intensity ofthe water components g and f), but also because of the inability
ofthe curve fit package to distinguish between not only bands b and c, but also between
bands a, b and ¢. Band e decreased in relative intensity up to around 200°C, but
remained fairly constant thereafter. There was a slight shift to higher frequency. Band f
decreased in relative intensity and shifted approximately 50 cm'l in frequency from

around 3500 cm'lat 150 °C to around 3550 cm'lat 350 °C. Band g appeared to shift
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dramatically over this temperature range. This phenomenon will be discussed in more

detail later. Band h became more distinct.

Figure 2.23  Unmilled kaolin. The 3800-2600 cm 1 region. The change in

intensity of bands a, b, ¢, d and e.

40 -

35 -

30 -
¢ areaofa

area ofb
A arcaofc
area ofd

e arecaofe
best fit a

AN Dbest fitb
best fit ¢

“ “ best fite

10 -

0 100 200 300 400 500
Temp deg C

The relative intensity ofband a appeared to increase as temperature increased. However,
this is probably an effect of the curve fitting procedure used. The intensity of the band
was not restricted, and therefore, as bands b and ¢ became less well defined as
temperature increased, the relatively stable and intense band a effectively “stole” intensity
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from the weaker bands. The intensities of bands b and ¢ were generally interchangeable
up to around 250 °C. Thereafter, band b appeared to lose intensity very quickly.
However, this is due to “swamping” by band a. It is, probable that there was an overall
decrease in the intensity of band a compared with band d, although this is not shown in
Figure 2.23 for reasons given above. An interesting feature is that the intensity of band d
remained constant over the entire temperature range. This is as expected, since band d
represents the inner hydroxyl which is least exposed to external factors, since it is well
protected within the kaolin structure. At low temperatures, band e had a high intensity,

which decreased by 4 % (absolute) or 12.5 % (relative) at around 200 - 250 °C.
Figure 2.24 Unmilled kaolin. The change in intensity of band e.
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The plot above further illustrates the 2 distinct phases of band e. This band at room
temperature was at a frequency of 3596 cm™ and was necessary for a sensible fit. The
intensity of this band remained uniform and high between 25 and 250 °C, probably
indicating that this is a structural band. At 300 °C, there was a marked decrease in
intensity (of approximately 12 % of the initial intensity), which is likely to represent the
partial break down of structure (reversible dehydroxylation) or the loss of a small amount
of surface bound water. Band e in the most part is not considered to represent water,
since it undergoes very little intensity loss at low temperature. It is possible, however,
that this band represents a mineral other than kaolin. It could be due to the impurity

mica, or another kaolinite mineral such as halloysite. Frost et al.,*® noted a band at 3590
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cm'l and attributed it to interlayer or intercalated water. It was stated in that work that
bands at that frequency are often seen in disordered kaolinites and halloysites.
Mendelovici et al.,36 observed this band (at 3596 cm"l) also, but only in kaolins
containing iron. It is also a possibility that this band is exhibited by the mica impurity
contained within the sample. Besson and Drits37 noted many mica bands in this region.
It is not possible to elucidate which ofthese assignments is correct at this time, so for the
purpose of this report and therefore for subsequent plots, band e is considered to be
structural, and is included as a reference band along with bands a-d. The sum of the
arcas of bands a - e¢ are considered to be constant, and the use of these bands as
references allows the comparison of relative, rather than absolute intensities of the
remaining water bands of interest. Area values quoted within this work are relative

values unless otherwise stated.

Figure 2.25 Unmilled kaolin. The change in intensity of bands f, g & h.
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- Between 50 and 200 °C band f lost intensity until by 200 °C it was around half of the
maximum value (t%2). Thereafter it remained relatively stable, with a very slight
decrease. Band g appeared to decrease initially up to 150 °C, and then increase again by
200 °C to an intensity almost equal to that at room temperature. This was not a real
phenomenon, and was actually an artefact created by the fitting regime. In fact, 2 bands
were being observed- band g(i) present between 25 and 150 °C, and band g(ii) which
was present at all temperatures, but which became obvious only after the intensity at
position g(i) was reduced. In reality, band g(ii) is probably not distinguishable from band
f at elevated temperatures. Both bands have similar frequencies and with such broad
features it is difficult to reliably comment on their resolution. When band g(ii) “appears”
there is a concurrent fall in the intensity of band f The hypothesis that the band
originally designated “g” is in fact two bands is corroborated by Figure 2.26. The
position of g(i) between 25 and 150 °C was stable up to 150 °C, and thereafier, it shifted
by over 150 cm™ to higher frequency - the position of band g(ii) -which is also close to

the position of . Band h became more obvious as temperature increased.
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Figure 2.26 The change in position of bands in the 3800-2600 cm 1region as a
function oftemperature.
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As the literature suggests in an unmilled, well crystallised kaolin at room temperature,
peaks a-d in this sample were readily distinguishable3,7,19293343. As temperature
increased peaks a and d began to converge, with peak a shifting from 3695 to 3680 cm"1
and peak d from 3620 to 3627 cm'lby 500 °C. A change in relative intensity was noted,

whereby band a became smaller with respect to band d. This temperature related effect
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has been observed by Frost & Vassallo using the IR emission technique 3 and the shifts

are similar to those caused by light milling.

Bands b and ¢ merged gradually, and were almost indistinguishable by 250°C. The
frequency of band e increased by 10 cm'l after heating. This is similar to the shift

observed for band d.

Figure 2.27 0 Min Kaolin Peak Positions - Bands f5g & h.
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A wide band centred at 3300-3400 cm'l was noted by several groups 3,194043. In 1975,
Yariv 4 attributed a broad feature between 3370 and 3600 cm"l1to “hydroxyls of widely
varying nature”. In later years, interpretations have generally not become any more
specific. This region is usually referred to as the hydroxyl stretching region of surface

sorbed water.

In this work, 2 broad bands (f and g) centred at 3530 and 3300 cm'l were fitted, and

these were assigned to weakly and more strongly surface -sorbed water respectively.
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Band g has also been subdivided into bands g(i) and g(ii) (see above). However, since
bands e, f and g are present to such high temperatures, if they represent water, it must be
concluded that this water is extremely resistant to heat treatment. It may be that a
certain proportion of the intensity at these frequencies is due to kaolin structural
components which are masked at lower temperatures by adsorbed water. With regard to
water species present in this large feature and with such a large range of possible
environments in which water may be present on the surface of kaolin, it is unlikely tha‘;
they are represented by these bands alone. However, in fitting two representative bands,
it was possible to identify trends in the general behaviour of the sorbed water.
According to Frost et al,*® (after treating at elevated temperature and/or pressure)
adsorbed water displays an infrared band at ¢3550 cm™. Band fis at 3530 cm™ at room
temperature, but there is an apparent shift to 3475 cm™ by 50°C. The latter position is
more likely to be representative of the true value, since room temperature spectra are
often affected by increased water vapour which leads to spurtous shifts in position and
increases in intensity A broad band at 3370-3600 cm™ was assigned partly to water
formed by prototropy”. Protons migrate from their original position and travel towards
the inner oxygens (hydroxyls). These water molecules can be removed at low

temperatures.

Band f remained relatively constant in position, with a fluctuation at mid range
temperatures  between 3475 and 3550 cm”. However, after 300°C, the position
remained at 3540 cm™ +/- 9 crﬁ'l. A band at 3560 cm™ was reported by Michaelian et
“al’ ¢ where kaolinite was ground with alkali halide, but it was assigned to either FeO-H
stretching or an intercalated water molecule, possibly located within the kaolin-alkali
halide interface. The latter assignment is not feasible in the present work since the
samples which were milled were treated in the absence of alkali halide, and indeed, the
peak also appears in the unmilled sample (although the samples in the present work were
mixed very lightly with KBr minutes prior to spectrum collection, it is thought highly

unlikely that reaction between the mineral and halide would occur).

The relative intensity of band f decreased between 50 and 200 °C, indicating a loss of

less strongly bound water. This phenomenon was corroborated by thermal analyses

(Figure 2.8), which showed a gradual decrease in mass between ¢ 50 and 400°C. Above
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this temperature the relative intensity remained virtually constant, indicating a
contribution either from a structural component at this frequency or a strongly held

water species.

The position of band g appeared to shift dramatically from 3300 cm™ at 25°C to 3466
cm™ at 500 °C. There was a sudden shift in position of this band at 200 °C. It is
postulated that there are in fact 2 distinct bands present in this area - one at 3300 cm’
and the other at ¢ 3470 cm™. At temperatures below 200 °C the 3300 cm™ was very
intense, but as this water was removed by heating, the more strongly bound 3470 cm™
water became more prominent, thus creating the illusion of a shift of band g of ¢ 170
cm™.

Therefore, the more weakly bound g(i) water at higher frequency was lost at lower
temperatures, and the structural combination band (g(ii)), at lower frequency, was
present at all temperatures, but only became evident when the sorbed water at g(i) was
removed.

Band h was visible in all spectra, but only became quantifiable at 75 °C. It remained
almost constant in position and increased in intensity as temperature increased. It is
postulated that band h represents a structural feature of kaolin which at lower
temperatures was masked by the water band(s) at lower frequencies. When this water

was driven off band h became more obvious.

A band at this frequency has been observed by several experimenters. Rouxhet ef al., 40
observed a band at 2723 cm™ as well as a band at 2708 cm™ (with others at 2679 and
2672 cm’™) in strongly deuterated kaolinite. When deuteration was below 20%, the 2
bands were replaced by a single band at 2714 cm™. They postulated that the 2723 and
2708 cm” bands were due to the symmetric and antisymmetric modes of similar OD
groups, and that the 2714 cm™ band represented isolated, uncoupled OD groups diluted
amongst OH groups.

The band at 2708 cm™ in the current work is very low intensity, and other bands assigned
to OD in this region are not present at room temperature (for example, the 2723 cm™

band). However, an interesting feature of the unmilled kaolin VT DRIFT spectra is that
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the position of band h shifts from 2707 cm™ at 100°C to 2718 ecm™ at 500°C. This might

indicate the presence of a small concentration of OD, although for this kaolin sample,

deuteration is highly unlikely.

An alternative assignment made by Frost and Johansson'® proposed that the 2708 cm™
band is due to the coupling of the 3620 and 915 cm™ (the inner hydroxyl deformation
mode) bands. The difference is 2705 cm™, which is very close to the observed
frequency. Although they concur with Rouxhet ef al, that deuterol bands are also
present at this frequency, Frost and Johansson say that OD bands are approximately 3
times more intense than the OH band. In the present work, the spectra do not contain all
the characteristic bands of a deuterated sample. Therefore, it is likely that band h in this
case was due to OH, rather than OD vibrations, since it was present in isolation, was of

relatively low intensity, and there was no other conclusive evidence of deuteration.

The intensity of band h increased because it represents uncoupled hydroxyl vibrations of
free hydroxyls. These vibrations became more abundant as temperature increased. Also,
the water bands at higher frequency were reduced, thus “revealing” this area of the

spectrum.,

2.2.4.1.2 3 minute kaolin (freshly milled).

Spectra of kaolin dry ball milled for 3 minutes follow. They have been described as
“freshly milled” (“FM™) This nomenclature refers to the length of time between sample
milling and spectra collection. In all cases (for 3, 10 and 30 minute FM samples) the
spectra were collected less than a month after milling. (See later for a comparison of FM
and “Aged” samples (where spectra were taken approximately 6 months after the milling

process).

These spectra were collected from a 99% dilution (i.e. 99% KBr:1% kaolin) rather than
the standard 90 or 95% dilution due to limited sample availability. This resulted in lower
absorbance and therefore, water vapour was more influential on the spectra. It is not

thought to alter the data collected in any other way.
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Figure 2.28 3 minute kaolin(FM). The 3800-2600 cm 1region.
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Figure 2.29 3 minute kaolin(FM). The 3800-2600 cm 1 region.
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Figure 2.30 3 minute kaolin(FM). The 3800-2600 cm 1region. 150 °C curve fit.

25
D
flo 15
<

05

3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700

Wavenumber (cm-1)

Figure 2.31 3 minute kaolin(FM). The 3800-2600 cm"1region. 350 °C curve fit.
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Probably the most striking feature of Figure 2.28 is the increase in the intensity of the
broad feature between 3600 and 2600 cm™ (with respect to bands a - d) compared with
that of the unmilled sample (see Figure 2.19). After 3 minutes milling, at room
temperature bands a to d were resolved (Figure 2.29). The relative intensity of a with
respect to d altered compared with the unmilled sample, with a now being of relatively

much greater intensity.

The water band, g, is also of greater intensity than before milling, with the centre having
shifted slightly from 3300 cm™ in unmilled room temperature spectrum to 3275 cm™ in
the 3 minute sample, thus indicating an overall increase in the amount of sorbed hydroxyl

species, with stronger hydrogen bonding on average.

Figure 2.30 shows that bands a to d have begun to converge and it has become more
difficult to distinguish between bands b and ¢. Bands e and f changed little, with a slight
shift to lower frequency of the latter band. There was an intensity loss of band g and a
shift from 3200 cm™ at room temperature to 3300 cm™ at 150 °C. Interestingly, the
water features, f and g, in this spectrum resemble those in the room temperature unmilled

kaolin spectrum.

Interestingly, after heating to 350 °C (Figure 2.31), band g was still an obvious feature.
The centre of the band now presented at around 3230 cm™ - lower frequency than in the
unmilled kaolin spectrum. This represents more strongly hydrogen bonded water. The
‘increased intensity of band g (compared with Figure 2.22) indicated that water was more
thermally stable afier this short period of milling. The relative intensity of bands a and d
appeared to have altered little and bands b and ¢ became indistinguishable by eye. Band
e, as expected, altered only marginally in both position and relative intensity. Band f was

still relatively intense and a further decrease in position was observed.
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Figure 2.32 below shows that again, the intensities of bands b and c were
interchangeable, with an apparent decrease in one leading to an apparent increase in the
other. This was not a real effect, but one created by the curve fitting procedure. The
area of band d remained almost constant throughout the experiment, but the decrease in
the intensity of band a is clearly illustrated here. Curiously, the relative intensity of band
e actually appeared to increase with respect to the other bands. One explanation is that
the “extra” intensity came from the water bands at lower wavenumbers, and that it does
not represent an increase in structural components. Another consideration is that band e
represented a mica impurity, which, according to XRD traces shows a slight decrease
after milling. It is postulated that a similar effect (i.e. structural degradation) is caused

by milling. Therefore, the intensity would decrease.
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Figure 2.32 3 Minute Kaolin (FM). The 3800-2600 cm Iregion. The change in
intensity ofbands a, b, ¢, d and e.
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Figure 2.33 3 Minute Kaolin (FM). The change in intensity of bands f, g and h.
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The sum of the areas of the structural bands a to e were again constant over the entire
temperature range and were used as a means by which to normalise the other spectral
features. Once again, band g has been subdivided into 2 bands- g(i) which was present
between 25 and 300 °C, and band g(ii) which was present at all temperatures, but only
became quantifiable at temperatures above 300 °C. Band g(i) represented physisorbed
water which was removed at lower temperatures. Interestingly, this water was more
thermally stable than the corresponding band in the unmilled kaolin data. Band g(ii)
(which was at lower frequency than g(i) and thus more strongly hydrogen bonded) was

present throughout the temperature range, and thus was highly resistant to heat.
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Figure 2.34 The change in position of bands in the 3800-2600 cm 1 region as a

function of temperature.
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Figure 2.34 shows that at room temperature, peaks a-d were resolved. As temperature

increased peaks a and d started to converge, with peak a shifting from 3694 to 3680 cm'l
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and peak d from 3620 to 3627 cm™ at 50 and 500°C respectively. The relative intensity

of band a became smaller with respect to band d.

Bands b and ¢ again merged gradually, and were indistinguishable by eye at 300°C- 50°C

higher than for the unmilled sample.

The position of band e (at 3596 cm™ at room temperature in unmilled kaolin) showed an
increase in frequency from 3592 at room temperature to 3614 cm™ at 500°C. The shift
here was larger than that in the unmilled kaolin sample, indicating a reduction in the

strength of hydrogen bonding as temperature increased.

The sum of the areas of the structural bands a to e were again constant over the entire
temperature range and were used as a means by which to normalise the other spectral
features. Once again, band g has been subdivided into 2 bands- g(i) which was present
between 25 and 300 °C, and band g(ii) which was present at all temperatures, but only
became quantifiable at temperatures above 300 °C. Band g(i) represented physisorbed
water which was removed at lower temperatures. Interestingly, this water was more
thermally stable than the corresponding band in the unmilled kaolin data. Band g(ii)
(which was at lower frequency than g(i) and thus more strongly hydrogen bonded) was

present throughout the temperature range, and thus was highly resistant to heat.
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Figure 2.34 The change in position of bands in the 3800-2600 cm 1 region as a

function of temperature.
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Band f(at 3530 cm'l) was in a similar position as in the unmilled kaolin data, but band g
in the 3 minute milled sample centred slightly lower at 3274 cm'l. Initially there was an
increase in frequency to 3300 cm'l, with the centre returning to 3272 cm'l by 200°C.
Subsequently the position shifted to around 3250 cm'l at 300 °C where it remained for
the duration of the experiment. The band position of g(i) in the room temperature
unmilled data was also 3250 cm'l (see Figure 2.20), thus it is implied that these water
environments are similar. The overall decrease in frequency suggested that higher
frequency (loosely bound) OH were being removed at lower temperatures, and at
temperatures of 250°C and over, more strongly bound (lower frequency) OH remained.
Although the nomenclature of the bands in the unmilled sample was the same as that
used here, it should be noted that bands g(i) and g(ii) do not represent the same species
in the two samples. It should also be recognised that the prefix “g” is not intended to

lead to the beliefthat the bands are associated with each other.

Band h became apparent at around 150°C (compared with 75°C in the unmilled sample).
The position shifted only slightly from 2710 to 2716 c¢m'l and the relative intensity more

than doubled. The intensity of this band increased because it represents uncoupled OH
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vibrations of “free OHs”, so when temperature increased, so did the number of these

vibrations.

In summary, the 3 minute milled sample showed evidence of an increased amount of
sorbed hydroxyl species. They were generally more heat stable and were at lower
frequency, indicating stronger hydrogen bonding compared with the unmilled kaolin

sample.

2.2.4.1.3 10 minute kaolin (freshly milled).

The figure below shows that after 10 minutes milling, there was a very large increase in
the total amount of sorbed water species (indicated by the high intensity of the 3600 -
2600 cm™ feature). Bands a to d converged more than in both the unmilled and 3 minute

milled samples. It was difficult to distinguish bands b and c by eye.
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Figure 2.35 10 minute kaolin(FM). The 3800-2600 cm 1region.
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Figure 2.36 10 minute kaolin(FM). The 3800-2600 cm 1 region. Room temp

curve fit.
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Figure 2.37 10 minute kaolin (FM). The 3800-2600 cm lregion. 150 °C curve fit.
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Figure 2.38 10 minute kaolin(FM). The 3800-2600 cm 1region. 350 °C curve fit.
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The most noticeable feature of the room temperature curve fit, (Figure 2.36) was the
very extensive area of band g at 3230 cm™. It increased greatly compared with the 3
minute milled sample. Bands a - d were distinguishable by eye at room temperature.
Bands e and f were still necessary for a reliable fit. Band f was present at around 3500
cm”, approximately 50 cm™ lower than the corresponding band in the unmilled and 3
minute samples. An additional small water band between bands f and g in this sample
would compensate for the shift. However, another band was not fitted because it woulé
be impossible to determine the exact position of the additional water species present in

this sample (although a band at ¢ 3400 cm™ is the most likely position).

Figure 2.37 shows that band g has undergone an apparent shift from 3230 to 3050 cm™
(see later for details). Band f shifted to lower frequency, with an apparent increase in
relative intensity. It is likely that extra intensity was originating from the additional water
mode discussed above (but not included in the fit). Band g decreased in frequency
dramatically and it was no longer able to contain the intensity of the “missing” band at

around 3400 cm™. Bands b and ¢ were no longer distinguishable by eye.

After heating to 350 °C, (Figure 2.38) the position of band f returned to around 3500
cm™. This implies that the surface sorbed water at around 3400 cm™ was removed, and
no longer influenced band f. The peak heights of bands a to d reduced absolutely, but
their relative intensities remained quite constant compared with lower temperature data.

Bands b and ¢ merged.

Band g was still clearly present, but the frequency was at approximately 3050 cm”,
(compared with 3250 cm™ in the 3 minute milled sample). This implies that the water at
3050 cm™ in the 10 minute sample was in a more strongly hydrogen bonded environment
than in either the unmilled or the 3 minute samples. This could mean that the water is

being trapped inside the kaolin agglomerates which were formed as milling progressed.

The water species at this frequency were very resistant to heating, which again suggested

that they were being protected.
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Figure 2.39 below shows the absolute changes in intensity of the bands a to e. It is
worthy of note that the area of band d once again remained virtually constant throughout
the entire experiment- a situation which was expected since this band represents the
virtually inaccessible 3620 cm™ inner hydroxyl species. The sum of the areas of these

bands remained virtually constant up to 300 °C, with a marginal decrease thereafter.
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Figure 2.39 10 Minute Kaolin (FM). The 3800-2600 cm 1region. The change in

intensity of bands a, b, c, d and e.
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Figure 2.40 10 Minute Kaolin (FM). The change in intensity of bands f, g & h.
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It is postulated that below 150-200 °C, most of the large concentration of hydroxyls
present at ¢ 3150 cm'l (band g(i)) were mainly present as loosely bound water which was
removed easily by relatively gentle heating. The more strongly bound hydroxyls at
around 3030 cm'l (band g(ii)) were present at all temperatures but became evident only
at elevated temperatures when the intense feature, g(i), was removed. This very strong
hydrogen bonding environment was not present in the less extensively milled (or
unmilled) samples. Band h was sufficiently large only to be quantifiable above 300°C
(compared with 150°C for the 3 minute sample), because it was being masked by the

very intense water bands.
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Figure 241 10 Minute Kaolin(FM). The change in position of bands in the
3800-2600 cm lregion as a function oftemperature.
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At room temperature peaks a-d were resolved. As temperature increased peaks a and d

started to converge, with peak a shifting from 3695 to 3684 cm"l and peak d from 3621
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to 3627 cm'l at 50 and 500°C respectively, although the peak height of band a with
respect to band d remained fairly constant throughout. Peaks b and ¢ became
indistinguishable at around 300°C, similar to the temperature at which the peaks merged

in the spectra ofthe 3 minute sample.

There was a small shift in position ofband e of 14 cm'l, from 3584 cm'lat 25°C to 3598
cm'lat 500°C. This shift was caused by the influences of fitting the large g(i) band at

25°C and the smaller (dramatically shifted) band g(ii) band at 500°C.

Figure 2.42 10 Minute Kaolin(FM). The change in position of bands in the
3800-2600 cm lregion as a function of temperature.
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Band f initially had a slightly lower frequency (3500 cm'l) compared to the unmilled and

3 minute samples.

Band g at room temperature had a lower frequency than for either of the other two
(unmilled and 3 minute) samples. It decreased rapidly from 3234 cm'lto ¢ 3150 cm'l by
75°C. The frequency decreased by around 100 cm'l over the first 100°C and then

stabilised near 3030 cm'lbetween 200 and 500°C. This is a much lower frequency than
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OH in either of the other two samples. Therefore, as with the 3 minute milled kaolin, it
is proposed that band g represents 2 distinct bands. Weakly bound water present
between room temperature and 150-200 °C is represented by band g(i) and very strongly
hydrogen bonded water is represented by g(ii) at a frequency of 3030 cm™.

In summary, after 10 minutes of milling, the total amount of sorbed water species
increased compared with unmilled and 3 minute milled kaolins. There was an overall
increase in the amount of relatively loosely bound water, represented by band g(i), which
was removed by heating to 150-200°C. There was an increase in the thermal stability of
the more strongly hydrogen bonded water, g(ii). This new water environment may be

inside kaolin agglomerates formed during the milling process.

2.2.4.1.4 30 minute kaolin (freshly milled).

Although reliable curve fits of these data were not possible, the VT DRIFT spectra of the
30 minute freshly milled kaolin sample are presented below. The stretching region
(Figure 2.43) shows that there was huge intensity in the 3600-2600 cm™ region. The
vast array of bands which were encompassed under this area were of extremely high
intensity and had significantly more area than the structural bands a and d. Bands b and ¢
were not distinguishable by eye or curve fitting procedures. The peak heights of bands a
and d were almost the same, indicating structural degradation. As temperature
increased, water was lost from the 3600-2600 cm™ region, but even at 500 °C, a very
intense band remained. These spectra indicated that after 30 minutes milling, the
structure of kaolin has become more damaged, allowing the adsorption of very high
concentrations of water species which are retained to very high temperatures. It is
postulated that the very highly heat stable waters were trapped within the large kaolin

agglomerates which increased in size as milling progressed.
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Figure 2.43 30 minute kaolin(FM). The 3800-2600 cm 1region.
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2.2.5 Infrared of ball milled kaolins. The 2100-1400 cm 1region.

Historically, bands in this region have not been extensively studied. Frost et a/38,
conducted some work examining this region, but the presentation of spectra in that study
was limited. Another report by Frost et a t 1,studied the region more closely, but this
time in the context ofthe intercalation of kaolinite with hydrazine. Thus, the work in the
reference and the work presented herein are not readily comparable. Other studies have
also shown this region ¥1519264, but generally, the spectra have been few, small or of
substandard quality, and the interpretation (if attempted) has been limited. As a
consequence, the results have not generally been well discussed. An exception is the
work by Mendelovici et al19, which shows in some detail the water bending region of
unground and mortar ground kaolinites before and after heating. Only one band is
assigned in the region - a water bending mode ascribed to “molecular water”. The
spectra have been simplistically explained and detail is lacking. One reason for the lack
of literature is that this region does not lend itself readily to study by conventional IR
methods. With the advent of DRIFTS the study of the bending region has become

plausible.
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Figure 2.44 RT DRIFTS of ball milled kaolins.
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In order to compare relative intensities of bands between spectra, most have been
normalised to bands s, t and u. However, due to software limitations, this has not been

possible in Figure 2.44 above.

A fter milling there were very obvious changes in this region. Although it is not clear
from Figure 2.44, the intensities of the bands at 1930, 1830 and 1730 cm'l(s, t and u)
which are assigned to kaolin combination bands, show little change in either position or
relative intensity, and for this reason, they can be used as a means by which to compare
the changes in intensity of the water bands at lower frequency. The water bending
modes at ¢ 1670-1630 cm'lincrease dramatically in intensity until after 30 minutes o fball
milling they dwarf the kaolin combination bands. This corroborates evidence in the
3800-2600 cm'l region that as milling time increases so does water adsorption. It is
likely that as well as atmospheric water adsorption, some hydroxyls migrate through

prototropy from elsewhere in the kaolin structure.
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2.2.5.1 The effect of temperature on milled kaolin. The 2100-1400 cm Iregion.

2.2.5.1.1 Unmilled (0 minute) kaolin.

Figure 2.45 Unmilled (0 minute) kaolin. The 2100-1400 cm 1region.
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Figure 2.45 shows that at room temperature, the water band in unmilled kaolin was at
1650 cm'l (v) and was relatively small when compared to the intensity of bands s and t.
Incomplete water vapour subtraction resulted in the lower temperature spectra appearing
to have a doublet at 1670 and 1650 cm'l. The curve fitting data below show that in fact
only one band was present at 1650 cm' . As temperature increased, there was very little
change in either the position or intensities of bands s, t and u. The water band decreased

as temperature increased, and by 350 °C, very little water was detectable.
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Figure 2.46 Unmilled (0 minute) ball milled kaolin. The 2100-1400 cm 1 region.
Room temperature curve fit.
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Figure 2.47 Unmilled (0 minute) ball milled kaolin. The 2100-1400 cm 1 region.
200 °C curve fit.
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Figure 2.48 Unmilled (0 minute) ball milled kaolin. The 2100-1400 cm 1 region.
350 °C curve fit.
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Bands s, t and u were apparent in all spectra and they have been attributed to structural
combination bands (see Table 2.2 for assignments). Band v initially had an area
approximately three quarters that ofband u. After heating to 200 °C, band v decreased
in intensity to approximately a quarter that of band u, and by 350 °C it was virtually

indistinguishable.



Figure 2.49 Illnmilled kaolin - The change in intensity of bands s, t, u and v.
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The sum ofthe relative intensities ofbands s, t and u remained quite constant throughout
the heating process, and for this reason they have been assigned to combination bands.
The marginal decrease in the intensities of bands s and t, and the increase in intensity of

band u beginning between 150 and 200 °C, are probably aberrations caused by the fitting
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procedure, since the intensities of these bands are not restricted. Therefore, certain
proportions of intensity can be transferred from one band to the other. However, the
intensity of band v alters dramatically at temperatures above ¢ 100°C. The intensity of
this band has been ratioed against the sum of bands s to u, and this plot can be seen in

Figure 2.50.

Figure 2.50 Unmilled kaolin. The change in intensity of band v.
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It can be clearly seen from the figure above that the intensity of band v fell markedly
when the temperature was increased above 50°C. Between 25 and 150 °C there was a
loss of intensity which accounted for 50% of the total initial area. The V2 (i.e. the
temperature at which 50% of the initial intensity of a band has been removed) was
therefore ¢ 150°C. The diminution continued throughout the temperature range of the
study, but the incremental decrease was less between 200 and 400 °C. At 400 °C, no
water was detectable by curve fitting methods in position v. The apparent increase in

intensity between 25 and 50 °C is a spurious effect ofthe curve fitting procedure.



Figure 2.51 The change in position of bands in the 2100-1400 cm 1as a function
of temperature.
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As temperature increased band v shifted marginally to increased frequency (by 10 cm'l
to 1660 cm*1lat 175 °C) and decreased in intensity. This corresponds to the more loosely

bound (physisorbed) water being driven from the surface, and is confirmed by low



temperature mass loss in thermal analysis. Subsequently there was a only a minor and
gradual shift towards lower wavenumber for all of the bands. By 300°C, most of the

1650 cm'lwater was lost. Band y at approx. 1490 cm'lwas clearly visible.

The unmilled kaolin data shows the presence of a small amount of surface-sorbed water.

The water is relatively heat sensitive, and is removed completely by heating to 300 °C

2.2.5.1.2 3 minute kaolin (freshly milled).
Figure 2.52 3 minute kaolin (FM). The 2100-1400 cm'1region .
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In the above spectra, there can clearly be seen a band at 1580 cm'l (band r). Frost et
a/35., attributed this band to monomeric non hydrogen bonded water (the corresponding
stretching band (f) can be seen at ¢ 3550 cm'lin Figure 2.29). It is possible that band r
(at 1580 cm']) and band k in the stretching region are spectral aberrations brought about
by the low sample concentration used in this particular experiment. As discussed
previously, here, the dilution of sample was 99 % - more dilute than the other samples.
However, since both bands are clearly visible, and in the absence of any other
“aberrations”, it would not be wise to discount them entirely. There was a shift in the
frequency of the water bending mode to 1670 cm'l (w) at room temperature. The

relative intensity of the water band was much greater after 3 minutes milling than the



water band, v, (at 1650 cm™ ) in the unmilled kaolin spectrum. Frost ef al,,*® attribute
the ¢1650 cm™ band to water hydrogen bonded to the kaolin surface and the 1623 cm™
band to water fitting into the spaces between slightly expanded edges of the kaolin (see
Figure 2.3) They propose that water treatment of kaolin at elevated temperatures and
pressures induced the layers of kaolin to expand at the edges. In the present work,
pressure treatments were not used. However, it is postulated that the milling procedure
induced effects similar to those of pressure, and thus the layers became partially

expanded.
Frost and co-workers compared low and high defect kaolins (c.f. unmilled and ball milled

kaolins) and they observed bands corresponding to water adsorption at different

frequencies according to whether the kaolin was low or high in defect.
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Figure 2.53 3 minute kaolin (FM). The 2100-1400 cm'l region. Room

temperature curve fit.
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Figure 2.54 3 minute kaolin (FM). The 2100-1400 cm'lregion. 150° C curve fit.
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Figure 2.55 3 minute kaolin (FM).The 2100-1400 cm lregion. 350° C curve fit.
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Figure 2.53 shows that at room temperature, although only 4 bands were obvious by eye,
2 bands were present in the 1650-1670 cm'l region, rather than one. The three
combinations bands, s, t and u were present (as predicted). Interestingly, the water band
present at 1650 cm'l in the unmilled sample shifted to higher frequency, indicating the
presence of more strongly hydrogen bonded water. Band r was obvious at 1590 cm'l
This may be due to very loosely hydrogen bonded trapped water, for example, a bridging
water species. A band at 1578 cm'lwas seen by Frost ef a ¢t I They attributed it to water
molecules in the second sphere of hydration which are therefore only weakly hydrogen
bonded. This band probably represents a very small concentration of this type of water,
since it is likely to have a high extinction coefficient. Overall, the concentration of water
present increased compared with the unmilled data. The peak intensity of band w
compared with that of band u is much greater than the corresponding water band in the

unmilled data.
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At 150 °C, (Figure 2.54) the intensity ofband w appeared to increase. This is because of
the difficulty in distinguishing between band w and band u. It is likely that the band
reduced overall, and the fits up to 100 °C attributed too little intensity to band w and
instead it was being attributed to band u. However, both bands w and r were very

obvious.

Figure 2.55 shows that even at this high temperature there is clear evidence of bound
water in both regions. The unmilled kaolin lost all surface water by this temperature, and
this observation further substantiates the theory that as milling time increases so does the

strength ofbinding ofwater.

Figure 2.56 Change in intensity of bands w & r.
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The fact that water remained obvious in the spectrum until remarkably high temperatures
substantiates the work carried out by Yariv43, where it was hypothesised that the longer
the grinding process, the more tightly held is the sorbed water. Here, although some
water was lost at lower temperatures, at 350 °C a band at 1670 cm'l was still evident.
Degassing studies by Conley and Althoff44 indicated that monolayer water on the surface
of kaolin was removed completely only after heating to over 250 °C. They also saw
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thermally resistant molecular water which was retained after heating to 280 °C. They
attribute these highly stable water molecules to those which have undergone prototropy
(i.e., the migration of protons to exposed oxygens or hydroxyl sites on the surface of the
mineral). This follows, since increased grinding gives more prototropic effects, and
therefore, more new OH associations (which are more thermally stable). So, as milling
time increases, water in certain environments is present at ever increasing temperatures.
It is believed by the author that band r was a real spectral feature and it may be attributed
to very weakly hydrogen bonded water trapped inside the mineral agglomerates (see
section 2.4 for a more detailed account of this band and its correlation with the stretching

region).
It can be seen from Figure 2.56 that the rate of decrease of the intensity of the water

band, w, is slower than that of the water band, v, in the unmilled kaolin data. In the 3

minute milled sample, more water is retained until higher temperatures.

123



Figure 2.57 3 Minute Kaolin. Frequencies of bands in 2100-1400 cm 1region.

1950 t--——————mmmm- — -—
1900 -
1850 -
_a_
1800 -
g 1750
% + 1
©
’LC 1700
& e ——
1650
Pos of's Pos of't
—*_Pos ofu -a- Posofw
—s—Pos ofr
1600 -
Jim=- 5 -a—m
vms*
1550 4
0 100 200 300 400 500

Temp deg C

The positions of bands s, t and u shifted slightly during the course of the experiment,
probably indicating partial breakdown of the kaolin structure. The shifts are comparable
to those of bands a - e in the stretching region. Band w shifted slightly to higher

frequency, indicating, as expected, the less strongly bonded water was removed at lower
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temperatures. The centre ofband r shifted slightly from 1565 to 1570 cm'lat 25 and 500

°C respectively.

2.2.5.1.3 10 minute kaolin(freshly milled).

Figure 2.58 10 minute kaolin(FM). The 2100-1400 cm 1region.

04- 1675
.03-
1630
01-
X
2100 2000 1900 1800 1700 1600 1500

Wavenumber (cm-1)

Figure 2.58 above has not been normalised to bands s, t and u due to the limitations of
the software package. The overall intensity of the HOH bending region was
approximately twice as large as that of band t - again indicating that milling further
increased the amount ofsurface-sorbed water. In this sample, however, there was a very
intense band at around 1670 cm'l and a relatively weak (although still quite intense in
absolute terms) band at 1628 cm-l (x). There was no obvious 1650 cm'l band, although
it is possible to fit a band there. However, it is not readily distinguished from the 1670
and 1628 cm'l bands and has therefore been omitted from this fitting strategy. It is,
however, likely that water in this environment does exist. Neither has the 1580 band r
been fitted in this scheme, but it too is likely to be present, but is hidden beneath the very
intense bending modes at 1670 and 1630 cm'l (and is thus not easily distinguished from

them).
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Figure 2.59 10 minute kaolin(FM). The 2100-1400 cm 1region. Room temp curve
fit.
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Figure 2.60 10 minute kaolin(FM). The 2100-1400 cm Iregion. 150 °C curve fit.
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Figure 2.61 10 minute kaolin(FM). The 2100-1400 cm 1region. 350 °C curve fit.
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Figure 2.62 10 minute kaolin(FM). The 2100-1400 cm 1region. 450 °C curve fit.
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At room temperature, (Figure 2.59), the combination bands were dwarfed by the huge

water bands w and x. There was a very large overall increase in the amount of sorbed
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water compared with both the unmilled and 3 minute milled data. The major water mode
was w at 1670 ecm™, but there was also a significant contribution from band x at 1630
cm’'. Band u is of peculiarly low intensity. This is due to the inability of the fitting
parameters to distinguish exactly where the boundaries of bands u and w lie. Thus, it
follows that band w appears to be slightly more intense than in actually is.

When heated to 150 °C (Figure 2.60) although the intensities of both water feature;
reduced, the spectrum was still dominated by these very intense bands, and at 350 °C
(Figure 2.61) the bands were still identifiable by eye. The 450 °C spectrum of this
sample has been included to illustrate the ever increasing thermal stability of adsorbed
water after ball milling. Figure 2.62 shows that both bands w and x were present at this
very high temperature. However, x appeared to shift to ¢ 1590 cm™. This corresponds
to the position of band r in the 3 minute sample. This band was masked at lower

temperatures by the very intense 1630 cm™ band.

Figure 2.63 shows that both w and x decreased in intensity steadily over the course of
the experiment. There was a large decrease in the first 200 °C (approximately half of the
total intensity (t2) ), which represented the removal of the less heat stable surface sorbed
water- i.e. loosely bound water. Band w in the 3 minute milled sample may be more
thermally stable that in the 10 minute sample, since in the former the intensity does not
begin until above 200 °C. However, the intensity change of band w is accentuated here
because at lower temperatures, the very large band w (compared with the 3 minute
sample) also encompasses some of the area which should belong to band u. Bands w in
the 10 minute sample was still present at 500 °C. The position shift of band x indicates
that in fact this band is removed by approximately 250 °C and allows the emergence of

band r at 1580 cm .
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Figure 2.63 10 minute kaolin(FM). The change in intensity of bands w & x.
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Figure 2.64 10 minute kaolin(FM) The change in position of bands in the 2100-

1400 cm'lregion.
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Water loss was gradual, with a significant amount ofboth w and x still evident at 250°C.
Even at 450°C, there remained some evidence of band w at 1677 cm'l. This indicated

the presence of bound water more tightly held than in the 3 minute milled (or unmilled)
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kaolins. Band x was now at a position similar to that of band r in the 3 minute sample,
indicating the persistence ofthe trapped water. The increased intensity ofthe 1670 cm'l
band compared with the 3 minute milled sample indicated that a higher proportion ofthe

adsorbed water species were more strongly hydrogen bonded to the surface.

2.2.5.1.4 30 minute kaolin(freshly milled).

Figure 2.65 30 minute kaolin(FM). The 2100-1400 cm 1region.
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Due to the huge intensity of the water bands it was not possible to normalise these
spectra. However, clearly visible were bending modes at 1670, 1650 and 1630 cm'l. As
in the stretching region ofthe 30 minute milled kaolin spectra, curve fit results were not
considered reliable, due to the very large area covered by the water bands at ¢ 1700 cm'l
to 1550 cm'l. Nevertheless, Figure 2.65 shows a selection of the VT DRIFTS spectra.
The water bands were relatively intense until very high temperatures. More water
appeared to be present at 350 °C than in the 10 minute milled data, thus suggesting even
more tightly bound hydroxyl species. Indeed, there is clear evidence of a sharp band at
1670 cm '/ even at 350°C. It is unlikely that this phenomenon is due to surface water. It
is thought to be brought about by hydrogen bonded water trapped inside the large
agglomerates formed after extensive milling. It seems that the 1650 cm'l is being

desorbed preferentially (which would be expected since the more strongly bound



hydroxyl species are present at lower wavenumber). Another feature worthy of note is
the apparent increase in the intensity of the r band at 1595 cm-l which further indicates

the presence of an increased concentration o f“trapped” water.

2.2.5.2 The effect of milling on kaolin. The 1300-700 cm 1region.

Figure 2.66 Ball milled kaolins. The 1300-700 cm'1 region.
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Changes can also be seen in this region of the spectrum after milling. The shape and
intensity ofthe broad band at ¢ 1100 cm'l altered during the milling process. There was
a successive decrease in intensity, and the spectral band produced by the sample milled

for 30 minutes was less well defined than the same band in all other samples.

Although not a fundamental part of this study, it is worthy of note that a detailed IR
adsorption study investigating the effects of grinding kaolinite in the presence and
absence of alkali chlorides was carried out by Yariv4'. Perhaps the most interesting
feature noted by Yariv was that the Si-0 stretching band at ¢1080 cm'l is very sensitive
to grinding. He noted that in both the presence and absence of salts, when the kaolin
was ground there were 2 distinct stages in the alteration of this band (designated “band

P” in the referenced work). Firstly band P became sharp and shifted to higher frequency,
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and secondly it became broad and shifted to lower frequency. The first stage was said to
represent delamination of the mineral and this process was faster in the absence of salt.
The second stage was likely to represent prototropy, where protons migrate from their
original position within the structure towards the inner oxygens. This process can also
be monitored in the OH stretching region (bands a, b, ¢ and d in particular). Shifts in the
positions of bands a, b and c are said to represent interactions between the inner sheet
hydroxyl groups with adsorbed water. Decreases in the intensity of these bands have
also been said to represent prototropy which is facilitated by the grinding process. The
1080 cm™ in the work presented herein is not fully resolved from the 1100 em™ band.
However, it appears that the initial trend observed by Yariv is also being followed here.

It seems likely that delamination occurs after milling for 30 minutes.

2.3 Results. The effects of ageing on ball milled kaolins.

After the initial spectra (FM) were collected, the samples were stored in sealed vessels at
ambient temperature and pressure. After ageing for between 4 and 6 months, dramatic
spectral changes were noted in the water bending and stretching regions of all milled

samples. Some representative spectra are presented in the following section.
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2.3.1 Infrared of ball milled kaolins. The 3800-2600 cm-1region.

2.3.1.1 3 minute milled kaolins. The 3800-2600 cm'1 region.

Figure 2.67 3 minute freshly milled and aged kaolins The 3800-2600 cm'l1region.
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There was an overall increase in the amount of adsorbed water after ageing (at room
temperature, as shown above). There was a particularly large increase in the 3700-3350
cm'l, region corresponding to an increase in weakly hydrogen bonded water species.

The spectra below show curve fits at representative temperatures.
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Figure 2.68 3 minute aged kaolin. The 3800-2600 cm 1region. Room temp, curve
fit.
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Figure 2.69 3 minute aged kaolin. The 3800-2600 cm'lregion. 150°C curve fit.
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Figure 2.70 3 minute aged kaolin. The 3800-2600 cm lregion. 350°C curve fit.

o Ry

3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700

Wavenumber (cm-1)

Figure 2.68 (room temperature) shows that after ageing another water environment has
appeared (band P). This species may have been present in the FM sample, but it was in
much lower concentration, therefore it was omitted from the fitting regime. After
ageing, there is an increase in this type of water. It represents an increase in the amount
of weakly hydrogen bonded water compared with the FM sample (Figure 2.29). At 150
°C bands e (¢ 3590 cm'l) and f (c 3550 cm']) changed little in intensity or frequency
compared with the room temperature spectrum. Band P remained at the same frequency
(compared with room temperature), but the intensity decreased by approximately a half.
Band g shifted by 70 cm'l to higher frequency and decreased in intensity. Figure 2.70
shows that at 350 °C the spectrum ofthe aged sample resembles that ofthe FM kaolin
(Figure 2.31). Bands e and f were very similar to those in the 150 °C spectrum. Band g
dramatically decreased in intensity, and increased slightly in frequency. Band P changed
little in frequency, and a small decrease in intensity was observed compared with the 150
°C spectrum. Although not fitted in the FM sample, band P is likely to be represented

by intensity encompassed by band f. In the spectral fit of the aged sample at 350 °C,
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(Figure 2.31), band f* is a more prominent feature, indicating that the surface water was

more thermally stable than the corresponding band in the FM sample.

Figure 2.70 below shows that, as expected, the intensity of band f remained virtually
constant over the temperature range studied. Band f* lost intensity rapidly, with a
decrease of ¢ 50 % over the first 150 °C. Thereafter the intensity remained constant,

even up to 350 °C. Band g was initially very intense, but it too lost 50 % of the intensity "
by 150 °C. It continued to decrease at a similar rate over the entire temperature range.
It was approximately 1/8 of the initial intensity at 350 °C. Band h at ¢ 2708 cm’™ became

more apparent as temperature increased.
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Figure 2.71 3 minute aged kaolin. The change in intensity of bands f, f*, g & h.
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Figure 2.72 3 minute aged kaolin. Change in position of bands f, f*, g and h.
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Figure 2.72 shows that the positions of f, f* and h remained constant throughout the
temperature range of study. The frequency shift (of approximately 40 cm'l) of band g
may suggest the existence of two bands (as for the FM sample). However, the thermal
behaviour of this band does not give conclusive evidence ofthe existence oftwo readily
distinguishable, discrete bands. The shift is due to the “weakening” of the more strongly
held water species as temperature increased. Thus, the band shifted from lower to higher

frequency. As expected, the frequency ofband h did not alter significantly after heating.
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2.3.1.2 10 minute milled kaolins. The 3800-2600 cm 1region.

Figure 2.73 10 minute freshly milled and aged kaolins.
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As for the 3 minute milled kaolin sample, there was an overall increase in the amount of
surface water present after ageing ofthe 10 minute sample. Again, there seems to be a

more dramatic increase in the amount ofless strongly hydrogen bonded hydroxyl species.
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Figure 2.74 10 minute aged kaolin. The 3800-2600 cm 1 region. Room temp,
curve fit.
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Figure 2.75 10 minute aged kaolin. The 3800-2600 cm 1region. 150°C curve fit.
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Figure 2.76 10 minute aged kaolin. The 3800-2600 cm 1region. 350°C curve fit.

T QY

3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700
Wavenumber (cm-1)

The figure above shows that there was an overall increase in the amount of surface water
at room temperature compared with the FM sample (Figure 2.36). Interestingly, here
too (as for the 3 minute milled aged sample) an additional band (f*) has become
necessary for a good mathematical fit. This band is at a similar frequency to the
additional band in the aged 3 minute milled sample, and in the present case it is also
attributed to less strongly hydrogen bonded water. It appears to be less intense than
band f* in the 3 minute aged sample. However, this is very unlikely, since the shape of
the room temperature spectrum suggests a very intense band at this frequency. The
apparently low intensity can be accounted for, since much of the actual area of band f*
has been masked by the “wings” of the very intense band g. Band g has become more

intense compared with the same band in the FM sample.

Figure 2.75 (150 °C) shows that the aged 10 minute milled spectrum differs significantly
from the FM sample (Figure 2.37). The water modes are still very significant, but band g
has apparently shifted towards higher wavenumber in the aged sample (whereas in the

FM sample, band g(i) at around 3200 c¢cm'l had all but disappeared). The persistence of
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band g (comparable with band g(i) in the FM sample) corroborates the room temperature
evidence that after ageing there is a greater concentration of more weakly hydrogen
bonded water (i.e. higher wavenumber) than in the FM sample. Band f* appeared to
increase in intensity. The absolute intensity of this band is more likely to be accurate
than the room temperature fit, because the intensity of the water band g has decreased,
therefore the interference of this large band present at room temperature has been

significantly reduced.

In the 350 °C spectrum (Figure 2.75), there is still some intensity due to the component
f* present, but it was not possible to distinguish between it and f therefore, only band
was fitted. For this reason, band f appears to be of greater intensity than expected in
Figure 2.76. A very interesting feature of this spectrum is the absence of a band at
approximately 3040 cm™ (i.e. the frequency of band g(ii) in the 10 minute FM sample
(Figure 2.38)). This suggests that the previously very strongly hydrogen bonded water
in the FM sample has been removed by ageing - or more likely the bonding has become
weakened over time. This less strongly hydrogen bonded water (compared with the FM
sample) still persists at 350 °C and is represented spectrally by band g , centring at
approximately 3320 cm™.
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Figure 2.77
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Figure 2.78 10 minute aged kaolin. Change in position of bands f, f*, g and h.
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Figure 2.77 shows that the intensity of band f remains constant throughout. The
apparent increase in intensity between 200 and 350 °C is due to the overlap of bands f

and P - as described earlier, bands f and P are represented at 350 °C by band f alone.

At 150 °C, half the initial intensity of band g was removed. The rate of decrease
lessened thereafter, with approximately M of the initial intensity still present at 350 °C.
Band h was not distinguishable until 350 °C, due to the interference from the larger

water bands.

Figure 2.78 indicates that the position of band g remained constant between 50 and 200
°C. The apparent increase at 25 °C is mimicked by the apparent decrease in frequency of
band f *at room temperature compared with the 50 °C spectrum. This is because the
fitting programme was unable to distinguish between these two bands. Between 200 and
350 °C, band g appears to increase in intensity. This is also a spurious effect, and is due

to the fitting programme compensating for the loss of band P. Indeed, this shift in the
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position of band g is another indication that band f* does still have intensity at 350 °C,

although it is not discernible by the fitting procedure.

Band h has been omitted from this plot, since it became quantifiable only at350 °C. Its

position was 2713 cm'lL

2.3.1.3 30 minute milled kaolins. The 3800-2600 cm 1region.

Fits of this sample were not made, but the room temperature spectra areincluded for
completeness. Compared with the 3 and 10 minute milled kaolins, there was
comparatively little change in the 30 minute milled spectra before and after ageing.
However, there was an increase of intensity between approximately 3300 and 3600 cm L
Again, this represents an absolute increase in the concentration of more weakly hydrogen
bonded water after ageing. The 1R data suggests that overall there was a slight increase

in the intensity ofthe water bands after ageing.

Figure 2.79 30 minute freshly milled and aged kaolins.
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2.3.2 Infrared of ball milled kaolins. The 2100-1400 cm-Iregion.

2.3.2.1 3 minute milled kaolins. The 2100-1400 cm 1region.

Figure 2.80 3 minute freshly milled and aged kaolins The 2100-1400 cm 1region.
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Overall, these spectra show a marked change after ageing. There was a shift in the water
bending mode from 1670 cm'lto 1640 cm'l (i.e. the adhesive water became less strongly
hydrogen bonded). The increased intensity at 1720 / 1670 cm"1present in the FM sample
has reduced to baseline level (i.e. the intensity expected of an unmilled sample). The
band at 1580 cm'l has also reduced to baseline level, illustrating the removal ofthe edge

intercalated water species.

() The aged sample spectra were produced using a sample diluted to 2% in KBr. This decreased
concentration resulted in the increased water vapour component seen in the Figure 2.80 above.
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Figure 2.81 3 minute kaolin (aged). The 2100-1400 cm 1 region. Room temp,
curve fit.
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Figure 2.82 3 minute kaolin (aged). The 2100-1400 cm Iregion. 150 °C curve fit.
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Figure 2.83 3 minute kaolin (aged). The 2100-1400 cm Iregion. 350°C curve fit.
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At room temperature, (Figure 2.80), band w decreased considerably compared with the
FM sample. In the aged sample band x (at 1630 cm'l) was present, whereas it was
absent in the FM sample. Band r (at 1580 cm'l) in the FM sample was clearly present at
room temperature, however, after ageing it was reduced to baseline levels. It was still

present after ageing, but was masked by the very intense feature x.

The fit ofthe 150 °C spectrum shows that band w was completely removed. However, it
is probable that there was a small contribution from this band which has become
incorporated into band x. The intensity of band x also decreased compared with the

room temperature fit.

By 350 °C band x decreased further, but was still clearly present. The intensity of this

band is considerably lower than the water bands present in the FM sample at 350 °C.
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Figure 2.84 3 minute kaolin (aged) The change in intensity of bands w and x.
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Figure 2.84 shows that band x decrease in intensity rapidly initially, with M of the initial
intensity being removed by ¢ 100 °C. Thereafter, the rate decreased. There was still
considerable intensity present at this frequency at 350 °C. Band w (ofrelatively stronger
hydrogen bonding compared with band x) diminished in intensity rapidly, with a decrease
of 50 % after heating to 50 °C. It was no longer distinguishable by 150 °C. It appears
that the more strongly hydrogen bonded species “converted” to more weakly bonded

species as heating progressed.
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Figure 2.85 3 minute kaolin (aged) The change in position of bands w and x.
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Both water bending modes varied marginally in frequency by approximately +/~ 5 cm'l

The mean position ofband w was 1670 cm'l, and the mean ofthe position of band x was

1635 cm'lL
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2.3.2.2 10 minute milled kaolins. The 2100-1400 cm 1region.

Figure 2.86 10 minute freshly milled and aged kaolins.

.05

1670
1823

1635
.04

930

.03

Aged

.02

.01

2100 2000 1900 1800 1700 1600 1500 1400
Wavenum ber (em- 1)

It was not possible to normalise these spectra in the usual way. The 1930, 1823 and
1720 cm'lbands are in fact the same intensity. There is, however, a vast difference in the
overall intensity of the water bending modes- the aged sample having vastly reduced
more strongly hydrogen bonded surface water. This could be an effect ofthe breakdown
ofthe agglomerates produced by milling, thus allowing the water trapped therein to be
released. There is also a shift in the water bands towards lower wavenumber. The
initially strong 1670 cm'l (FM) band has significantly reduced and become smaller than

the intense 1635 cm'l(aged) band.
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Figure 2.87 10 minute kaolin (aged). The 2100-1400 cm 1region. Room temp,
curve fit.
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Figure 2.88 10 minute kaolin (aged). The 2100-1400 cm 1region. 150 °C curve fit.
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Figure 2.89 10 minute kaolin (aged). The 2100-1400 cm Iregion. 350 °C curve fit.
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Figure 2.87 illustrates that after ageing, band x has much greater intensity than band w.
In the FM sample, the converse was true (see Figure 2.59), with band w having

significantly greater intensity than the lower frequency band x.

At 150 °C, (Figure 2.88) the intensity of both water modes w and x have reduced
significantly. However, band x has been removed preferentially. This is predicted by
theory, since in the bending region more loosely hydrogen bonded water presents at
lower frequency (indeed, in the aged 3 minute milled sample, V2 of the initial intensity
was removed by 100 °C). Subsequent heating to 350 °C (Figure 2.89) leads to the
further reduction in intensity of both water bands. Compared with the FM sample at the
same temperature (Figure 2.61), band w (in the aged sample) is of lower relative

intensity. Band x is of similar intensity in both the aged and FM samples.
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Figure 2.90 10 minute kaolin (aged). The change in intensity of bands w & x.
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Figure 2.91 10 minute kaolin (aged). The change in position of bands w & x.
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Figure 2.90 shows that band x decreased in intensity by 50 % over the first 100 °C (as
was the case in the aged 3 minute milled sample). The intensity of band w decreased less
rapidly, with 50 % being removed at approximately 200 °C. This is expected, since band
w represents more strongly hydrogen bonded water than band x. Both bands retain

quantifiable intensity up to 350 °C.

Figure 2.91 shows that there was an apparent variation in the positions of both bands w
and x. It is likely that the apparent fluctuations in the most part are due to the inability of
the fitting package to distinguish between the frequencies of the two bands at similar

frequencies.
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2.3.2.3 30 minute milled kaolins. The 2100-1400 cm 1region.

Figure 2.92 30 minute freshly milled and aged kaolins.
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Although curve fitting could not be carried out on this data, the spectra above show
marked differences before and after ageing. It was not possible to normalise the spectra
above, but the reader is reminded that the 1930 and 1823 ¢cm 1bands are in fact of equal
intensity in both aged and freshly milled spectra. Like the 10 minute milled sample, there
is a shift to lower wavenumber. The aged sample now presents a strong 1630 cm'l band
and a relatively weak 1670 cm'l mode. The converse was true for the FM sample.

There was an overall loss in the intensity of water bands after ageing .
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2.4 Conclusions.

As milling time increased, so did the amount of surface-sorbed water. It is possible to
characterise this water in both the OH stretching and bending regions as strongly

hydrogen bonded, moderately strongly hydrogen bonded and weakly hydrogen bonded.

Figure 2.93 Schematic of the effects of milling and ageing.
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The simplified figure above illustrates the overall effects of the milling and ageing
processes. SEM studies have shown that at all times there is a mixture of damaged and
undamaged kaolin particles. Therefore, it is not possible to draw a distinct line between
the condition of the mineral at any specific milling time, since all data collected are a

composite response of a number of different phases. However, the overall effects of
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milling are discussed below (in conjunction with Figure 2.93 and Figure 2.94), according

to the condition ofthe majority ofthe particles.

Figure 2.94 Schematic of water bonding with the characteristic IR frequencies.
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In the stretching region at room temperature, the most obvious effect of milling is an
increase in the area ofthe broad water bands in the 3600-2600 cm"lregion. Band fitting
has allowed the identification of types of water of differing hydrogen bonding
characteristics. At room temperature, there is an overall increase in the intensity of the
band representing the more strongly hydrogen bonded water at 3200-3300 cm'l (band
g(i)). The water bands in this region are very broad, and it is difficult to draw
conclusions from this spectral region alone. For this reason, the data must be considered

in conjunction with those in the bending region.

In the bending region at room temperature, there is, perhaps a more obvious alteration in
the relative concentrations of the different types of water present, with unmilled kaolin
water frequency approximately 1650 cm'l, (band v) the 3 minute milled kaolin water
bending mode at 1670 cm'l (w), 10 minute milled kaolin modes at 1670 cm'l and 1630
cm'l (x) and the 30 minute milled kaolin water bending frequencies at 1630, 1650 and

1670 cm'l.
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The unmilled (i.e. unrefined) mineral has a large number of kaolin stacks. There is a very
small amount of water adsorbed to the outer surfaces (illustrated most clearly by the
bending mode at ¢ 1660 cm™ (v)). However, there are very few exposed broken edges

sites, and this results in a low concentration of sorbed water.

The shift in frequency of the water bending modes in this work from 1650 to 1670 or
1630 cm™ and the corresponding shifts in the water modes in the 3500-2600 cm™ region
may be indicative of prototropy, whereby upon grinding, protons migrate from their
original positions and may approach the oxygens shared between the tetrahedral and
octahedral sheets or begin to interact with other hydroxyls to, thus forming new

associations.

After moderate milling, (i.e. 3-10 minutes), the mineral stacks begin to delaminate.
Some of the stacks fracture along the vertical axis, thus exposing an increased number of
broken edge sites. This leads to an increase in the total amount of surface sorbed water,
specifically an increase in the more weakly hydrogen bonded (surface sorbed) water at
1630 cm . Aggregate formation and slight expansion of the kaolin layers begins and
this leads to sites between the mineral stacks (either broken or complete) where water
becomes trapped (“adhesive water”) or partially intercalated. It is thought that the water
trapped between the agglomerates is in some way responsible for binding the mineral
aggregates together. It is represented spectrally by a bending mode at 1670 cm’!
corresponding to relatively strongly hydrogen bonded water. It is also likely that band r
(at 1580 cm™) répresents a small amount of very loosely hydrogen bonded water trapped
within the aggregates or between the slightly expanded edges of the mineral during the
primary stages of milling. Extended milling (10-30 minutes) leads to further breakdown
of the kaolin stacks and an increase in the size of the agglomerates. There is therefore an
overall increase in the total adsorbed water species - both on the outer surfaces at

exposed broken edge sites and the species trapped within the agglomerate network.
As milling time increases, the overall strength of hydrogen bonding increases, with all

types of water being held until higher temperatures. Upon increasing the temperature of

the samples, the water types are lost at different rates. In the bending region, weakly
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hydrogen bonded water is lost at lower temperatures, followed by moderately strongly

hydrogen bonded water, and finally strongly hydrogen bonded water.

For the 3 minute milled kaolin it can be postulated that band g(i) (OH stretching region
at approximately 3200 cm™) and band w (OH bending region at approximately 1670 cm’
") both represent very strongly hydrogen bonded water species (relative to the water
species present in the unmilled sample), since they exhibit very similar thermal
characteristics and are at comparable extremes of the water bending and stretching
regions. (See the plots showing the change in intensity of bands with temperature in

Figure 2.33 (band g(i)) and Figure 2.56 (band w).

In the 10 minute milled kaolin sample, bands g(i) at 3150 cm™ and x (1630 cm™) both
represent similar types of more loosely hydrogen bonded water, which are lost at

relatively low temperature.

Band g(ii) at 3050 cm™ and band w, at 1670 cm™ are both thought to represent similar
species of very strongly hydrogen bonded (adhesive) waters. Although not discussed
with reference to spectroscopy, Kirsh* commented that clay particles could be strongly
bonded together by oriented layers of water. It is not known if the waters in the kaolin
system in the present work are oriented. However, they are present throughout the

temperature range of study and remain very intense until greatly elevated temperature.

It can be further deduced that band fin the stretching region (c 3550 cm™) and band r in
the bending region (c 1580 cm™) both represent very weakly hydrogen bonded water,
since their thermal behaviour in the 3 and 10 minute milled samples are very similar (for
example, see the plots of the change in intensity of bands with temperature in Figure 2.56
(band r) and Figure 2.33 (band f). This hypothesis is, however, not supported by the
unmilled sample data, where band r is not obvious, whilst band f is of similar significance
to that in the milled samples. At this time a suitable explanation for this anomaly has not
been deduced. Is should once again be noted that it would not be correct to assume that
only one type of water is monitored by the behaviour of any one band. There is a great
deal of overlap between the intensities and frequencies of adjacent bands, and as a result,
only semi quantitative trends can be described.
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After ageing, DRIFT spectroscopy indicates that there is an increase in the intensity of
the more weakly hydrogen bonded water species. In the OH stretching region the
precise discrepancies are difficult to distinguish. However, there is generally an obvious
increase in the intensity of the more weakly hydrogen bonded water in the OH bending
region. From the bending region spectra it can be seen that there is a decrease in the
relative intensity of the “adhesive” water bands at 1670 cm™ with respect to the surface
water bands at 1630 cm™ (for example, compare the 10 minute FM and aged room
temperature sample spectra in Figure 2.59 and Figure 2.87 respectively. There is now
relatively more of the weakly hydrogen bonded surface bound water at 1630 cm’
compared with the more strongly hydrogen bonded water at 1670 cm™. This implies that
the agglomerates may be breaking down, with a concurrent release of the “trapped”,
adhesive water. Although not carried out in the present work, this hypothesis may be
confirmed by SEM studies. These events may have wide ranging implications in the
minerals processing industry, where samples are often milled and stored for weeks,

months or even years before use.
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3.1 Introduction.

This chapter will describe a method by which the binding sites present on the surface of a
Cornish kaolin have been determined, both before and after ball-milling, by the use of the

organic probe pyridine and VT-DRIFTS.

Ball milling has many effects upon the surface of kaolin (see Chapter 2). Therefore, it
can be predicted that the types of surface sites available for organic interactions alter
after the mineral has been milled. The use of pyridine as a probe molecule allows the
nature of the exposed sites to be determined before and after milling. Gross changes

occurring can also be semi-quantified by using curve fitting.

Molecular probes were defined by Johnston' as “a solute or solvent species capable of
interacting with a solid surface...sensitive to changes in their local environment through
diagnostic properties”. The diagnostic properties referred to were a change in the
spectroscopic signal. The interactions of the probe molecule, pyridine with various clay

minerals have been well studied in the literature>>'>117:18,

The type of surface site
available for binding can greatly affect the physical properties of a mineral. Pyridine has
successfully been used for many years to characterise the surface properties of many
diverse minerals. For example, it has been used to study the hydroxyls of
montmorillonite and Al-pillared montmorillonite*> to investigate the surface properties

of hydrated and dehydrated cation exchanged hectorites®, .to analyse the effect of the
pillaring species on the types of surface sorption sites exhibited by pillared rectorite,
montmorillonite, and synthetic mica-montmorillonite’, to determine the nature of the acid
sites present on Al-pillared and Na-exchanged saponites used as catalysts’, to
characterise the surface sites of copper-exchanged zeolites used in the activation of
hydrocarbons’,. to study the surface acidity of metal oxide catalysts and to explain the

mechanism by which they decompose 2-propanol'®, and to monitor surface acidity of
y Yy p prop

metal modified aluminas!”.
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Pyridine was chosen as a probe molecule for the work presented herein in order to
elucidate information regarding the types of surface sites which are available on the

surface ofkaolin during the industrial processing procedure.

It was deemed to be a suitable molecule in this study since it is not easily intercalated
into kaolin and it has a well documented and readily interpreted IR spectrum which
provides a strong, diagnostic IR signal depending on the sites to which it binds. It
adsorbs readily to strong acid sites at the surfacel2 and, very importantly, it can act as
both a Lewis and Bronsted base. These properties make it particularly useful as a tool

for investigating the type ofexposed active sites available for binding.

3.1.1 The binding mechanisms of pyridine.

It is well known that the surfaces (and interlayer space in swelling minerals) is populated
by Bronsted and Lewis acid sites. The majority of the interactions between clay surfaces
and adsorbed organic species are of the acid-base type. Johnstonl described six main
types ofactive sites on clay minerals. However, only three of these types are present on
the surface ofkaolin.

a Exchangeable metal cations/structural metal ions and exposed under co-
ordinated metal atoms. Here, the probe molecule co-ordinates directly to a metal
cation, which functions as a Lewis acid (see Lewis bound pyridine). Two factors affect
the Lewis acidity of the mineral: the reduction potential of the cation, and the water
content of the surface. Since most of the exposed cations on the surface of kaolin are
A13t, the dominant factor for this mineral is the water content. At high coverage of
water, the organic probe has limited ability to compete for co-ordination positions
around the hydrated cation. At lower water coverage, the competition for co-ordination

positions is reduced, and thus direct co-ordination by electron transfer can progress.

b Polarised water molecules surrounding exchangeable cations. It is suggested
that when water is sorbed to exchangeable cation species, there are two environments in
which they can be found in a non swelling clay: (i) co-ordinated directly to the metal
cation and (ii) water physisorbed to the surface which occupies interstitial pores or polar
sites on external surfaces. These water molecules are able to donate protons to adjacent

organic probe molecules (more readily than bulk water), and act as Bronsted acid sites
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(see “Bransted bound pyridine or the pyridinium cation” below). However, the water
bound to the cation will be more polar, and thus proton donation from this type of water
is the more likely. Brensted acidity depends upon both the nature of the cation and the
amount of water present. As the charge on the cation increases, and size decreases,
Brensted acidity increases. Exchangeable cations are rare in kaolin, and are usually
found at exposed edges of kaolin. They may also be found on the basal surfaces if
isomorphous substitution of aluminium for silica occurs (see Yariv'® for a review of the
effects of isomorphous substitution on vaious minerals). The bonding of water rather
than hydroxyls distinguishes them (although water may become very polarised, and tend
towards OH)).

c Broken edge sites (i.e. surface hydroxyl groups located on broken edge
surfaces). When the kaolin sheet becomes damaged, under co-ordinated metal ions may
become exposed. Water can react with these sites, and the hydroxyl groups bond and
attempt to complete the co-ordination sphere of the metal. These water molecules
effectively become very reactive, “structural” hydroxyls since there is strong interaction
between the hydroxyl and the surface. At low pH values, the sites are positively charged
due to the adsorption of protons, and organic acids can interact strongly at these sites
(see Chapter 4.). As pH increases, the charge becomes neutral until after the point of
zero charge (PZC), the surface charge becomes negative. Kaolin has very few cation
exchange sites (unlike swelling clays) and the contribution from type c sites forms the
principle type of reactivity. In their hydroxylated form, these sites are Bronsted acid in
character. If the hydroxyl species is removed, the under co-ordinated metal ion becomes

" a Lewis acid site.

A wide ranging investigation of the adsorption of various organics (e.g. fatty acids,
phenols, aniline etc.) to swelling clays (e.g. montmorillonite, smectites, vermiculites etc.)
was carried out by Yariv'*. The work aimed to elucidate information regarding bond
strength and type using IR spectroscopy to monitor the effect of heat. Although

swelling clays were not examined in the present study, the mechanisms of Lewis and
Brensted binding which were discussed in the work by Yariv can be extrapolated to the

kaolin-pyridine system.
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3.1.1.1 Brensted bound pyridine or the pyridinium cation.

In Brensted type binding, pyridine binds to an exposed proton on the mineral surface.
Where adsorbed water is co-ordinated to exchangeable metal cations (e.g. at broken
edge sites in the kaolin system), this water can serve as a proton donor, i.e. a Bronsted

acid.

Figure 3.1  Bronsted binding

(O

The proton may be directly bonded to a cation, or via one or more water molecules.

When Brensted binding occurs, an IR marker band is present at 1540 cm™. The
associations can be formed in two ways, depending on the polarising power of the metal
and the basic strength of the adsorbed organic species (B). The associations may occur

simultaneously in the same system.

(i) the organic base may be protonated by accepting a proton from a water molecule,

thus gaining a positive charge.

Base H*- -(P—MIFL
H

(i) the organic base may be hydrogen bonded with a polar water molecule.
Base--H—Q—-Mn+
H
After thermal (or chemical) dehydration, the metal cations may serve as Lewis acids.
A possible complication can occur in this system, since it is possible that the proton may
not be co-ordinated to the surface, and therefore the diagnostic IR band at 1540 cm™

may not be visible at room temperature. The species causing the suppression is generally

loosely bound and it may be removed by gentle heating. If Bronsted binding is present,
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the 1540 cm™ band may be visualised by elevating the temperature to approximately 50-

100 °C, thus removing the other species.

There are two common species which are likely to cause this phenomenon in the work

presented  herein:

Figure 3.2  Causes for the suppression of the 1540 cm™ band.

a) an excess of pyridine b) water

OF,
O
H

3.1.1.2 Lewis bound pyridine.

This involves the non hydrated exchangeable metal cations (usually Al for kaolin) present
at the broken edges of kaolin which act as Lewis acid centres. The acid strength
increases with the charge of the cation, and decreases with increasing cation size®.
These sites may be masked by water at lower temperatures. In Lewis type binding, the

organic base (i.e. pyridine in this case) becomes co-ordinated directly to the cation.

Figure 3.3  Lewis binding
Base-—-Mn"

Here, the Brensted diagnostic IR band at 1540 cm™ is not present. This type of
adsorption is characterised by a strong, temperature resistant band in the 1440-1450 cm™
region. It should again be noted that, due to the diverse nature of mineral surfaces,
usually a combination of Brensted and Lewis associations is present. The relative
intensities and thermal stabilities of the bands must then be assessed in order to correctly

identify the type of binding.

173



For example, if, at room temperature, two major bands are present, an intense band at
1450 cm’, and a weaker band at 1490 cm™, the most obvious assignment is to Lewis
type binding. If, however, after moderate elevation of temperature (e.g. to 50 °C), the
1440 band reduces in intensity and the 1490 cm” does not, the most likely type of
binding is Bronsted type. In that case, the 1440 cm™ band at room temperature would
represent hydrogen bonded (or physisorbed) pyridine, and the 1490 band would
represent Bransted type binding. This can be confirmed by the appearance at elevated
temperatures of a band at ¢ 1540 ecm™ (see Figure 3.4 below for characteristic band

intensities).
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Figure 3.4 Characteristic band intensities of Bronsted and Lewis bound
pyridine.

Brensted Bound

1605 1490
1630 1540
Diagnostic 1540cm'l1 band
1605 1490 1440
\O 1630 590

yN:—H— N

Lewis Bound

Adsorption of molecules onto the surface ofkaolin is a more common phenomenon than
intercalation, since the former does not require penetration into the hydrogen bonding
network. Instead, the molecule adheres to the surface of one ofthe faces or edges ofthe
mineral. The major IR bands of adsorbed pyridine are listed in Figure 3.5 below. It

should be noted that rarely do these bands appear in isolation.
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Figure 3.5 Characteristic IR frequencies of bound pyridine.

Physisorbed

Hydrogen bonded
Bronsted bound

Lewis bound

1 1
Al Al

1435 1440 1490 1440
1490 1490 1540 1450
1578 1590 1605-1612 1490

1609 1630 1613

Frequency ofbands (cnrl)

Assignments taken from Billingham ef all7 A comprehensive review ofthe assignments

ofpyridine in liquid form can be found in a work by Breenl5.

The types of sites available on swelling clays for the binding of organics can be

; . 11,12,17,18
dramatically altered by cation exchange * 7~ .

In the present work, cation exchange
studies on the unmilled kaolin, using aluminium and nickel ions did not yield infrared
results significantly different from those discussed in the results section, where no
attempt at cation exchange was made (although XRF analysis showed that cation
exchange had been successful). It is commonly recognised, however, that non swelling
clays do not have a large cation exchange. A typical value is 3-15 milliequivalents/100
g23. Reis Ir et alla, however, studied the thermodynamic changes involved in the
interactions of pyridine exposed, cation exchanged kaolin. Monoionic kaolin samples
were prepared by Reis Jr ef al, by shaking the mineral with an aqueous solution of
M (N O3)n (where M = Cu2t, Ca2t, Zn2+ Al3+ or Fe3H for 7 hours at 40 °C, followed by

water washing and vacuum drying at 25 or 250 °C for 4 hours. H- exchanged kaolin was

also prepared in the same way. In order to collect IR spectra of pyridine exposed

176



samples, a few drops of pyridine were dropped onto the surface of a pre-pressed pastille
of kaolin. In the opinion of the author this practise may give rise to a composite
spectrum of kaolin and pyridine, rather than a true reflection of the kaolin-sorbed
pyridine complexes. Although the study was flawed and the IR spectra were of
questionable quality and scarce, some interesting hypotheses were made regarding the
adsorption mechanisms of pyridine. The spectra presented for AT+ H and Cu2
exchanged kaolins (dried at 25 °C) were said to be very similar to the FeJ+, Ca2+and Zn2+

exchanged kaolins respectively (dried under the same conditions).

The Al3+ (and Fe3t) exchanged kaolin spectra did not exhibit well defined peaks.
However a small band at 1489 cm'l was observed which was attributed to pyridine
hydrogen bonding at a Bronsted acid centre, i.e., X-H +:P —» X ... H... P

Where X represents a surface e.g. SiO, AlO etc, and :P = pyridine.

The H (and Ca2') exchanged kaolin also presented a band at 1489 cm'l which was
assigned to hydrogen bonded pyridine. This was the predominant type of binding in the
H exchanged system. Overlapping bands at 1440 and 1450 cm'lwere evident and these
were assigned to Lewis co-ordination. In the calcium exchanged system, the latter type

ofbinding was said to prevail.

In the copper (and Zn2t) exchanged system, (Bronsted) hydrogen bonded pyridine
presented at 1490 cm'l. Pyridine was also found to replace the co-ordination water
molecules on the copper, resulting in (Lewis) co-ordinated pyridine which gave bands at
c1440 and 1450 cm'l. The 1440 cm'l band was attributed to “water co-ordinated to
Cu2” and the 1450 cm'l band attributed to pyridine co-ordinated directly to Cu2+
Presumably pyridine is also involved in the formation of the former band, although the
exact mechanism ofthe interaction was not described. It is postulated by the author of

the work herein that the mechanism is as shown below in Figure 3.6.
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Figure 3.6  Proposed binding in the formation of the 1440 & 1450 cm™ bands.
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The Lewis bonding mechanism of the 1450 cm™ band was described as follows:

M‘—OHz +P—-M«—P+ :OHz.

Unfortunately no data regarding the strength of pyridine binding or the thermal stability

of the complexes were given.

In a study by Billingham et al'’., pyridine was employed to determine the nature of the
acid sites present on cation exchanged montmorillonite. It was found that, when the Ni**
exchanged mineral was exposed to liquid pyridine, it presented diagnostic infra red bands
indicating Lewis bound pyridine. Therefore, the predominant binding sites on the
mineral were Lewis acid (electron pair accepting) sites. However, when the A’
exchanged montmorillonite was exposed in the same way, the IR spectra showed bands
indicative of Brensted bound pyridine, where the majority of sites present on the mineral

were Bronsted acid, or proton donating sites.

A study of the desorption of probe molecules from cation exchanged montmorillonite
was carried out by Breen'® and this investigation has been used as one of the models for
the work presented herein. Breen, studied the desorption of pyridine from Ni** and Co**
exchanged montmorillonite by thermogravimetric and IR techniques and compared it
with that of the trivalent ion (AI’") exchanged form. This work discovered (by IR
spectroscopy) that, before the point of desorption, (measured by derivative thermal
analysis), the Ni*" exchanged montmorillonite contained predominantly Lewis acid sites,
as did the other divalent ion (Co®* ) exchanged mineral. This was in contrast to the

predominately Bronsted acid sites exhibited by trivalent-ion exchange forms.
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A study by Sugabara ef al2, showed it was possible to form a well ordered intercalation
complex of pyridine with kaolin which had a basal spacing of 12A. This measurement
suggests that the pyridine was in an approximately perpendicular position, with the
nitrogen facing the gibbsitic layer. The pyridine complex was stable, with the aromatic
ring of pyridine keying into the silicate layer. Attachment was thought to be via
hydrogen bonding between the inner surface hydroxyls and the slightly negatively

charged nitrogen ofthe pyridine (see Figure 3.72).

Figure 3.7 Schematic of proposed orientation of pyridine-intercalated kaolin.

Gibbs

Silicate Sheet

The intercalation theory was supported, since IR spectroscopy visualised hydrogen
bonding between structural hydroxyls and water, i.e. there was disruption of the
structural hydroxyl bands between ¢ 3695 and 3620 cm'l. Most notably a new band at
3637 cm"l was observed. This band was assigned to the inner surface hydroxyl
interactions with pyridine. The relative intensities of the 3621 to 3693 cm'lbands were

said to remain similar throughout (possibly indicating that the inner surface and inner
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hydroxyls were affected by the same degree). However, in the opinion of the author of
the work presented herein, there is a dramatic increase in the intensity of the ¢ 3550-
3600 cm™ region after intercalation.. This could be due to the hydrogen bonding of one
of the inner surface hydroxyls with pyridine, thus, causing a shift to lower frequency.
Similar effects have been observed by Ledoux & White'® after studying the intercalation
of kaolin with hydrazine, formamide and urea, whereby the inner surface hydroxyls
interact with the intercalating species, thus causing a decrease in the relative intensities of
the corresponding hydroxyl bands, with a concurrent shift to decreased frequency.

Due to the relative intensities of the 1440 and 1593 cm™ bands, the mechanism of
binding was determined by Sugahara et al’., to be by hydrogen bonding. The method
used for intercalation was harsh and complex, and firstly involved the use of an
entraining agent (i.e. a molecule which will intercalate, but can then be replaced by
another molecule. The entraining agent used in this case was di-methyl sulphoxide
(DMSO). The formation of a fluorinated kaolinite-DMSO intercalation complex was
followed by heat treatment at 110 °C for 4 hours. Subsequent hydration resulted in the
formation of a 10A hydration complex. This complex was unstable in air, and after a few
days exposure it collapsed to 7.2A via an 8.4A intermediate. If the 10A hydrated kaolin
was exposed immediately to liquid pyridine, intercalation occurred after stirring at room
temperature. This successful method of pyridine intercalation was also attempted using
NMF-intercalated and raw kaolin samples. However, no changes occurred to suggest

that intercalation of pyridine had been successful in these cases.

- XRD traces of the pyridine intercalated sample showed that an intense 001 peak at 7.36
°26 (12A) appears, with a concurrent disappearance of the 10A peak associated with
hydrated kaolin. This implied that all the kaolin had been converted to the intercalation
complex. The kaolin-pyridine complex was found to be stable to drying in a desiccator.
Infrared bands at 1440, 1489, 1593 and 1612 cm™ were observed in the intercalated
kaolin-pyridine complex spectra. These bands had shifted from the positions found in the
spectrum of pyridine dissolved in CCls, and this was seen as evidence of intercalation. It
is believed by the author of the present work that there is also strong evidence for Lewis
type co-ordination or hydrogen bonding, since there is a relatively strong 1440 cm™

band, accompanied by a relatively weak 1490 cm™. This matter was not discussed in the
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cited paper. Heating the sample would give more conclusive evidence of the binding

mechanism based on relative thermal stabilities.

3.1.2 The use of other probe molecules.

Cyclohexylamine is another frequently used probe molecule which will interact with both
weak and strong acid sites'’, due to it’s highly basic properties. Breen studied the
desorption of cyclohexylamine from 2 divalent cation exchanged montmorillonites'®, and
this work facilitated the identification and quantification of the number and type of acid
sites present on the exchanged mineral. It was concluded that these clays exhibited
predominantly Lewis character, which increased with increasing cation loading. These
sites were in contrast to those discerned on the surface of trivalent cation exchanged

montmorillonite, where Brensted sites predominated.

Lipsicas ef al,?® assessed the altered properties of a well crystallised kaolin after
intercalation with several species including formamide using NMR (nuclear magnetic
resonance), IR, EPR (electron paramagnetic resonance spectroscopy) and Cp (specific
heat) measurements. IR showed mild perturbations of the inner surface hydroxyls.
Formamide induced stacking faults in the kaolin structure, which, upon de-intercalation
by heat, were found to be partly permanent and partly temporary. EPR showed the
perturbation of kaolin with formamide to be relatively weak in comparison to NMF and
DMSO

- DMSO is able to intercalate very efficiently due to strong dipole interactions with the
silicate layers. It was shown by Breen & Lynch® that 1.5 DMSO molecules were
intercalated per unit cell of kaolinite. DMSO was found to greatly distort the kaolin
layer due to the very strong interactions. Removal of the DMSO did not return the
structure to a state like that of the pre-intercalated material. This was due to the
introduction of irreversible severe stacking faults. By IR spectroscopy it was possible to
show that the intercalation of the DMSO and it’s oxygens with their very basic, electron

donor characteristics, resulted in strong perturbations of the inner surface hydroxyls*
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3.1.3 Distinguishing kaolin from halloysite.

In the course ofthe present work, there was reason to suspect an impurity in the Cornish
kaolin sample which is likely to be halloysite (discussed in detail in Section 3.3.1). For
this reason, a brief review of halloysite and its differentiation from kaolin has been

included in this chapter.

Figure 3.8 Schematic representation ofthe structure of hydrated halloysite.
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Halloysite (sometimes also known as endellite) is part of the kaolinite mineral group,
along with dickite and nacrite. The structure of hydrated halloysite is very similar to that
of kaolin (see Chapter 1). It has the same chemical formula as kaolin (A12Si205.4H20),
but each unit is associated with 4 water units, compared with 2 in the kaolin structure.
In its hydrated form, a d spacing of 10A means that it may be distinguished from kaolin.

However, when it is dehydrated, the d spacing reverts to ¢ 7A, and thus discriminating
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between the two minerals becomes more complex. Halloysite also has a 1:1 T:0
structure, but the sheets are interspersed at variable intervals with water molecules23.
The negative oxygens of the water molecules are oriented towards the hydroxyl plane
and the positive hydrogens are oriented towards the oxygen plane. The intercalation of
water is thought to weaken the hydrogen bonds between the sheets and at room
temperature the characteristic infrared kaolin inner sheet hydroxyl bands at ¢ 3695, 3669
and 3650 cm'l are not present or are greatly reduced. At elevated temperature
(approximately 75-100 °C) these bands begin to appear due to the removal of the
interlayer water (See VT DRIFTS data). However, this dehydrated halloysite does not
“convert” to kaolin, since the layers are not stacked directly above one another. Bailey24
and Singh?2' have recently produced literature explaining the mechanisms by which the
tube formation occurs. Although halloysite is commonly found in a tubular form, there
have also been many accounts of halloysite in other configurations, for example,
spheroidal, platy, and prismatic. Due to the diverse morphologies of halloysite, and its
chemical similarities with kaolin, it is often difficult to distinguish halloysite from other

minerals.

The morphology of halloysite differs from kaolin in that it forms tubular structures (due
to the misalignment ofthe sheets) rather than stacks. The different forms may sometimes
be distinguished by electron microscopy, although this can be a very time consuming
process if there are a number of minerals present. A disadvantage to this technique is
that, halloysite can sometimes be found in platy shapes (i.e. kaolin-like) and kaolin can be
found in tubular shapes (i.e. halloysite-like). This causes much difficulty in identification
by this means (see review by Churchman and Carr26). However, kaolin does not readily
lend itself to intercalation with organic molecules (notable exceptions being DMSO,
formamide, NMF, hydrazine and potassium acetate27), due to the strong hydrogen
bonding network between the layers. Halloysite, however, will form intercalation
complexes with many organics, and this is the basis for the separation techniques

currently used.

In 1961, Wada28 devised a laborious method by which to distinguish kaolin from

halloysite by washing with potassium acetate. Different intercalation rates were used to
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distinguish the two minerals- halloysite more readily forming an intercalation complex

than kaolin.

Hydrazine can be used as an entraining agent, since it interacts strongly with the silicate
layers of kaolin forming a stable intercalation complex. Stability of the complex is
achieved via hydrogen bonding if the mineral is immersed for 24 hours into a solution
containing hydrazine”. Hydrazine penetrates into the structure via the hexagonal hole
(or ditrigonal cavity) and perturbs the inner sheet hydroxyl (represented in IR
spectroscopy by alterations in the 3620 and 915 cm™ bands). This is a very efficient
process, since XRD data from this study” showed that the process gave essentially
complete intercalation. The differing intercalation abilities of halloysite and kaolin to
intercalate hydrazine were exploited by Range et al”’., who devised another method for
distinguishing kaolin and halloysite, known as the “HWG” method. The treatment
involved firstly intercalating the mineral with hydrazine (the entraining agent). Hydrazine
intercalation was followed by water, and finally glycerol (hence HWG) intercalation.
Kaolin did not expand under these conditions, but halloysite did, and the d spacing of the
latter mineral increased from 7 to 11 A. However, this process was also time consuming

and complex.

In 1984, Churchman ef al.,* developed a method to distinguish between kaolin and
halloysite using formamide intercalation. This method was used in the work presented
herein and is discussed more fully in Section 3.3.1. Theng ef al.,”’ compared formamide,
* potassium acetate and hydrazine methods for distinguishing the two minerals. They
concluded that all three methods were able to distinguish one from the other equally well
in qualitative terms. However, generally the formamide and potassium acetate methods
tended to underestimate the halloysite concentration. Since in the present study,
quantitative information was not required, the reliable, yet swift immersion in formamide

technique was used.
Historicalty, XRD has been used to distinguish between minerals in selective intercalation

studies. However, more recently, Raman microscopy techniques have been successful in

distinguishing kaolin from dickite®' after intercalation with potassium acetate. It is
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believed that the extent of intercalation into kaolin is dependant upon the molecular

weight of the guest compound™.

3.2 Experimental.

3.2.1 Method development and sample preparation.
Initially, kaolin was exposed to vapour phase pyridine at room temperature for 1 week.

However, this method yielded poor results, with little, if any, adsorption occurring
(results not shown). Therefore, in order to increase adsorption, in all the work presented

herein, the samples were immersed in liquid pyridine and prepared as detailed below.

a) Approx. 50 mg of 0, 3, 10 and 30 minute kaolin samples were immersed in a few
drops of pyridine liquid.

b) Samples were stored in air tight containers for approximately 1 week with regular
shaking.

¢) Cold air was used to dry off just enough sample for experimental procedures.

d) Remaining wet sample was stored in air tight containers until required.

e) Step c) was repeated when additional sample was required.

For DRIFTS, the sample was diluted to 5% with KBr and the mixture was very lightly
ground with a pestle and mortar for 40 seconds to obtain a uniform particle size and to
provide adequate particle mixing. Spectra were collected according to the method

- described in Chapter 1.
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3.2.2 Stability test of the pyridine treated samples.

In order to ensure that the potential kaolin-pyridine complex was stable at room
temperature, the following investigation was conducted: Initially the DRIFT spectra at
room temperature (RT DRIFTS) of the pyridine treated samples (sample 1) were
recorded. . The wet sample was stored (as (d) above). Sampling was then repeated (as
(e) above), the sample was diluted to 5% in KBr and a spectrum was obtained (sampie
2). The remaining 5% mixture was stored in a sealed vessel for 24 hours, after which
time, another spectrum was obtained (sample 3). Since it is a requirement of both
variable temperature (VT-) DRIFTS and TGA that the sample be purged with N, carrier
gas, after a further 24 hours storage in a sealed vessel, the mixture was purged for 30
minutes under a nitrogen flow of 10 ml per minute and the RT DRIFT spectra were
subsequently recorded (sample 4). No observable changes in the spectra were noted (see

Figure 3.9) The spectra were offset for clarity.
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Figure 3.9 Stability test of pyridine exposed kaolin. The 3800-2600 cin lregion.
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Figure 3.10  Stability test of pyridine exposed kaolin. The 2100-1400 cm 1region.
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3.3 Results.

3.3.1 Impurity identification using XRD and DRIFTS.

Although halloysite readily intercalates water to yield a 10A phase, hydrated kaolins do
not exist naturally. Several mechanisms have been described for preparing hydrated

* using entraining agents to facilitate the entry of water into the interlamellar

kaolin >
spaces. The intercalation of kaolin with pyridine has not been previously described under
the conditions used in the present work. When pyridine forms an intercalation complex
with halloysite, the d spacing is 12 A*.

The XRD traces yielded interesting results. The gross changes associated with the
milling of kaolin were discussed in Chapter 2. The attention of the reader is now drawn

to Figure 3.11 below.

Trace b (pyridine exposed sample) shows that there is clear evidence of a swelling
component giving a peak at 7.33 °20 (d spacing of 12.06A). Under ambient conditions
such as those used for pyridine exposure in the current work, kaolin is not known to
swell in the presence of pyridine. The identity of this swelling component was therefore
questionable, and an attempt to identify it was made. XRD elucidated a suspected mica
impurity, however, mica is not known to swell in the presence of pyridine. Other
common impurities in kaolin mineral samples are halloysite, smectite and chlorite.
Halloysite does swell in the presence of pyridine, and gives a d spacing of 12.06A if the
pyridine is perpendicular to the sheets, and 10.1A if it is parallel (see Figure 3.12). Note
that similar d spacings are expected for pyridine intercalated kaolin, but this reaction is
not thought to take place under ambient conditions”. Smectite does swell after pyridine
exposure, giving a d spacing of 12.5A if the organic is parallel with the mineral layers,

and 14.8A if it is perpendicular (see Figure 3.13).

188



Figure 3.11 XRD Comparison of unexposed and pyridine exposed kaolin.
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Trace a shows unmilled, unexposed kaolin.

Trace b shows the same sample after exposure to pyridine for 3 days’.

" 1t should be noted that a trace showing kaolin cxposed to pyridine for 3 wecks was the same as that for

the sample exposed for 3 days.
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Figure 3.12 Schematic of the swelling of halloysite with pyridine.
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Figure 3.13 Schematic ofthe swelling of smectite with pyridine.
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Another reason for suspecting these minerals as an impurity is the presence of a broad
feature centring at ¢ 5.5°20 in the unexposed kaolin. This could correspond to chlorite
or smectite. Halloysite in the dehydrated form would have a d spacing of 7.2 A and be
hidden under the very intense kaolin 001 peak at the same position. Hydrated halloysite,
however would have a d spacing of 10 A and be present ¢ 8.5°20- the same position as

the mica peak.

In order to test for traces of halloysite and smectite, the following studies were carried

out.

a) Test for halloysite.
The method was published by Churchman et alJ5. An XRD trace of the unmilled,

unexposed kaolin was collected (Figure 3.15). The same sample was then exposed to
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analytical grade formamide for less than one hour. Another XRD trace, this time of the
formamide exposed kaolin, was collected under the same conditions (Figure 3.16).
Under these conditions, kaolin does not swell. However, hydrated halloysite, or
naturally dehydrated halloysite will be expanded by formamide and swell to a d spacing

of 10.4A (see Figure 3.14).

Figure 3.14 Schematic of reactions ofkaolin and halloysite with formamide.

Unheated Halloysite Unheated Kaolin

£ L by
d=10 A l d=7.2 A

Formamide

1 —
d=104 A ####000 l d=7.2 A
/ ~X

Figure 3.16 shows that there is a feature at ¢ 10A in the formamide treated sample,
suggesting the presence of formamide- intercalated halloysite. The small band at ¢ 10 A
in the unexposed sample may be due to either water expanded halloysite or mica.
However, this band does not change in the pyridine exposed kaolin XRD trace (Figure
3.11), so it is not likely to represent water expanded halloysite, because this would be

intercalated with pyridine. Thus, this peak is more likely to represent mica.
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Figure 3.15 XRD trace of unmilled, unexposed kaolin.
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' Data collected by Dr Stephen Hillier, Soil Science Group, Macaulay Land Use Research Institute.
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Figure 3.16 XRD trace of unmilled, formamide exposed kaolin'.
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b) Test for smectite.
Smectite (with a d spacing of 15 A in its naturally hydrated state) is known to swell in
the presence ofethylene glycol to give a d spacing of 17A (seeFigure 3.17). Glycol does

not swell kaolin, nor does it swell the possible contaminant, chlorite.

Figure 3.17 Schematic of the reactions of chlorite and smectite with ethylene
glycol.
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The figure above shows the XRD trace of unmilled kaolin treated with di-ethylene
glycol. Clearly, there is no evidence of a 17A component, therefore the swelling
component in the kaolin sample cannot be smectite. The broad feature at approximately
15A is still visible. It is thought that this band represents a chlorite impurity. Due to the
Mg(OH)2layer which is between the chlorite sheets, further intercalation is not possible

with glycol, and thus, the d spacing remains 15A.
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Figure 3.18 XRD trace of ethylene glycol-exposed unmilled kaolin.
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Thus it was concluded that the swelling component present as an impurity in the kaolin
sample was naturally dehydrated halloysite. Further evidence for this hypothesis was that
the relative intensity of the 001 peak at 7.33°20 in Figure 3.11 was higher than expected
compared with the 002 peak® before pyridine exposure, but the relative intensities
became more usual for a well ordered kaolin after pyridine exposure. The 001 band of
dehydrated halloysite is also at 12.5°20, and since it reduced in intensity (compared with
the 002 peak) after pyridine exposure, this suggests that the previously dehydrate‘d
halloysite is becoming swollen by the pyridine, thus giving a new peak at 7.33°20
(12.06A). VT XRD studies showed that the pyridine-intercalated structure was shown
to collapse at ¢ 100 °C, VT DRIFTS studies showed that pyridine was not completely
removed from this sample until ¢ 200 °C. VT DRIFTS studies of the pyridine exposed
Cornish kaolin (see later) show that pyridine can remain visible until very high
temperatures (e.g. 300 °C). Therefore, initially, the spectra presented between room
temperature and 100 °C are composites of pyridine adsorbed onto kaolin, and
intercalated pyridine-halloysite. Thereafter, the pyridine associations observed are due
solely to the interactions of pyridine with kaolin, and pyridine with halloysite via
adsorption (although “pockets” of trapped pyridine may form in the collapsed halloysite

structure-also see later for full explanation).
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Figure 3.19 XRD traces of unexposed halloysite and VT XRD of pyridine
exposed halloysite
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Trace a shows the low angle reflections for a naturally partially dehydrated (unexposed)
halloysite at room temperature. There is an intense 001 band at ¢ 10 °26, representing a
d spacing of 10 A. It has a broad and intense shoulder at 7.2 A, which corresponds to
the 001 reflection of dehydrated halloysite. (compare with the room temperature XRD
trace of unexposed, unmilled kaolin presented in Chapter 2). Trace b shows that, after
exposure to pyridine, there is no evidence of the 10 A or 7A bands. There is a strong
band at 12 A, which corresponds to halloysite which has become fully expanded by
pyridine. Pyridine is thus being intercalated perpendicular to the mineral sheets, as
predicted. After heating to 50 °C, the pyridine exposed halloysite trace (c) shows that
there has been a decrease in the intensities of both the 001 and 002 reflections. Trace d
“shows that at 100 °C, there has been a dramatic change in the expansion of the mineral.
The 12 A pyridine-intercalated halloysite reflection has disappeared, but there is now
clear evidence of a 7.2 A reflection which corresponds to dehydrated halloysite. This
trace suggests that all detectable pyridine has been expelled from between the halloysite
layers , and that the mineral structure has collapsed. There was very little change in the
XRD traces between 100 and 175 °C (traces e an d f were collected at 150 and 175 °C

respectively).
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3.3.2 TGA.

3.3.3 Figure 3.20

TGA of pyridine exposed unmilled kaolin.
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Figure 3.21 TGA of pyridine exposed 3 minute milled kaolin.
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Figure 3.23 TGA of pyridine exposed*0minute milled kaolin.
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Table 3.1 Weight losses from kaolin during thermal analysis.

Milling time (mins) Weight loss under 400°C (%) | Total weight loss (%)
0 2.4 15.4
3 3.4 15.4
10 5.0 15.0
30 7.9 15.1

The weight loss under 400 °C is very loosely assigned to the loss of “sorbed water” and
pyridine. The weight loss increased as milling time increased. This trend was also
observed in the unexposed kaolin TGA data. The values for all the pyridine exposed
kaolin samples are lower than for the unexposed equivalent sample. The total weight
losses from the pyridine exposed samples was very similar for all ball milling times. The
total weight losses were also slightly reduced compared with the unexposed ball milled
kaolins. The differences in weight loss between the unexposed and exposed samples is
always less than 1 % and may fall within the limits of the error of the method, and
therefor may not be significant. However, if the results are significant, they support the
theory that water is being replaced by pyridine, and as such, the removal of the lower

density pyridine is causing reduced weight loss.
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3.3.4 VT-DRIFTS of halloysite.

Figure 3.24 Halloysite. The effect of temperature. The 3800-2400 cm 1region*.
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Figure 3.25 Halloysite. The effect of temperature. The 2100-1400 cm Iregion*
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*Data collected by Marian Centeno at MRI, Sheffield Hallam University.
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There was a very high contribution from water vapour in the halloysite VT DRIFT
spectra, and smoothing of the stretching and bending regions haf been used to highlight
the changes in the band shapes compared with pyridine. The smoothing method was
binomial, and no bending region spectrum was smoothed by more than 9 points, and no
stretching region spectrum was smoothed more than 5 points. The water vapour

contribution was thus minimised, but band shapes and intensities were not altered.

3.3.5 VT-DRIFTS of pyridine exposed halloysite.

Figure 3.26 Halloysite-pyridine. The effect of temperature. The 3800-2400 cm'l
region®.
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At room temperature, there were three distinct bands at 3087, 3037 and 3010 cm'l
which are assigned to the CH stretching modes of pyridine. At 75 °C, the 3693 band has
begun to re-emerge, indicating that some of the intercalated pyridine has been expelled,
and there is now some hydrogen bonding between adjacent halloysite sheets. The bands
at 3087, 3037 and 3010 cm'l have reduced in intensity, and are now represented by one
broad band centring at ¢ 3050 cm'l. Again, this illustrates the loss of intercalated

pyridine. At 150 °C the 3695 cm'lis significant in peak height, but is not as intense as
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the 3631 cm'lband. At 200 °C, there is little or no evidence of intercalated pyridine in
the 3087-3010 cm'l region, and at 225 °C the spectrum in the stretching region

resembles that ofa poorly order kaolin, e.g. after 30 minutes ball milling (see Chapter 2).

Figure 3.27 Halloysite-pyridine. The effect of temperature. The 2100-1400 cm 1
region.*
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Three combination bands are present at 1930 and 1823 and 1730 cm'l as in the kaolin
spectrum. At room temperature, the pyridine exposed halloysite spectrum shows bands
characteristic of hydrogen bonded pyridine, represented by the very intense band at 1592
cm'l. There is no conclusive evidence of a Bronsted band at 1540 cm'l. At 100 °C the
relative intensities of the 1440, 1490 and 1592 cm'l bands are very similar to those at
room temperature. However, at 150 °C, the pattern is very different (not shown, but
very similar to 200 °C spectrum). XRD data shows that halloysite structural collapse
occurs before 100 °C, and thus pyridine has been expelled from between the mineral
layers. The overall intensity of all the pyridine bands has been greatly reduced with
respect to the halloysite structural bands at 1930 and 1823 cm'l. There appears to be a
shoulder on the 1439 cm'lat 1449 cm'l. This may indicate either the formation ofa new

type of Lewis association, the Lewis site may have become visible due to the decrease in
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intensity of the 1439 cm™ band (see Figure 3.60). At 200 °C, pyridine bands are still
present. The intensity of the Lewis band at 1448 cm™ has now become more significant.
The band characteristic of hydrogen bonded pyridine at 1590 cm™ is still present. At 225
°C, there is still evidence of pyridine adsorption via hydrogen bonding and Lewis type
associations. These bands are very resistant to heat, and it is postulated that when the
layers of halloysite collapsed at approximately 100 °C, pockets were formed towards tl}e
middle of the sheets and pyridine became trapped therein. The quantity of expanded

material in the sample was below the detection limit of the x-ray diffractometer.

Thus, at lower temperatures, the major type of pyridine-halloysite association was by
hydrogen bonding between the layers of the mineral. As temperature increased, Lewis
type binding became more significant. Evidence of Brensted type binding was not
distinguishable from the water vapour contribution, and thus was assumed to be

negligible.
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3.3.6 VT-DRIFTS of ball-milled (FM) kaolin-pyridine.

3.3.6.1 Unmilled kaolin-pyridine. The 3800-2600 cm 1region.

Figure 3.28 Comparison of unexposed and pyridine exposed kaolin (room temp.).
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Figure 3.29 Comparison of unexposed and pyridine exposed kaolin (250 °C).
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3.3.6.2 3 minute milled kaolin-pyridine. The 3800-2600 cm 1region.

Figure 3.30 Comparison of unexposed and pyridine exposed kaolin (Room
temp.).
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Figure 3.31 Comparison of unexposed and pyridine exposed kaolin (250 °C).
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3.3.6.3 10 minute milled kaolin-pyridine. The 3800-2600 cm 1region.

Figure 3.32 Comparison of unexposed and pyridine exposed kaolin (Room

temp.).
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3.3.6.4 30 minute milled kaolin-pyridine. The 3800-2600 cm 1region.

Figure 3.34 Comparison of unexposed and pyridine exposed kaolin (Room

temp.).
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Figure 3.35 Comparison of unexposed and pyridine exposed kaolin (250 °C).
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Figure 3.28 to Figure 3.35 above illustrate that gross changes in the water stretching
region were difficult to detect after pyridine exposure. However, the relative intensity of
the ¢ 3695 cm'l decreased with respect to the 3620 cm'l band. There was also a
systematic increase in the intensity ofthe ¢ 3400 to 3600 cm'lregion. These alterations
indicate the perturbation of the 3695 cm'l band, due to hydrogen bonding between the
inner surface hydroxyls and pyridine, thus a shift of this band to lower frequency was
observed13. These changes indicated that there was some intercalation of pyridine, either
between the slightly expanded edges of kaolin, or into the halloysite. Due to the small
amount of intercalation, and to the intensity of the water bands intrinsically present at
this frequency (discussed in Chapter 2), the precise frequency ofthe additional hydroxyl-
pyridine band was not discernible. The increase in intensity of the ¢ 3400 to 3600 cm'l

region appears to be similar (in principle) to that observed in the work by Sugahara ef al2

3.3.6.5 Unmilled kaolin-pyridine. The 2100 1400 cm Iregion.

Figure 3.36 Comparison of unexposed and pyridine exposed kaolin (room temp.).
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Figure 3.37 Comparison ofunexposed and pyridine exposed kaolin (250 °C).
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Spectra in the bending region (like those in the stretching region for this sample) show
little change in the water modes before and after exposure to pyridine. However, in the
bending region, distinct bands characteristic of pyridine adsorption can be observed. The
appearance oftwo overlapping pyridine bands at 1610 and 1593 cm-1makes the precise
quantification ofthe water mode v (at 1653 cm'l) difficult. It is also possible that bands
corresponding to Bronsted bound pyridine at 1605 and 1630 cm'lare hidden beneath the

water band.
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Figure 3.38 Unmilled kaolin-pyridine. The effect of temperature. The 2100-1400
cm lregion.
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Hydrogen bonding is undoubtedly present in the unmilled-pyridine exposed kaolin
spectra at room temperature, due to the characteristic relative intensities ofthe 1440 and
1490 and 1590 cm'lbands (i.e. a strong 1440 cm'lband and a relatively weak 1490 cm'l
band in combination with a relatively strong 1590 cm'l band). Some of the intensity of
the 1440 cm'l could be due to Lewis bound pyridine, but upon heating, the relative
intensity ofthe three bands remain quite constant up to very high temperatures. Thus, it
seems that only a small proportion of the 1440 cm"1 intensity at room temperature was
due to Lewis bonding. Even at 250°C there was still clear evidence of bands at these

positions.

A band is present at 1535 cm'l which corresponds to Bronsted bound pyridine. This
band is broader than the characteristic hydrogen bonding or Lewis bands, and it also
remains until high temperature. It should be noted that Bronsted bound pyridine is not
found in the pyridine-exposed halloysite. Representative curve fits of the pyridine

exposed kaolin are presented below.
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Figure 3.41 Unmilled kaolin-pyridine. The 2100-1400 cm lregion. 250 °C curve
fit.
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At room temperature, five discrete pyridine bands were present. Their possible
assignments are given in Table 3.2 below.
Table 3.2 Possible assignments of pyridine bands at room temperature.
Position (c¢m 1) Assignment
1670-1620 Bronsted bound pyridine / water
1609 Lewis bound pyridine
1592 H-bonded pyridine
1536 Bronsted bound pyridine
1488 Bronsted or Lewis bound pyridine
1440 H-bonded & Lewis bound pyridine

By examining the thermal stability of the pyridine bands in the 150 °C curve fit), it is
possible to deduce the exact nature ofthe 1592, 1488 and 1440 cm'lbands. The relative
intensities of the 1440, 1490 and 1592 °C remain similar up to high temperatures, are

thus believed to be due hydrogen bonded pyridine. Due to the presence of hydrogen
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bonded organic at such high temperatures, (it was still visible at 250 °C), it is believed
that the organic has become trapped between the mineral layers (either kaolin or
halloysite). The bonding of pyridine may be to the mineral surface, or to a pyridinium
cation. However, the Bronsted band at 1536 is no longer quantifiable at 250 °C, which
may indicate that this type of binding is less thermally stable than the Lewis type binding.
However, since the band at 1536 cm"lwas of low intensity, Bronsted type binding may
still be present, but at levels below the detection limits ofthe curve fitting parameters. It
is believed that the pyridine-exposed unmilled kaolin sample is a composite ofthe spectra
of pyridine- intercalated halloysite and adsorbed pyridine on kaolin. Thus, the hydrogen
bonded character of pyridine exposed unmilled kaolin is due primarily to the spectral
contribution from pyridine-intercalated halloysite. The Bronsted bands observed are due
to the interactions of pyridine with the kaolin mineral.

Figure 3.42 Unmilled kaolin-pyridine. The 2100-1400 cm 1region. The change
in intensity ofthe water band (v) at 1650 cm 1
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The intensity ofthe water band at 1650 cm'l (Band v) decreased steadily between 25 and
350 °C. Approximately half the intensity was removed by 200 °C (compared with the
equivalent reduction in the unexposed sample at 150 °C (Figure 2.49)). The position of
this band in the unexposed sample was also ¢1650 cm'l. In the pyridine exposed sample,

there may also be a contribution from a Bronsted bound pyridine band at 1630 cm'lL
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This may explain why the tVa * for the pyridine exposed sample was greater than the

untreated sample.

Figure 3.43 Unmilled kaolin-pyridine. The 2100-1400 cm'lregion. The change
in intensity of pyridine bands.
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Figure 3.43 shows how the intensities of the pyridine bands vary with increasing
temperature. As expected, all bands are seen to decrease as pyridine is being driven from
the system. However, it does not show how the bands vary with respect to one another.
Of particular interest is how the relative proportions of the Bronsted and Lewis bands
alter as temperature increase. A more useful measure of this phenomenon is shown

below.

*
tVz = the temperature by which approximately 50 % of the initial band intensity has been reduced.
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Figure 3.44 Ratio of the area of the 1440 : 1490 cm™ pyridine bands.
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The ratio of these bands remained constant up to 100 °C. Thereafter the relative
intensity of the 1440 cm™ band became larger with respect to the 1480 cm™ band. The
predominant type of binding in the unmilled mineral sample is Lewis type. The
extinction coefficient of the Bronsted component of the 1488 ¢cm™ band is higher than
that of the Lewis component at the same frequency. Thus, as temperature increases,
although the significant contribution from the Bronsted band at 1488 cm™ decreases
with respect to the Lewis band at 1488 cm™, the overall contribution of the Lewis
component at 1440 cm™ becomes higher. Thus, the plot above shows that Lewis type
binding becomes more significant than Brensted type binding at temperatures above

100°C.
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3.3.6.6 3 minute milled kaolin-pyridine. The 2100-1400 cm lregion.

Figure 3.45 Comparison ofunexposed and pyridine exposed kaolin (Room
temp.).
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Figure 3.46 Comparison of unexposed and pyridine exposed kaolin (250 °C).

Kaolin + Pyridine

08 Kaolin
-08- 1923 1823.
02.
2100 2000 1900 1800 1700 1600 1500 1400

Wavenumber (cm-1)

221



———————————

The room temperature spectrum of the pyridine exposed 3 minute milled kaolin shows
that the intensity in the 1720-1690 cm™ region has decreased, as has the intensity of the
broad water bending mode at 1580 cm™. The intensity of the water band centring at
1637 cm™ has increased, corresponding to an increase in moderately strongly hydrogen
bonded surface sorbed water. This effect does not appear to be mimicked in the
stretching region, although the broadness of the stretching bands makes precise
interpretations in that region difficult. As explained in Chapter 2, the 1580 cm™ band is
due to very weakly hydrogen bonded water which becomes “trapped” between, or very
loosely bonded to the slightly expanded mineral layers. A possible explanation for the
decrease in the 1580 cm™ band, with a concurrent increase in the 1637 cm™ is that water
previously trapped is being displaced by pyridine and instead is being more strongly
readsorbed to different (edge) sites (also see later). These changes would be difficult to
distinguish in the stretching region, since the 1580 cm™ is thought to be associated with
the high frequency band (e) at ¢ 3590 cm™, which is only quantifiable by curve fitting.
This band is of relatively low intensity with respect to those surrounding it, and the
multiplicity of changes in all the water bands makes isolating the changes of one “hidden”
band very difficult. It should be noted at this point that there are two possible
mechanisms by which water becomes involved in the mineral-pyridine system. The first
is that pyridine displaces some of the more strongly hydrogen bonded water already
present on the mineral surface, and that water is then free to readsorb in a more weakly
hydrogen bonded manner. Secondly, it is possible that all the surface sorbed water is
displaced upon initial pyridine exposure, and the water visible in the spectra has been
~ readsorbed via weak hydrogen bonding during the drying process. It is not possible from

these data which mechanism is occurring.

After heating to 250 °C, less water is present in the pyridine exposed kaolin than was the
case for the unexposed kaolin, contrary to the behaviour of the unexposed, milled
mineral. Evidence (although minimal) of pyridine bands at 1487 or 1440 cm™ was

present at this temperature.
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Figure 3.47 3 minute kaolin-pyridine (FM). The effect of temperature. The
2100-1400 cm 1region.
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The VT DRIFTS spectra of pyridine treated 3 minute ball-milled kaolin showed less total
pyridine adsorption than the unmilled sample. This may have been due to a decrease in
binding sites available on the kaolin surface due to agglomerate formation during the
milling process, or it may be because the halloysite contaminant is no longer swelling in
the presence of pyridine (due to structural alterations brought about by the milling
precesure). The associated pyridine was less strongly held after 3 minutes milling, and
was all but removed by heating to 250°C, compared with the unmilled pyridine treated

sample, which retained the pyridine until heated to 300°C.

The relative intensities of the 1490 and 1440 cm'l bands were different from unmilled
kaolin-pyridine spectra, with the 1440 cm'lband being significantly reduced with respect
to the 1490 cm'lband. This may be indicative of a reduction in the amount of hydrogen
bonded pyridine. It is difficult to assign the bonding mode in the absence of other bands
at 1590 cm'lor 1610 cm'l. It is possible that the bands were not visible because they
were swamped by the increased intensity of the water band at 1630 cm 1. The apparent

absence of these bands is likely to indicate that there is no (or very little) hydrogen
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bonded pyridine in this system. Interestingly here, there was another band at 1450 cm'l

which was likely to correspond to Lewis type associations.

Although the overall bonding of pyridine to kaolin seemed to reduce after 3 minutes
milling, the intensity of the characteristic Bronsted peak appeared to remain relatively
constant when compared with the unmilled pyridine exposed sample. It is postulated
that after minimal ball-milling there is an increase in the Lewis sites available for pyridine
adsorption, with little change in the availability ofthe relatively small number of Bronsted

sites.

Figure 3.48 3 minute kaolin-pyridine (FM). The 2100-1400 cm 1region. Room
temperature curve fit.
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Figure 3.49 3 minute kaolin-pyridine (FM). The 2100-1400 cm Iregion. 100 °C
curve fit.
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Figure 3.50 3 minute kaolin-pyridine (FM). The 2100-1400 cm 1region. 200 °C
curve fit.
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At room temperature a Brensted bound pyridine band at 1536 cm™ was present. Bands
at 1488 and 1440 cm™ were also present, but the relative intensities altered dramatically
compared with those in the unmilled, unexposed kaolin sample. In the pyridine exposed
3 minute milled sample, the 1488 c¢m™ band was more intense than the 1440 cm™ band.
The thermal stability of the 1440 and 1488 cm™ bands indicate that they represent mostly
Lewis bonded, rather than physisorbed pyridine. At 100 °C, another band at 1451 cm™
became more obvious. It was present in the room temperature spectrum also, but was
partially concealed by the stronger 1440 cm™ band. The band at 1451 cm™ is thought to
represent Lewis type binding. Overall, there was a decrease in the total number of
hydrogen bonding sites compared with the unmilled sample, but a similar number of
Bronsted type sites. The increase in Lewis associations at elevated temperature could be
because milling induced the formation of Lewis type sites on the surface of kaolin or on
the surface of halloysite (or both). The decrease in hydrogen bonding is likely to be due
to the reduced capacity of halloysite to intercalate the organic after milling. At 250°C,
the relative intensities of the 1440 and 1450 cm™ bands compared with the 1490 cm™
band resembles the pattern seen in the pyridine exposed halloysite sample at that

temperature.
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Figure 3.51 3 minute kaolin-pyridine (FM). The 2100-1400 cm Iregion. The
change in intensity of water bands at 1660 & 1630 cm 1
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The water in this sample has altered dramatically compared with that in the unexposed 3
minute milled sample (Figure 2.55). In that sample, water bands were present at cl670
and 1580 cm'l. After treatment with pyridine, the 1670 cm'l mode shifted to 1660 cm'l,
indicating an increased proportion of more weakly hydrogen bonded water. Curiously,
the 1580 cm'l band has all but disappeared after pyridine treatment. However, it has
been replaced by another band at 1630 cm"l. This may indicate a shift of water which
was initially trapped between agglomerate particles, or from between the partially
expanded edges of the kaolin sheets to broken edge sites, where the water may bond
more securely. Most ofthe water in the pyridine treated sample was removed by 250 °C,
whereas in the unexposed sample, water remained clearly evident beyond 500 °C. An
interesting feature of Figure 3.52 below 1is that it visualises the increase in the
contribution from the Lewis band at 1450 cm'l as temperature increases. As predicted,
the relative intensities of the other bands reduce as temperature increases. Again, a plot
ofthe ratio of the relative intensity of the 1440 and 1450 cm'lto that of the 1488 cm'l
band reveals more about relative proportions of Lewis to Bronsted type sites (see Figure

3.52)

227



Figure 3.52 3 minute kaolin-pyridine (FM). The 2100-1400 cm 1region. The
change in intensity of pyridine bands.
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Figure 3.53 Ratio of the area ofthe 1440 & 1450 : 1490 cm Ipyridine bands.
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The relative intensities ofthe 1440 + 1450 cm"1bands remained virtually constant up to
75 °C. Thereafter, the relative intensity of the 1440 and 1450 increased rapidly
compared with the 1488 cm'lband. This indicates, that at temperatures above 75°C, the
relative contribution from Lewis type binding increases with respect to the contribution

from Bronsted type.
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3.3.6.7 10 minute milled kaolin-pyridine. The 2100-1400 cm Iregion.
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At room temperature (Figure 3.54) there was an overall decrease in the intensity of the
water bands. There has been a shift to decreased frequency (i.e. to more weakly
hydrogen bonding) in the pyridine exposed sample, compared with the unexposed 10
minute milled kaolin. Distinct pyridine bands are observed. At 250 °C (Figure 3.55), the
very intense water mode present in the unexposed sample at 1670 cm'l has been greatly
reduced. Some pyridine bands persist at this temperature, but the intensities ofthe 1540

and 1488 cm'lbands have now been reduced.

Figure 3.56 10 minute kaolin-pyridine (FM). The effect of temperature. The
2100-1400 cm Iregion.
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The spectrum at room temperature differs from the 3 minute-pyridine (RT) spectrum in
that there is now no distinguishable 1440 cm'l band. The 1490 cm'l band was of
relatively high intensity compared with the 1454 cm'lband.. There was a Bronsted band
at 1536 cm'l. Thus, at room temperature, the spectrum indicated the presence of
Bronsted and Lewis type associations, with no evidence of hydrogen bonding. After
heating the 10 minute kaolin-pyridine sample, the intensity of the 1490 cm'l band
decreased progressively until, at 200 °C the relative intensities ofthe 1450 and 1490 cm'l
bands were approximately equal. At 250 °C, the 1450 cm'l was more intense than the
1490 c¢cm'l, with a corresponding reduction in the intensity of the 1536 Bronsted band,
indicating that there was a change in the available surface sites from Bronsted type to

Lewis type.
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Figure 3.57 10 minute kaolin-pyridine (FM). The 2100-1400 cm Iregion. Room
temperature curve fit.
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Figure 3.58 10 minute kaolin-pyridine (FM). The 2100-1400 cm 1region. 100 °C
curve fit.
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=
Figure 3.59 10 minute kaolin-pyridine (FM). The 2100-1400 cm lregion. 250 °C
curve fit.
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At room temperature, there was an intense band at 1487 cm'l, with a very weak band at
1447 cm'l. A band at 1536 cm'l was present, but was partially masked by the intense
water band at 1625 cm'l. Interestingly, the hydrogen bonding band at 1440 cm'l (present
in the pyridine exposed unmilled sample and in the pyridine exposed 3 minute milled
sample) is no longer present in this sample. There is a band at c1450 cm"l
corresponding to Lewis type binding. It may be that pyridine is binding as shown below
in Figure 3.60, where, after milling the aluminium cations become more exposed and can
bond directly to pyridine more easily, thus forming different Lewis type associations.
This model is adapted from that proposed by Reis Jr ef for the binding of pyridine

to the copper cation.
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Figure 3.60 Proposed assignment of the 1450 cm™ band.
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However, in the light of the pyridine-exposed halloysite results, it is thought that in this
system, the band at 1440 cm™ corresponds to hydrogen bonded pyridine, whereas the
band at 1450 cm™ corresponds to Lewis bonded pyridine. After heating to 100 °C, much
of the water was removed and the 1536 cm™ band became more visible. The intensity of
the 1452 cm™ band was much increased compared with the room temperature spectrum.
The intensity of the 1487 cm™ band did not alter considerably. Upon heating to 250 °C,
the relative intensity of the 1452 cm™ band became greater with respect to the 1485 cm™
band. The 1536 cm™ band was no longer present. A conversion from Brensted type to
Lewis type binding was thus observed. At 250 °C, the intensities of the Lewis bands at
1485 and 1452 cm™ in the pyridine exposed 10 minute milled sample were greater than
the intensities of those bands at the lower temperature of 200 °C in the 3 minute milled
pyridine exposed sample. This indicates that the 10 minute pyridine exposed milled
sample contains a greater number of more thermally resistant Lewis sites than the 3
~ minute pyridine exposed sample. These sites may be on thé surfé.ce of pyridine,

halloysite or both minerals.
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Figure 3.61 10 minute kaolin-pyridine (FM). The 2100-1400 cm 1region. The
change in intensity of water bands at 1680 & 1620 cm L
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The 1680 cm'lband intensity at 100 °C appears to be unusually low because some ofthe
intensity belonging to this band has been incorrectly allocated to the band at 1620 cm'l
(and therefore the latter band should be of lower intensity at 100 °C than is indicated
above). In the unexposed sample, water bands were present at c1680 and 1620 cm',
and at room temperature, the c1680 cm'l was of much greater intensity than the 1620
cm'l band. In the pyridine exposed sample, the lower frequency band at c1620 cm'l
(band x) was ofgreater intensity than the band at 1680 cm'l (band w). This is indicative
of a shift from stronger hydrogen bonding in the unexposed sample to weaker hydrogen
bonding in the pyridine exposed sample- an effect observed in the 3 minute milled
pyridine exposed sample. The pyridine appears to be having a similar effect on the water
associated with ball milled kaolin as does the effect of ageing process (see Section 2.3).

There too the water becomes less strongly hydrogen bonded.

Another feature of the unexposed 10 minute milled kaolin sample is the frequency shift
of band x (at 1620 cm'l at room temperature) to cl1600 cm'l. A similar, but less
pronounced shift is observed in the pyridine treated sample. Unlike the unexposed
sample, there is no evidence of band r at 1580 cm'l in the pyridine exposed sample. As
described previously, this band represents water trapped between agglomerates or water
between the slightly expanded edges of kaolin. The absence of this band in the pyridine
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exposed sample supports the hypothesis that pyridine is able to “displace” more weakly
bonded sorbed water species. In both cases (unexposed and pyridine exposed), the
temperature at which halfofthe intensity of the water mode at 1620 cm'lwas removed

was cl25 °C. The corresponding temperature for the 1670 cm'lband was ¢ 150 °C.

Figure 3.62 10 minute kaolin-pyridine (FM). The 2100-1400 cm lregion. The
change in intensity of pyridine bands.
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The 1540 cm*1band appears to be virtually removed by 250 °C. It may still be present,
but because it is very small it is not discernible by curve fitting. It is not necessarily less

thermally stable than the 1450 or 1487 cm'lbands.
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Figure 3.63 Ratio of the area of the 1450 : 1490 cm™ pyridine bands.

1.6
1.4 4
12 +

1 4
‘&0.8 T
F0.6 T

04 +

—e—1450/1487

02t

— I ] 1 ]
i i 4 L

0 50 100 150 200 250 300 350
Temp deg C

0

As temperature increased, the contribution of the 1440 cm™ band increased almost
linearly with respect to that of the 1487 cm™ band. This again indicates that aithough
both the Lewis and Brensted contributions to the 1487 band decrease as temperature
increases, the relative contribution of the Bronsted band decreases more significantly
than that of the Lewis band. Thus, there is an increase in the relative proportion of
Lewis type associations (compared with Brensted type associations) as temperature

increased.

236



3.3.6.8 30 minute milled kaolin-pyridine. The 2100-1400 cm Iregion.

Figure 3.64 Comparison of unexposed and pyridine exposed kaolin (Room
temp.).
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Figure 3.65 Comparison of unexposed and pyridine exposed kaolin (250 °C).
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At room temperature, the pyridine band at 1488 cm"l1 was very intense (over half the
height of 1827 c¢m'l kaolin band). This feature is similar to the relative intensities o f the
same bands in the pyridine exposed unmilled kaolin sample, and more intense than the
same pyridine band in the 10 and 3 minute pyridine exposed samples. This seems to
indicate that the 30 minute milled kaolin sample was able to adsorb more pyridine than
the 3 and 10 minute milled samples. Curve fitting was not carried out on this sample due
to the difficulties discussed in Chapter 2. However, general trends can be observed. As
well as the pyridine-related changes, the water bands near 3400 cm"1 altered markedly
during the grinding process, and these findings were discussed in detail in Chapter 2.
However, after the exposure to pyridine, the overall amount of sorbed water decreased
and there was a marked shift in frequency, representing, a relative increase in the
proportion of more weakly hydrogen bonded water species compared with the
unexposed 30 minute milled kaolin sample. This effect was noted in the pyridine

exposed 3 and 10 minute milled samples.

Figure 3.66 30 minute kaolin-pyridine (FM). The effect of temperature. The
2100-1400 cm 1region.

15-
~25°C 1630
100°¢c
150 °C
- 200 °C
250 °C
D
2100 2000 1900 1800 1700 1600 1500 1400

Wavenumber (¢cm-1)

At room temperature, the relative intensity ofthe 1490 cm"lband compared with that of
the 1450 cm " was large, indicating the presence of mostly Bronsted type sites. The

pyridine adsorbed to this kaolin sample was very thermally stable, but as temperature
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increased, the relative intensity of the 1490 cm ' band decreased with respect to the
1450 cm™ band, until at 250 °C the 1450 cm™ appeared to be more intense (due to its
broader band width). A band at 1536 cm™ was probably present, but masked beneath the
water bands. It became more obvious as the temperature was increased (i.e. as water
was removed). Again, as for the 10 minute pyridine exposed kaolin sample, there

appeared to be a conversion from Brensted to Lewis type sites.
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3.4 Conclusions.

XRD studies of pyridine exposed kaolin highlighted a small amount of swelling mineral
present as an impurity in the kaolin sample. Intercalation experiments revealed that this
component was likely to be dehydrated halloysite. This mineral is known to swell after
pyridine exposure to form a 12 A intercalate. VT XRD studies showed that there was
deintercalation of pyridine by 100 °C (and thus a 7 A dehydrated halloysite was formed).
VT DRIFTS studies indicated that pyridine exposed halloysite showed evidence of
pyridine adsorption up to much higher temperatures (i.e. 200 °C). VT DRIFTS studies
on pyridine exposed unmilled and milled Cornish kaolin showed that adsorbed pyridine
was detected in the spectra up to ¢ 250 °C. Therefore, at lower temperatures, (i.e. room
temperature to 100 °C) the spectra collected were composites of pyridine-intercalated
halloysite and a kaolin-pyridine adsorption complex. At temperatures above this, the
pyridine bands produced were due to kaolin-halloysite and kaolin-pyridine adsorption

interactions only.

Pyridine is able to create strong hydrogen bond associations with hydroxyls. Due to the
small amount of halloysite impurity, there was a small alteration in the relative intensity
of the 3695 and 3620 cm ™ bands at lower temperatures, due to the intercalation reaction
of pyridine with halloysite. The infrared data presented do not suggest that a significant
proportion of this probe molecule binds to the external or internal basal surfaces of
kaolin, either before or after ball-milling. Rather, it is likely that pyridine binds to
exposed (broken) edge sites, or it may be sorbed between the slightly expanded layers of
kaolin at the edges of the stacks. Pyridine was able to displace the more strongly
hydrogen bonded water which is trapped between the individual kaolin particles which
comprise the large aggregates after ball milling. This water then readsorbs in a more
weakly hydrogen bonded manner at exposed edge sites. Thus, the intensity of the more
weakly hydrogen bonded water species increases relative to the intensity of the more
strongly hydrogen bonded water. Water very loosely attached or physisorbed between
the slightly expanded edges of the mineral is also displaced by pyridine (see pyridine
exposed 3 minute milled sample). In this case, the water was displaced, but atmospheric

water was able to readsorb in a position which was relatively more strongly bound than
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before exposure. After pyridine exposure, the total amount of sorbed water decreases
relative to the amount in the unexposed samples. Figure 3.67 below shows the
proposed mechanism for pyridine binding through surface sorbed water species. As

milling time increases there is more surface water, thus Bronsted associations are more

likely.

Figure 3.67 Proposed mechanism of pyridine displacement of water in Bronsted
type binding.
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Figure 3.68 Proposed mechanism of pyridine displacement of water in Lewis
type binding.
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When pyridine acts as a Lewis base, water is displaced as shown in Figure 3.68 above.

The organic binds directly to an exposed cation (e.g. AI’"). Figure 3.69 illustrates
schematically the conversion from Brensted type binding to Lewis type binding observed
after heating, and thus with the removal of surface water. The reaction may occur in a
number of ways. Firstly, the structural dehydroxylation of the mineral could occur, thus
exposing an Al cation which is available for direct bonding to a pyridine molecule.
Alternatively, Lewis binding could be facilitated by the removal of surface sorbed water
(or hydroxyls). This also results in the exposure of an A’ cation although it is not as a

result of structural dehydroxylation.
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Figure 3.69 Conversion from Lewis type binding to Bronsted type binding.

Bronsted type binding

Al Al

Lewis type binding

Lewis type binding was more prominent compared with Bronsted binding at room
temperature in the unmilled and 3 minute milled kaolin samples. It also becomes the
more likely type of attachment as water is removed by heating. Pyridine and /or heat are
able to remove the small amount of surface-sorbed water (or hydroxyls). This allows the
pyridine to bind directly to the exposed cation. The water “released” from the kaolin
surface is able to bind with excess pyridine (probably the case at room temperature if no
diagnostic 1540 cm'l band is present), or is removed from the DRIFTS cell by the

constant nitrogen flow.

When pyridine displaces the more strongly hydrogen bonded water (“adhesive water at
1670 cm'l) it is likely that the agglomerates become dispersed. When the larger particles
split, a variety of other water environments remain. There is always a mixture of water
in different environments (characterised by the bands at 1650 and 1630 cm'l) This

explains why in all the samples (milled and unmilled) at room temperature , there is
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always a mixture of Lewis and Brensted type binding. Pyridine is also able to adsorb to

the edge sites of halloysite in the manner described above.
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4.1 Introduction.

During the industrial processing procedure involved in the extraction and purification of
kaolin, many organic molecules, such as carboxylic acids, polymers and surfactants, are
utilised. Generally, these chemicals are added to the mineral in aqueous solution at
ambient temperature. The pH of the mixture may be adjusted using acid (e.g. HCI) or
alkali (e.g. NaOH). Changes in pH and/or the interactions of the organic species with
the mineral surface can dramatically alter the physical properties of the mineral. This
chapter describes how, on a molecular level a representative organic acid, interacts with
the surface of kaolin in an aqueous, pH adjusted environment. The chosen representative
adsorbate molecule was oleic acid. The spectrum of the chemically treated mineral may
not be simply a composite of the mineral and probe molecule, since shifts are likely to
occur in one or more of the bands associated with each. This is due to the altered

environment which is created by the interaction of the mineral with the probe.

Unlike swelling clays such as montmorillonite and hectorite, kaolin, with its
comparatively small surface area, does not adsorb a large quantity of organic molecules,
S0 a very sensitive monitoring technique such as DRIFTS is required to assess the nature
of the adsorbed species at a molecular level. Since kaolin has relatively few sites
available for interactions with organics, representative probe molecules must be chosen
with care, to ensure that they interact with the available sites and provide an observable,
diagnostic signal. Oleic acid was chosen as the probe molecule since it contains both the
carboxylate group and the hydrocarbon chain which are of interest industrially, (since
carboxylic acids and HC polymers are used in the processing procedure), yet it has a
short enough HC chain to facilitate academic study. Adsorption of oleic acid / oleate
onto other minerals has been well studied and this has led to a well documented (if at
times muddled) faction of assignments of adsorption bands. Adsorption of organics to
mineral surfaces from dilute solution can depend upon many factors, including solution
pH, the surface properties of the mineral and the availability of reactive sites fhereon, the
functionality of the adsorbate, and the reaction temperature. The more important of

these issues will be discussed in the literature review that follows.

251



In this chapter, oleic acid (cis-9-octadecanoic acid, CysHs40,) (see Figure 4.1) was
chosen as a model probe molecule as a precursor to the study of the interactions of
kaolin with polymers widely used in the mineral processing industry, such as polyacrylate
and polyacrylamide. Although the interactions of such molecules with kaolin have been
studied (* and references therein), there is little information regarding the interactions at a
molecular levels. Oleic acid is also added to mineral suspensions in the paper making
industry, where kaolin is often used as a coating pigment®. It may also be added to
suspensions of hydrophobic particles to increase aggregate formation. The adsorption of

2, 34,5

these and other polymers to kaolin have been discussed in the literature , although
literature using infrared spectroscopy as the method of investigating the interaction of
polymers with kaolin is very rare. Rogan® used adsorption isotherms to studied the
adsorption at the macroscopic level of oleic acid to various minerals including kaolin.
Oleic acid adsorption was found to be low and that the adsorption process followed the

Langmuir model.

The only IR study found discussing the adsorption of oleic acid onto kaolin contained
spectra of poor quality and it was concluded that under the experimental conditions in
use, neither oleate nor oleic acid adsorbed to kaolin’. However, this work also explained
the adsorption characteristics of oleate/oleic acid on haematite. The study was carried
out at pH 7.5, and the organic was found to adsorb, giving bands at 1580 cm™, assigned
to bridged bidentate and 1710 cm™, corresponding to dimers of oleic acid adsorbed via
hydrocarbon chain associations with chemisorbed oleate. Oleate / oleic acid was found

to adsorb more readily to haematite than to kaolin.

4.1.1 The effects of pH on acids.

Figure 4.1  Cis Oleic acid.

0
\/\/\/\/C—C ~ TN C\OH

Oleic acid is known to intercalate into kaolin using the entraining agent hydrazine-
hydrate, and IR data were discussed by Sidheswaran et al®. It is also possible, by the use
of entraining agents, for potassium salts of carboxylic acids to become intercalated into

kaolin’. It is strongly believed that in the industrial situation, conditions of treatment do
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not facilitate the intercalation of the chemical reagents, and therefore, in the present work
the intention was not to affect intercalation but to monitor the surface adsorption at a

range of pHs.

Figure 4.2  The effect of pH on oleic acid.

NN In acid solution
R

0
NN In alkali solution
N

It was calculated that at pH above 8.6, oleate ions predominate'® (pH 8.5 quoted in
Gong et al**.,) below pH 7 the acid form predominates, and between pH 7 and 8.5, both
species exist in significant amounts™. Obviously, at all pHs an equilibrium always exists
between the two species. In the anionic form (RCOQ), it is thought that organic acids
will have little, if any interaction with the clay surface and that neutral organic acids react
weakly, principally via a water bridge or via direct co-ordination to an exposed (or

exchangeable) cation'! as shown in Figure 4.3 below.
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Figure 4.3 Proposed mechanisms of binding of a neutral organic acid to kaolin

surface.

Water Bridge

Direct co-ordination

Negative Surface

(Adapted from publication by Johnston4)

4.1.2 The effects of pH on mineral surfaces.

4.1.2.1 The amphoteric nature of the Al-OH surface layer of'kaolin

Figure 4.4 The effect of pH on the surface of kaolin.

OH In alkali solution

The reactive surface sites of kaolin are predominantly dominated by oxy-anions co-
ordinated to underlying cations. These oxygens are amphoteric and partially co-

ordinated oxy-anions can interact strongly with protons, therefore neutralising the
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surface’s inherent negative charge. At high pH, the oxy-anion surfaces are typically
negatively charged and many anions will lack protons (i.e. O). At low pH, singly
protonated oxy- anions can bind additional protons, thus inferring a positive charge.
These oxygen ions may be bonded to either Si or Al. It is commonly believed that the
basal faces of kaolin platelets have a pe:rmanent negative charge, whereas the exposed
edges have a pH dependant charge. Furthermore, the AIOH sites are more amphoteric ir}

nature than the predominantly acidic SiOH sites".

At high pH, it is also possible that Na (from the NaOH used to adjust the pH of the
water) can interact with the surface, thus forming AlO-Na. The surface charge can also
be altered by the temperature of the kaolin suspension at a given pH”. Attack by
concentrated acid is known to dissolve the Al containing octahedra preferentially
compared with the silica tetrahedra. This results in the appearance of free silica, and
leads to an increase in pore volume and specific surface area'”. Base attack ultimately
leads to the dissolution of weakly bound amorphous silica and the removal of structural
SiO groups from the tetrahedral sheet. However, these groups are not readily soluble,
and it is believed that significant dissolution by base attack would not occur at the pH
levels used in the current work. It is likely that besides the chemistry of the oleate and
sodium (from the oleic acid and from the addition of NaOH used for pH adjustment) in
solution, other ions could influence the formation and structure of the adsorbed layer (for

example, free AI’* ions).

“ Kaolin can become dispersed , aggregated or flocculated depending on the nature of the
medium in which it is suspended. A common tool employed to alter the state is the
alteration of pH. The effect of the treatment is dependant upon the PZC of the mineral,
which varies greatly between samples. However, the precise determination of the
interactions between clay particles at varied pH remains the subject of much controversy.
Three of the more detailed papers in this area are reviewed below.

Kretzschmar ef al., conducted a study to examine the effects of humic acid and pH
upon kaolin particle dispersion. They determined that the average PZC of sodium
exchanged kaolin was 4.8 (i.e. the average of the edge and face isoelectric points) and
the PZC for the edge sites of the same kaolin was pH 5.8. When the ion exchanged

mineral was allowed to sediment under gravity, it was found that the coagulation rate
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was reduced at pH above 5.8. It was deduced that at pH less than the PZC of the edge
surfaces, the edges carry a positive charge, and edge to face (E-F) coagulation occurred
due to electrostatic and van der Waal’s forces (see Figure 4.5 for configurations). The
rate of coagulation was not affected by the addition of NaC104. At pH higher than the
PZC ofthe edges, (i.e. above 5.8), all the kaolin surfaces became negative, and edge to
face (E-F) interactions were no longer favourable and the coagulation rate decreased. It
could be increased again by the addition of the electrolyte, NaC104. The rate increased
further with increasing electrolyte concentration. Furthermore, it was suggested that
ionic strength influenced the type of interaction (i.e., E-E, E-F etc.) At pH less than the
edge PZC, and at low ionic strength, E-F associations predominated. Complete
deflocculation occurred at high pH. At all pHs, F-F interactions predominated if the

ionic strength was high.

Figure 4.5 Stacking configurations of kaolin particles.

Ma and Pierre 4 investigated the surface and edge charges of kaolin. It was determined
that at pH 6.9, (in suspension with deionised water) kaolin has stable negative charges on
the faces, and positive charges on the edges (corroborated by Kretaschmar ef a/l3.)
Using NaOH and HCI1 to alter the pH of the suspension, they determined that the
isoelectric point of kaolin (i.e. the average ofthe edge and face isoelectric points) was at
pH 3.7 (lower than that determined by Kretaschmar ef alu). At both high and low pH,
they determined that F-F associations were predominant, although theory predicted that
at low pH E-F interactions were predicted, and at high pH E-E interactions were
predicted. It was postulated that the difference between theoretical and experimental
data was due to the increased frequency of collisions F-F, compared with those of E-E or
E-F (given that the surface area ofthe faces is larger than that ofthe edges). The nature
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of the F-F associations led to randomly connected particles in suspension at pH 2, and
the formation of a “bookhouse” structure at pH 6. At pH 2, the kaolin adsorbed
protons, and therefore become positively charged. Coalescence did not immediately
occur because of the repulsive forces between the particles. However, settling occurred
quickly due to gravity, and collisions between the more concentrated particles increased
in frequency. This led to flocculation, and because the sedimentation was so rapid, the
particles packed randomly rather than in a uniform manner. At pH 6, the electrical field
surrounding the particles was reduced, and F-F interactions could occur more easily, thus
forming aggregates. The bookhouse structure formed. This is similar to the well known
cardhouse structure, but in the former, the interactions are F-F, whereas in the latter,
interactions are E-E. The bookhouse structures coalesced quickly and formed a
completely flocculated, fractal like suspension. It was very porous, and the particles
were all joined together via a network throughout the suspension. At high pH (pH 9.5),
the zeta potential of the clay became negative, and clay sediments became compacted.

The mechanism for this sedimentation was similar to that observed at low pH.

Ward and Brady"’ conducted adsorption experiments using kaolin, quartz (SiO,) as a
model for the tetrahedral layer of kaolin, and corundum (Al,Os) as a model of the kaolin
octahedral layer, as the substrates for oxalate, acetate and formate adsorption.
According to their work, adsorption of organics onto kaolinite occurs primarily at A"
sites at broken edges, and not at the upper and lower O and OH surfaces of the mineral.
Data presented in Chapter 2 regarding the adsorption of pyridine also suggests this
" phenomenon occurs in kaolin-organic adsorption mechanism. It was found (by Ward
and Brady") that the tetrahedral layer remained neutral until above pH 7, after which
point, deprotonation began, i.e. SIOH~SiO" + H'. The octahedral layer was found to
have a PZC of approximately 4. Even at near neutral pH, the Al sites were easily
deprotonated to give AlO,, and were readily soluble. At low pH, unfavourable
electrostatic interactions did not favour the adsorption of dissolved AP’ to the neutral or
positive surface. At high pH, Al(OH), was dissolved from the octahedral layer, but the
adsorption of this hydroxy complex was not favoured because of the surface negativity

of the mineral.
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4.1.3 The adsorption of oleate/oleic acid to minerals.

There have been numerous adsorption studies using this organic molecule, and some are

outlined below. The more relevant papers have been reviewed in some detail.

The adsorption of oleic and stearic acids onto a filler, magnesium hydroxide was studied
using DRIFTS and other techniques'®. XRD was used to measure the level of structural
order in the adsorbed fatty acid metal salt layer (which crystallised on the surface of the
mineral). Although the DRIFTS data were analysed, no spectra were included in the
paper. Oleate was found to adsorb at 12 mg per gram after 1 week of exposure. It was
determined by XRD, FMC (flow micro-calorimetry) and IR data, that at low acid
concentration, carboxylate adsorbed perpendicularly to the mineral surface in “1/2 salt
form (termed “mono-oleate” in the work presented herein). It should be noted that the
IR studies upon which the type of adsorption was based, were carried out on the
extracted supernatent, rather than on the mineral sample. The packing of this monolayer
was inefficient and disordered due to the steric effects of the kinked C-C chain. Bonding
was not thought to be through the double bond. In the presence of excess acid, a “full
salt” di-oleate was formed, which was soluble in the solvent used (heptane), but would
otherwise have remained on the surface. Thus, initially monolayer coverage was
achieved, followed by mulilayering of the acid in the salt form. According to these
workers, there are two types of substrate: non reactive, where physisorption occurs, and
reactive, where salt formation by chemisorption occurs. The magnesium hydroxide

studied must be classed as a reactive substrate. Titania pigments were said to exhibit

both types of behaviour.

Thistlethwaite er al'’., selected oleate as a probe molecule in their surface
characterisation of zirconia (ZrQ,). The findings of this work may be useful in the
interpretation of the work presented herein, since zirconia also has an exposed surface
hydroxyl layer. However, their results suggested that electrostatic interactions alone
could not account for the observed spectra, and it was concluded that another driving
force, such as the co-ordination of oxygen lone pair electrons into vacant zirconium 3d
orbitals, was involved in the adsorption process. The findings of the referenced study are

summarised below.
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Table 4.1

pH

12

Observations of Thistlethwaite et allZ

Observations of Thistlethwaite et alll

There was no evidence of chemical adsorption. 1573 and 1538 cm'l bands
were attributed to precipitated oleate in 2 different orientations. (Were found
not to correspond to adsorbed oleate as previous assignments have suggested.)
Species adsorbed were oleate ion and oleic acid dimer.

No 1573 / 1538 cm'lbands, therefore precipitation did not occur at this pH.
1713 corresponded to vs (C=0) of adsorbed oleic acid dimer. This band
(marginally shifted) also appears in the spectrum of bulk liquid oleic acid,
which is present mostly in the dimer form.

1548 cm'l band corresponded to the vas (-COQO') of adsorbed oleate anions.
This feature would not be expected at this pH, since the surface would be
dominated by negative charge. The phenomenon was explained if the COO'
interacted with lone electron pairs on zirconia.

Species adsorbed were oleate anions and oleic acid monomer. The latter via
hydrogen bonding of C=0 to ZrOH2 .

Stronger adsorption compared with pH 6, due to more favourable electrostatic
interactions. Adsorbed species were oleic acid monomer and oleate anions.
1681 cm'l band represented C=0 stretch of oleic acid monomer, hydrogen
bonded to the ZrO H/ (as pH 6).

1556 band represented vas (-COQ') of adsorbed oleate anions (as pH 9). 1379
band corresponded to C-OH stretching of oleic acid. However, it does not
appear at pH 9 or 6, where acid adsorption is also present. This phenomenon

was not fully understood, but may be due to some kind of HC tail interaction.

The study ofthe interaction of oleate/oleic acid with apatite (CaS[(F,C1,0H)(P04)3] have

attracted considerable interestl8§192234. Meilczarski & Cases19 carried out adsorption of

oleate to

apatite and proposed an adsorption scheme as shown in Figure 4.6 below,

where attachment may occur by one or all ofthese processes.
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Figure 4.6  Proposed mechanisms for the adsorption of oleate to apatite.
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Type a binding shows chelating monodentate, type b, bridged bidentate and type c the
hydrogen bonded anionic monomer. It was found that water was an important stabiliser
for the chemisorption of oleate and that the higher coverages of oleate were formed by a
three dimensional condensation (surface precipitation) mechanism, where precipitation
could be directly on the surface of apatite, thus forming up to monolayer coverage, then
the chemisorbed oleate/oleic acid molecules are able to function as adsorption nuclei for
the formation of additional layers (a phenomenon also observed by Gong ef al., in the
study of oleate / oleic acid adsorption onto haematite®® and apatite’®). Apatite
interactions with oleic acid / oleate were also studied by Ince ef al*'., who determined
that at pH 10, adsorbed organic was predominantly in the oleate form (represented by an
intense IR band at 1560 cm™), and at pH 4, acid adsorption predominated (represented

by an IR band at 1735 cm™). Adsorption at pH 4 was decreased by approximately 35 %
| compared with that at pH 10 according to floatation and IR data.

Another comprehensive study was carried out by Gong ef al**., who examined oleate /
oleic acid adsorption on apatite. Although in most assignments, the work was in
agreement with Thistlethwaite et al'’., some discrepancies arose in the mode of

adsorption. The findings of the study by Gong are summarised below.
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Table 4.2

pH

9.8

Observations of Gong et al34

Observations of Gong et al'*

1574 / 1540 cm'l doublet at high, low and mid concentration of oleate / oleic
acid, representing (-COO") of chemisorbed “ bulk” organic. Probably attached
to surface by HC tail interactions. The intensity of the doublet increased as
concentration of organic increased. When the calcium is dissolved from the
structure of the mineral, 2 oleate ions may bind to it, thus forming Ca-oleate.
If this adsorbs to the surface a precipitate is formed, and a doublet at 1574 /
1540 is produced. The carboxylate end of the molecule may bind to the
phosphate anion on the mineral surface by ion-dipole interaction and / or the
non polar HC tails be attached to the surface via interactions with the HC tail
ofmolecules already attached.

1574 / 1540 cm"l doublet at high concentration, removed after washing and
replaced with 1550 cm'l singlet. This represented bulk precipitated oleate
being removed after washing, thus exposing the chemisorbed oleate (always
present, but masked by intense doublet). At low concentration, only 1550 cm'l
present (no doublet). The 1550 cm'lwas persistent after washing in all cases.
Singlet at 1550 cm'l present at all concentrations which persisted after
washing.  Assigned to strongly adsorbed Vas (COO') chemisorbed oleate.
Additional band at 1713 cm'l at high concentrations. Representing adsorbed
oleic acid dimer. This band reduced with decreasing concentration and after

washing.

The bands at 1580 and 1518 cm'l were assigned to bridged and chelating bidentate

molecules

respectively.
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Figure 4.7  Schematic of the adsorption of bridged and chelating bidentate

adsorbed to haematite surface’.
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Gong’, Gong et al™., and Morgan et al’’., studied oleate adsorption to haematite. This

mineral may be a more suitable model for kaolin, since its formula (Fe,;O;) leads to the
formation of surface OH groups (not dissimilar to those available on the surfaces of
kaolin), whereas apatite has mainly exposed oxygens (from phosphate ions) available on
its surface. Gong ., chose IR spectroscopy as the mode of study, and the results are
shown below. It should be noted that the referenced work was a study of differential
adsorption characteristics of kaolin and haematite, and in that work oleate / oleic acid
was found not to adsorb to kaolin under the conditions used (possibly due to the
preferential adsorption of oleate / oleic acid to haematite). However, the organic was
~ found to adsorb to haematite, and there were observed discrepancies between the modes
of adsorption of oleate to haematite compared with adsorption to apatite®.  On
haematite in suspension at pH 7.5, oleate / oleic acid was found to adsorb directly to the
surface of the mineral in the bridged bidentate form (with an IR band at 1580 cm™) and
the acid dimer form (with a band at 1710 cm™) which adsorbed via HC chain interactions
with the chemisorbed oleate species. Another band at 1440 cm™ was observed, assigned
to the antisymmetric stretch of (COO"). Bands at 1518 and 1550 cm™ were not observed
in this system. In Gong et al®., the adsorption characteristics varied from those
observed in the other work (Gong 7). However, several of the experimental parameters
were altered, for example, different concentrations, different organic and different

mineral sample. Therefore, the results are not directly comparable. In this study (*°) it
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was concluded that chemisorption of oleate took place under all conditions (pH 6, 8 and
9.8). Acid dimer (1713 cm'l), adsorbed via HC chain associations was found at pH 6,
and pH 8, but not pH 9. Chemisorbed species existed at all pHs as chelating bidentate
(1518 ¢cm'l) or bridged bidentate (at 1580 cm'l) (assignments given by the author of the
referenceds work). At pH 8 and pH 6, hydrogen bonded oleic acid monomer was

observed in low concentration on the mineral surface (at 1738 cm'l).

There is obviously a significant discrepancy between the assignments for the doublet at
1537 and 1570 cm"*( e.g. attributing the bands to bidentate and unidentate calcium oleate
species respectively22 and weakly attached calcium dioleate precipitates2’ or chelating
bidentate and bridged bidentate20). However, the general opinion in much of the
literature agrees with the general assignment given by Gong ef aPA in that the bands
represent “oleate in 2 different forms”. In the discussion ofthe work presented herein, it
is assumed that metal -oleate does exist as precipitated layers, and gives a doublet at ¢
1580 and 1518 cm"l- the bands may represent the “mono-oleate” and “di-oleate”
conformations (see Table 4.3). It is not possible at this time to distinguish the
assignments o fthe individual precipitated salt forms. The precipitate is associated via the
HC tails of organic species directly bonded to the mineral surface. Singlet bands at 1580
and 1518 cm'l can be formed if monodentate or chelating bidentate binds directly with
the surface of the mineral. Furthermore, it is assumed that the band at c1550 cm'l

represents adsorbed oleate at close to monolayer coverage

Table 4.3 below shows the interpretations ofthe mineral-sorbed oleate / oleic acid bands

determined from a review ofthe current literature. These assignments have been used to

explain the work presented herein.
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Table 4.3 Proposed assignments and some adsorption mechanisms

carboxylic acid on mineral surfaces.

Frequency (cm'l) /Comments Assignment / Comments
3007 -CH= antisymmetric stretch
3959 vas (-CH3)
3922 vas (-CH2-)
2880 vs (-CH3)
2852 vs (-CH2-)
1738
v(C=0) Carbonyl stretch of oleic acid
'— v OH

monomer hydrogen bonded surface \C/*

b

H H

3 1— T '™™"
Al Al
H C
N
0 0
H Hy | H
o N/
?
11 Al

1700-1715 O----H— O
v(C=0) Carbonyl stretch of carboxylic 4 C\ A

O— H----0

(oleic) cyclic acid dimer in precipitate

or

sideways dimer bonded directly to

Continued 264
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partially deprotonated surface

1580 singlet
monodentate bound directly to the

surface or

1536 singlet
chelating bidentate bound directly to

the surface

cl 580/1536 doublet

precipitated oleate interacting with the

surface via HC tail associations.

1655

1670-1620

Continued

Al i

Ald+

0: © ~0

'VM 2+

m) o

ofe™o Q
M 2+ @

“mono-oleate”

“di-oleate”
Water band associatec with kaolin surface.
Also
v(C = C) (low intensity)
W ater associated with kaolin surface (broad

bands).
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1550-1560
surface sorbed Vas(COO') carboxylate
anion (adsorbed up to monolayer

coverage) in bridged bidentate

c> 'O
conformation.

M M
1468-47 <S(CH2) scissoring.
1440 vs (-COCT)

4.1.4 The adsorption of other industrially significant organics onto kaolin.

The adsorption of many other significant compounds onto kaolin have been studied, for
example, small carboxylic acids24 (on silica), short chain alcohols25 surfactants2627,

2829 30 13 e .
#3 Kretzschmar et al ., Investigated the

polyacrylamides4, polyacrylic acid and SDS
effect ofthe addition of humic acid to a pH adjusted sodium exchanged suspension. The
addition was found to decrease the coagulation rate at pH 6 and 4. Under acidic
conditions (i.e. pH below the PZC ofthe edges ofthe mineral), adsorption occurred by a
number of mechanisms to the edges of kaolin, and caused a reversal in edge charge from
positive to negative. Therefore, E-F coagulation was prevented (as is the case at pH
above the edge PZC). Therefore, humic acid adsorption was said to increase the
colloidal stability because of the edge charge reversal. It was thought that interactions
between polymer chains did not influence the adsorption of this acid at pH 4 or pH 6,
and coagulation was found to be due to electrostatic forces only. However, at higher
ionic strength, polymer chains may have been influential in colloidal stability. Humic acid
was found to adsorb more strongly under acidic conditions. Oxalate / oxalic acid was
found by Ward & Brady to adsorb primarily at Al-exposed edge sites at near or less than
neutral pH 15. The increase in adsorption oxalate / oxalic acid at lower pH are contrary to

the decrease in adsorption ofoleate / oleic acid at low pH in the work by Ince ef al2x
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4.2 Experimental.

4.2.1 Method development.
Previous work by the author involving cis oleic acid adsorption from pH adjusted

solution at a concentration of 5x10™ M was carried out. Although simple in concept, the
study was fraught with stumbling blocks which had to be overcome before reliable data
were obtained. In this work there were many variables-some easily controlled by the
experimentalist, such as contact time and others less easily controlled (and monitored)
such as particle agglomeration. During the evolution of the experimental procedures,
these difficulties were largely overcome and some of the problems and their solutions

follow:

The relatively high concentration of oleic acid was initially selected since kaolin has a
limited surface area available for organic interactions (when compared with other
minerals). However, oleic acid is not readily soluble at all pHs and it was suggested that
5%x10 M is the maximum concentration of the acid which can be dissolved before micelle
formation begins'” (i.e. just below the critical micelle formation (CMC) value of 7x10™).
Despite the reported solubility of oleic acid in water, dissolution at pH 3 and 9 was
difficult, and often incomplete. A number of methods were attempted to completely
dissolve the acid, including heating to 60 °C for 2 hours, shaking, sonication and the
addition of iso propanol as a solvent. However, the dissolution remained incomplete.
Adsorption of oleate species to the kaolin surface was apparent after inspection by
DRIFTS, but repeat experiments showed some discrepancies regarding relative peak
intensities (although peak position, and thus spectral interpretation, remained constant

throughout).

It was postulated that the conformation of the carbon chain in the cis form may be
causing a stearic hindrance effect and thus either preventing the oleate from dissolving
fully and/or causing uncontrollable alterations in the mechanism and sequence of
attachment to the kaolin. For these reasons, the experiment was repeated using the
straight chain frans form (98% pure elaidic acid from Lancaster Synthesis). However,

this exacerbated the dissolution problem. Not only was the frans form solid at room
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temperature, (unlike the liquid cis form) but it was practically insoluble at all pHs

(including pH 12).

The difficulties associated with the initial oleic acid work led to a modified experimental
method, the results of which are presented herein. The oleic acid concentration was

lowered to 1x10™ M in order to further minimise the solubility problem.

It was also postulated that the treatment of the kaolin at low or high pH could dissolve
some of the kaolin lattice, thus releasing extraneous ions into solution which may
interfere with the adsorption process. In particular, aluminium is likely to be released
into solution, and according to Kretzschmar ef al"., this can then reprecipitate onto the
edge surface and increase the Al : Si ratio. This leads to an increase in the PZC and can
alter the adsorption characteristics of the clay. However, it is thought that a dramatic
change in PZC is only affected at concentrations of 1M or more. For this reason, acid
and base washing used in the work presented herein was carried out at low

concentration.

To minimise this effect, the kaolin samples were initially washed in water at the reaction
pH, thus removing many of the superfluous ionic contaminants (ions which could
potentially be dissolved from the kaolin structure). The possible dissolution of the kaolin
mineral lattice is an effect which has historically not been well documented. However, it
was discussed by Siracusa & Somasundaran®® in kaolin adsorption studies, and has often
been discussed in studies of other minerals such as fluorite and apatite. It was
determined that above pH 4.7, dissolution of kaolin can occur and lead to the formation
of a new gibbsite phase. This strongly influenced the surface properties of kaolin, and it
was postulated that the high concentrations of A" above pH 4.7 could be important in a
kaolinite system contacted with anionic surfactants due to the possibilities for
complexation, precipitation or adsorption activation. The electrolyte concentration used
for dissolution was much higher than the concentrations of acid/base used in the work
herein. However, the possibility of dissolution (and the related effects) is worthy of note.
It is likely that in a number of studies, this effect was not considered at all in the data
analysis. This may be one reason for the huge divergence in the spectral interpretations

between workers.
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In order to obtain a less ambiguous representation of the IR spectra, spectral subtraction
was carried out. This involved subtracting a blank spectrum (i.e. the spectrum ofthe pH
adjusted water washed kaolin) from that of the oleate exposed sample spectrum.
Subtraction was carried out using the Grams software described in Chapter 1, and was
deemed to be complete when the intensity from the kaolin combination bands at 1935,

1835 and 1735 cm'lwas as close to baseline as possible.

4.2.2 Materials.

In all cases, the kaolin used was the unmilled, chemical free, Cornish kaolin. The cis
oleic acid was 99 % pure, obtained from Sigma Aldrich. The deionised water used
throughout had an initial conductivity < 10 fiS. Analytical grade NaOH or HCl were
used to adjust the pH ofthe water/solutions. KBr used for sample dilution to 5% (99 %
pure and purchased from Sigma Aldrich) was heated to 500 °C for at least 2 hours to
bum off any organic contaminants. It was cooled and stored prior to use in a dry

environment to minimise the uptake of atmospheric water or contaminants.

4.2.3 Sample preparation.

Oleic acid solutions were made up using deionised water adjusted to pH 3, 9 or 12.
Oleic acid at pH 12 dissolved immediately and required no further treatment. At pH 9
and 3 difficulties in dissolution were encountered. To obtain maximum dissolution, the
solutions were shaken vigorously for 5 minutes, followed by 1 hour of sonication, 2
hours at approximately 60 °C, and finally vigorous shaking for a further 10 minutes.
This procedure resulted in almost complete solubilisation of the oleic acid at pH 9, but
still limited solubility at pH 3. Solutions were again shaken vigorously before adding to

the kaolin suspensions.

50, 100 and 150 mg of kaolin were weighed and mixed very lightly for 40 seconds by
hand to ensure a powdered appearance. The kaolins were mixed with 500 ml of pH
adjusted (3, 9 or 12) deionised water and sonicated for 1 hour to ensure adequate

dispersion and washing. Samples were centrifuged for 1 hour at 17,000 rpm and the
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sample pellet recovered and allowed to dry under ambient conditions overnight. These

samples are referred to as “water washed”.

The washing process was repeated using fresh samples, but the recovered sample was

then contacted with 1x10* M pH adjusted oleic acid solution.

After shaking at room temperature for 2 hours, the oleic acid treated kaolins were
recovered by centrifuging under the conditions described above. The samples were
halved, with one half being dried at room temperature over night. The samples dried at

this point are referred to as “oleic acid treated” kaolins.

The other half of the samples were rinsed by shaking in pH adjusted water for 172 hours
at room temperature. The rinsed samples were then centrifuged (again under the same
conditions), the pellets recovered and the sample allowed to dry over night at room
temperature and are referred to hereafter as “acid treated, rinsed” samples.

It should be noted that in order to ensure that the species in solution at a given pH were
not altered, the mass of kaolin sample added to the solution was varied, rather than the
oleic acid concentrations, which were kept constant at 5 x 10* M. A range of
“available” oleic acid concentrations was achieved by adding kaolin samples of mass 50,
100 or 150 mg to the solution. This method of sample preparation was base on an idea
by Cenens & Schoonheydt®* which was used successfully by Breen & Rock™ in a study
of competitive adsorption of dyes onto montmorillonite. DRIFTS spectra were obtained
* using the parameters given in Chapter 1. All samples were mixed lightly with KBr for 40
seconds to ensure adequate dispersion just prior to scanning. Data manipulations were

carried out using the Grams software package (see Chapter 1).

4.2.4 Concentration of oleic acid theoretically available for adsorption.

Assuming that all the oleic acid has dissolved,

Total concentration of oleic acid (mol wt = 280) available in 100 ml of water
= 100 ml / 1000 ml x 1x10™ M x 280 = 2.8 mg

Therefore, for 50 mg kaolin samples, oleic acid available per gram of kaolin

= 2.8 mg/ 50 mg= 56 mg g’ or
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= S6mg /280 = 0.20 mmol g

for 100 mg kaolin samples, oleic acid available per gram of kaolin

= 2.8 mg/ 100 mg = 28 mg g or
= 28 mg /280 = 0.10 mmol g
for 150 mg kaolin samples, oleic acid available per gram of kaolin
= 2.8mg/ 150 mg= 18mg g’ or
= 18mg/280 = 0.06 mmol g

Assuming that the surface area of kaolin is uniform at ¢ 30 m” g’ the total oleic acid
available per m* of kaolin is:

for 50 mg kaolin samples

= 020 mmol g’ /30 m’ g’ = 0.0067 mmol m
= 6.7 umol m”

for 100 mg kaolin samples

= 0.10mmol g’ /30m’ g = 0.003 mmol m 2
= 3.3 ymol m”

for 150 mg kaolin samples
= 0.06 mmol g'/30m?’g! = 0.002 mmol m *
= 2.0 pmol m™

271



4.3 Results ofinfrared studies.
4.3.1 pH 3.

4.3.1.1 Water washed kaolin (pH 3).

Figure 4.8~ Water washed kaolin (pH 3).
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A band, representing the bending mode, b(OH), of water, at 1650 cm'l with a shoulder
at around 1633 cm'lwas present in all samples. There may also be a shoulder at ¢ 1620
cm The water bending mode was shaped differently in kaolin which has not been
exposed to additional water (after the initial extraction process). The increase in
intensity at lower frequency is likely to be due to the adsorption of additional surface
water after water washing. The assignment of the water bending modes have been
discussed in some detail in Chapters 2 and 3. In the work presented herein, the 1650 cm'
I band was only seen as a sharp peak in untreated kaolin after long term exposure to
atmospheric water (under ambient laboratory conditions) for a number of months. The
increase in the intensity in the ¢ 1650 - 1610 cm’l region indicates that additional
adsorbed water is moderately or weakly hydrogen bonded. There does not appear to be
an increase in the 1670 cm'l region, which corresponds to strongly hydrogen bonded

water.
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In the present oleate study, drying conditions were very mild (overnight under ambient
conditions). The additional water present on the surface may be due to an incomplete
drying of the sample, or due to the dry sample readsorbing atmospheric water. It may
also be a result of the expansion of the halloysite impurity. It is not possible to determine

which hypothesis is correct.

Interestingly, the intensities of these bands seemed to alter after the oleic acid anzi
subsequent washing treatments. There appeared to be a shift in the unresolved 1630-
1650 cm” band, with the water tending towards the 1650 cm™ position after both
treatment stages. This may represent the replacement of more weakly hydrogen bonded
water by oleic acid / oleate and / or the adsorption of the organic increasing the

hydrophobicity of the sample.

4.3.1.2 Oleic acid treated kaolin (pH 3).

There were problems in the initial dissolution of the 1x10™ M oleic acid, and as with the
pH 9 data, the precise concentration of oleic acid in the stock solution is not known.
However, as all the oleic acid treatments were made using the same stock, it is feasible to

assume that all the samples were exposed to equal concentrations of oleate species.
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Figure 4.9 Oleic acid treated kaolin (pH 3).
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At this pH, it is expected that the organic and the surfaces (and edges) ofthe mineral will
be protonated It may therefore be predicted that the oleic acid treated kaolin spectrum
would show an acid band at ¢ 1711 cm'l corresponding to v(C=0) carbonyl stretch of
adsorbed oleic acid dimer. The band may also represent the hydrogen bonded acid
monomer, but the relatively low frequency suggests that it is probably due to dimer.
A fter the initial acid treatment there was indeed a very intense and sharp acid dimer band
at 1711 cm'l, superimposed upon the kaolin combination band at ¢ 1730 cm'l. The
intensity of the acid band increased as the available concentration (per unit mass of
kaolin) ofoleate / oleic acid increased. The water band at 1650 cm'l may have increased
slightly, but his could be due to atmospheric differences during drying. There is also a
band at 1650 cm'lrepresenting the C=C stretching vibration, and it is possible that after

acid treatment, a small proportion ofthe intensity here is due to this vibration.

The 1466 cm'l band, corresponding to (CH2) scissoring also increased as the available
concentration (per unit mass of kaolin) of oleate / oleic acid increased. Surprisingly, a
broad band was observed which could correspond to the v(COO' ) carboxylate anion

antisymmetric stretching mode at ¢ 1550-1600 cm'l. The intensity ofthis band decreased
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in the order of 50>100>150 mg kaolin. It had poorly defined shape, and was not a
doublet. Doublet characteristics are thought to be observed when anionic oleate is
precipitated onto the mineral surface. Since the anionic form must be at low
concentration at this pH, it follows that doublet character is extremely unlikely to be
observed. It is also possible that this band corresponds to H30 + however, this seems an
unlikely assignment since it was not present in the water washed sample. According to
Gong et alM7who studied the adsorption of oleate to apatite, around 1% of oleate
(emulsified) in water will exist as the singly charged monomeric carboxylate ion at pH<7,
with most ofthe remaining 99% being liquid oleic acid. Ifthe singly charged monomeric
carboxylate ion is strongly bound to the surface, it could account for a significant

proportion ofthe adsorbed species.

Thistlethwaite ef alxl., also saw similar results in their study of oleate adsorption to
zirconia. It was concluded that the persistence ofthe oleate anion band (in their work at
1556 cm'l) at pH 3 was due to the stabilisation of the anion via electrostatic interaction
by the positively charged zirconia surface. The kaolin surface may effectively be
stripping a proton from the carboxylic acid.

In the pH 3 water washed and oleic acid treated kaolin samples, there was a sharp
decrease in intensity at ¢ 1620 cm The cause ofthis feature is not known at this time.
It was postulated that the decrease in intensity may be altering the shape and/or position
ofthe band observed. Since the assignment ofthe broad feature centring at 1595 cm
was so ambiguous, spectral subtraction was used to endeavour to eliminate the spectral
aberration, thus elucidating the true shape and frequency ofthe band. The results of the

spectral subtraction are shown below.
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Figure 4.10 Subtracted spectra of oleic acid treated kaolin (pH 3).
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The subtraction results give clear evidence of strong bands at 1708, 1585 and 1468 cm '
\ It appears therefore, that the spectral aberration resulted in an apparent shift of the
organic band formerly at 1595 cm'l, and now observed at 1582 cm'l. This observation
suggests that oleate is binding directly to the surface via monodentate binding. The band
centring at 1708 cm'l suggests acid dimer interactions. It is not possible to distinguish
which type of dimer is present. Ifthe sideways dimer is present, it may bind directly to
the surface. Ifthe cyclic dimer is present, it may bind only via HC chain interactions with
chemisorbed species. In the 100 and 150 mg samples, the 1708 cm'l band is smaller than
the other spectral features. However, in the 50 mg sample, the 1708 cm'l band is very
intense compared with the other spectral features. This may indicate that initially at
lower available oleate/oleic acid concentration, the binding is via monodentate
adsorption, and thereafter the acid is becoming associated with the mineral surface via
HC chain interactions. Subtracted spectra were normalised to the 1468 cm"l (which is

assumed to represent total organic present), and are shown in Figure 4.11 below.
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Figure 4.11 Subtracted spectra of oleic acid treated kaolin (pH 3). Normalised to
the 1468 cm 1band.
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It can be observed that the 50 mg sample has a higher concentration of acid than either
of the other two samples. The intensity of the 1572 and 1706 cm'l bands are
approximately equal in the 100 mg sample, whereas in the 150 mg sample the intensity of
the 1572 cm'l monodentate band is of greater intensity than the 1706 cm'l acid band.
This seems to suggest that as the concentration of available organic increases per unit
mass of kaolin, so do acid interactions. Initially (i.e. at low available organic
concentration), it seems that oleate is sorbed preferentially on to the surface in the
monodentate form. As available amount of oleic acid increases, there becomes a greater
proportion of acid, until at high concentration of available organic, acid interactions
predominate. From these data whether the acid is precipitated or sorbed cannot be
determined. However, rinsing the oleate-exposed samples proved to yield interesting

results discussed below.
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Figure 4.12  Oleic acid treated, rinsed kaolin (pH 3).
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A fter rinsing, the intensities of all the oleate / oleic acid bands decreased (particularly the
oleic acid band at 1711 cm'l). The reduction in the intensity ofthe bands after such mild
rinsing suggests that the species were not strongly bound to the surface. However, the
presence of a singlet at 1587 cm'l confirms that the adsorption of the monodentate
species persists after washing. There remained increased acid dimer intensity at 1711 cm"

| which also provides evidence for strongly adsorbed acid.
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Figure 4.13  Subtracted spectra of oleic acid treated, rinsed kaolin (pH 3).
Normalised to the 1468 cm 1band.

022 5S0mg 1466
100 mg
150 mg
.015-
.005-
0-!
2100 2000 1900 1800 1700 1600 1500 1400

Wavenumber (cm-1)

The 50 mg and 100 mg samples showed decreases in the total amount of sorbed species,
although the relative intensities of the bands remained fairly similar before and after
rinsing. However, the 50 mg sample lost a considerable amount of intensity from the
1712 cm'l acid band after rinsing (see Figure 4.14). This indicates that some ofthe acid
species are more weakly bound that the monodentate species. It is believed that the
observed decrease in acid intensity corresponds to the removal of loosely bound
precipitated acid which was formerly interacting via HC chain associations. The acid
remaining after the rinsing process is likely to be due to hydrogen bonded monomer or
the sideways dimer bonded directly to the mineral surface. The increase in the width of
the 1466 cm'lband after rinsing is not understood at this time (although it may represent
the appearance of the Vas(COO') band at 1440 cm’l, with a concurrent decrease in the

amount of sorbed acid species).
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Figure 4.14 Comparison of 50 mg oleate treated samples (rinsed and unrinsed)

normalised to the 1468 cm 1band.
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432 pHO.

There were problems associated with the dissolution of oleate at lower pHs- pH 9 being
no exception, and the level of available oleate in solution was almost certainly reduced
when compared with the concentration available in the pH 12 work. However, all the
pH 9 results presented here used the same initial concentration of oleate, and so are

directly comparable with each other, ifnot with the pH 12 or 3 data.
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4.3.2.1 W ater washed kaolin (pH 9).

Figure 4.15 W ater washed kaolin (pH 9).
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pH adjusted water washing resulted in the formation of sharper bands at c1650 and 1630
cm 1 with the evidence of another shoulder at ¢1620 cm'l (compared with unmilled,
unexposed kaolin). Otherwise, the spectra were very similar to those of the unmilled,

unexposed kaolin.
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4.3.2.2 Oleic acid treated kaolin (pH 9).

Figure 4.16 Oleic acid treated kaolin (pH 9).
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At low kaolin concentration (i.e. high available oleate / oleic acid concentration) there is
an obvious doublet at 1573 and 1537 cm'l which corresponds to surface precipitated
anionic oleate. The intensity of this doublet was less than that in the pH 12 acid treated
sample (see Figure 4.21) (as expected since a reduced amount of oleate was dissolved at
pH 9). The doublet intensity decreased as the oleate / oleic acid concentration per unit
mass ofkaolin decreased. In the 150 mg sample, there was no evidence of the doublet,
but there may have been a small contribution from a singlet at 1550 cm'l, corresponding
to surface sorbed oleate anion. There was a very slight increase in the broad band
centring at ¢ 1720-30 cm'l, which may be indicative of adsorption of the acid monomer
present at lower pH. However, since acid at this pH is expected to be at low
concentration, it is postulated that the increase in this region was more likely to be due to
the interactions ofthe acid monomer adsorbed via hydrocarbon chain interactions34 with
already adsorbed species, or that the monomer was formed in solution and precipitated
directly onto the surface during the drying procedure. The 1460 cm'l band was much
reduced in intensity compared with pH 3 spectra. A clearer picture is gained from the

subtracted spectra.
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Figure 4.17 Subtracted spectra of oleic acid treated kaolin (pH 9).
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The positive band at 1645 cm'lin the 100 mg sample and the negative band in the 150
mg sample at the same frequency represents differences in surface sorbed water. Clearly
in the 50 and 100 mg samples, there is a significant contribution from the 1570/1530 cm'l
doublet, corresponding to precipitated oleate salts. The 150 mg sample shows evidence
of a band centring at 1553 cm 1, corresponding to surface sorbed carboxylate in the
bridged bidentate conformation. All samples show some evidence of a band at 1718 cm'
| corresponding to the acid monomer. This band in the 100 mg sample is ofthe greatest
intensity. At this time, it is not known why it should be highest intensity in this sample,

rather than in the 50 mg sample.

It is believed that at pH 9, all samples have the carboxylate anion adsorbed to the surface
in the bridged bidentate conformation. At low loading (high kaolin concentration) the
corresponding band at 1553 cm'lis observed. In both the 100 and 150 mg samples,
however, this band is overlaid with the doublet bands at 1570 and 1530 cm'l
corresponding to oleate salt precipitation. A small amount of acid is associated with the
surface, with a band at 1718 c¢m'l, corresponding to weakly hydrogen bonded monomer
(most likely) or dimer. The precipitate is very loosely attached via HC chain interactions

with the surface sorbed salt and/or acid.
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Figure 4.18 Rinsed kaolin-oleic acid pH 9
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The 50 mg sample became contaminated and is not included here.

AtpH 9, the oleic acid treated kaolin spectra showed marked differences before and after
rinsing. It appears that at this pH, the oleic acid / oleate species were initially either very
loosely bound, or more likely that they were merely precipitated on the surface of the
mineral (supported by the presence of the doublet at 1573 and 1537 cm'lin the sample
prior to rinsing). Virtually all of the organic is removed after rinsing. A very small

amount is still present, as can be seen by the CH2 scissoring mode at 1468 cm'l.

The pH 9 oleate exposed and rinsed kaolin samples had slight evidence of a band at
1560 cm'l, since it was not being swamped by very intense doublet bands. The presence
ofthis band supports the beliefthat it represents surface sorbed carboxylate anion bound

in the bridged bidentate conformation.

After rinsing, the doublet disappeared in all cases, supporting the beliefthat the doublet
is formed by salt precipitation. The intensity of the 1467 cm'l <5(CH2) band reduced
considerably, indicating that most of the organic was desorbed. The subtracted spectra

illustrate the removal of precipitated species after rinsing. Both the 100 and 150 mg
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samples now show no evidence of the 1570/1450 cm"1 doublet. The more strongly
bonded 1550 cm"1 bridged bidentate band remains along with a small C-H scissoring

band.

Figure 4.19 Subtracted spectra oleic acid treated, rinsed kaolin (pH 9).
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Again, the negative bands at 1645 cm"lrepresent differences in surface sorbed water.

It is proposed that the reason for reduced and weaker adsorption at pH 9 is due to a
combination of the limited solubility of oleic acid in solution, the repulsive forces
between the negatively charged surface and organic, and the relatively low concentration
(compared with pH 12) of sodium ions in solution, which may form a bridge between the

adsorbate and adsorbent.
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433 pH 12.
4.3.3.1 Water washed kaolin (pH 12).

Figure 4.20 W ater washed kaolin (pH 12)
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Washing at pH 12 greatly increased the intensity of the water bending modes at ¢ 1650
and 1630 cm'l. There does not seem to be a common pattern to the intensity change of
these bands at any pH, and probably, the intensity depends primarily upon drying
conditions. In this set of experiments, drying conditions (other than time) were not
controlled. The relative humidity and ambient temperature can affect the drying of the

sample, and thus the intensity ofthe sorbed water bands considerably.
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4.3.3.2 Oleic acid treated kaolin (pH 12).

Figure 4.21 Oleic acid treated kaolin (pH 12)
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A fter washing there was very little change in the spectra and therefore, they are not
shown here.

As the mass of kaolin increased (i.e. oleate / oleate acid concentration per unit mass of
kaolin decreased), the intensities of all the organic bands decreased. O f particular
interest is the doublet at 1573 and 1536 cm'l, which becomes greatly reduced in intensity
and less well defined as available concentration of oleate / oleate acid per unit mass of
kaolin decreased. This supports the theory that the doublet represents precipitate, whilst

a singlet at ¢ 1550 cm'lrepresents surface sorbed oleate.

At pH 12, most ofthe species present in the kaolin-organic system are expected to exist
in the deprotonated form, and therefore, acid adsorption would not be expected at such a
high pH. However, clear evidence of acid adsorption was observed, with an increase in
the intensity ofthe band at ¢ 1730 cm'l, characteristic of monomeric acid. It is likely that
this acid has become trapped within a micelle which has become adsorbed to, or

precipitated on the surface.
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Figure 4.22  Subtracted spectra Oleic acid treated kaolin (pH 12).
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The band at 1670 cm'l represents differences in the surface sorbed water of the treated
and untreated samples. The spectra have been offset and rescaled for clarity. The
intensity of the bands at 1731, 1567, 1540 and 1467 cm'l increases in the order
150<100<50 mg. In the 50 mg spectrum there is clear evidence of an acid monomer
band at 1731 cm'l. There is a strong doublet at 1567 and 1540 cm 1, and an intense 1466
band. There may be a contribution from acid dimer at ¢ 1700 cm'l, but it is difficult to
determine whether the intensity is coming from organic, or from incomplete subtraction
of the kaolin spectrum. In the 100 mg sample, the intensity of the 1731 and 1677 cm'l
has decreased. The doublet has become less well resolved, probably indicating a
reduction in the amount of surface precipitate as available organic per unit mass of kaolin
has decreased. The doublet is no longer evident ion the 150 mg sample, and there is a
small amount of acid remaining. A broad band at ¢ 1550 cm'l has become apparent,
corresponding to bridged bidentate. Some precipitate may remain, but it is difficult to
assess precisely. The band may have shoulders on either side, thus giving it the “square”
shape. However, these features may be due to water vapour. It is the opinion of the

author that it is likely that a small amount of precipitate does exist.
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At pH 12, the reason that the doublet (i.e. precipitated oleate) does not decrease after
washing is that there is a very strong and complex CH tail interaction system, attaching
the precipitate to the surface of the mineral via already surface sorbed oleate / oleic acid
species. This is different from the pH 9 system, where, although precipitate was formed
before washing, it was easily removed. At pH 12, the kaolin particles are likely to be
completely dispersed, but upon the addition of oleic acid, the particles will become
flocculated (due to the alteration of surface charge imparted by the sorption of the
organic and/or NaOH). Thus, it is likely that the organic has become involved in
aggregate formation. A similar mechanism will occur at pH 9, but at this lower pH the
oleic acid is less soluble, and therefore micelle formation will be reduced. Thus, the

interactions between mineral and organic are weaker at pH 9 than at pH 12.

4.4 Conclusions.

It is believed that most of the adsorption of the organic species at all pHs occurred at
exposed Al, A10°, AIOH or AIOH?2' sites. It is very unlikely that intercalation of kaolin
occurred in this system, but more reasonable is the suggestion that partial intercalation of
the halloysite impurity occurred, whereby the oleic acid species became incorporated into

the halloysite sheets only at the edges ofthe stacks as shown in Figure 4.23.

It is likely that the acid treatment dissolved some of the structural aluminium of the
octahedral sheet of both halloysite and kao lin. It is possible that the breach induced in
the structural integrity ofthe mineral resulted in the formation of an opening into which

the oleic acid was more easily incorporated.

Figure 4.23 Schematic of the proposed partial intercalation mechanism of oleic
acid into halloysite.
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At pH 3, oleic acid was very insoluble. Most of the oleic acid in solution existed as

RCOOH. Most ofthe surface species of kaolin existed as AI-OH. The characteristics of
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the system favoured adsorption, but due to the low solubility of oleic acid, a reduced
concentration was available in solution and adsorption was limited by that concentration.
Organic bound directly to the mineral surface existed as monodentate and acid monomer
or dimer. Acid was also present as a weakly associated precipitate which was removed
after washing.

At pH 9, oleic acid was not readily soluble. Much of the oleic acid in solution existed as
RCOO". Most of the surface species of kaolin existed as Al-O". Adsorption between
these two species was not favourable. Adsorption was limited equally by reduced
solubility and unfavourable electrostatic interactions. Adsorption was very low, and
precipitated material was removed by gentle washing. Organic adsorption was limited,
but primarily the adsorbed species was monodentate in character. There was evidence of
precipitation of two distinct forms of oleate salt (probably Al or Na salt) and a small
amount of acid monomer. All precipitate was removed after washing, but a small

amount of surface bound material remained.

At pH 12, adsorption between the negatively charged organic and mineral surface was
not favourable. However, considerable adsorption did occur. Adsorption and strongly
attached surface precipitation was considerable due to the high concentration of oleic
acid / oleate in solution. Adsorption was limited by the incompatibility of the reactive
species. Interactions with the surface were via the carboxylate anion bonded in the
bridged bidentate conformation, and by indirect association of acid monomer or dimer
* with the surface. Significant precipitation of oleate metal salts occurred. The precipitate

was not readily removed by washing.

Although the concentration of oleic acid used was below the CMC, the addition of NaCl,
or HCI could have altered the salt balance sufficiently for micelle formation to occur.
This is particularly true at pH 12 where there is a high concentration of sodium in the
water. This could explain why acid is seen at high pH. If the acid form becomes trapped
inside the micelle, it can exist at very high pH. Oleate / oleic acid is very soluble at high
pH, and the increased concentration would further encourage micelle formation. Figure

4.25 shows a possible schematic mechanism for some of the reactions occurring at pH
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12. It should be noted that HC chain interactions do not depend upon micelle formation,

and associations can occur with “free” organic in solution in the same way.

Figure 4.24 Micelle formation and the association with a mineral surface.
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Organic association may be due to the interactions with individual oleate molecules at the
mineral surface, or via micelle bonded through existing surface sorbed species via HC tail
interactions. Micelles may also sediment on the surface ofthe mineral during the drying
process. Micelles may be formed either in solution, or by the compaction of organic at
the mineral surface. It is not possible to distinguish using DRIFTS which mechanism is

occurring. Horizontal ATR may be able to elucidate information (see Chapter 5)
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Figure 4.25 Proposed mechanism of micellar adsorption at pH 12.
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It should be noted that the diagram above is a simplified representation only and it does
not intend to imply micellar binding occurs via only one surface site interaction. Multiple
anions adsorb at the surface of the mineral, and these lead to interactions with micelles
via HC chain interactions. The micelles may trap a great number of different species
within them. Experimental data suggests that acid dimer or monomer can become
encapsulated within the micelle. The formation of dioleate between the micelle aqd
molecules interacting with the surface through HC interactions, results in the formation

of strongly held precipitated salt which is resistant to washing.

Adsorption characteristics were found to be similar to those observed by Gong® et al on
the adsorption of oleate/ oleic acid to haematite, in that chemisorption was found to
occur at low, mid and high pH. The mechanisms of adsorption were different however.
The findings of the present work bore no resemblance to those of Gong’ in the shear
flocculation of haematite from kaolin study. The findings of the present work were very
similar at low and mid pH to the results obtained by Gong® et al., in the study of the
adsorption of oleate/oleic acid on apatite. At low pH, the results differed, but this is not
surprising, since the pH of the referenced work was 6, whereas in the work presented
herein, the low pH value was 3. pH 6 is likely to be at approximately the PZC of kaolin,
whereas pH 3 will be below the PZC. Thus, different results are to be expected.

Thistlethwaite'” studied adsorption of oleate / oleic acid onto zirconia at pH 9, 6, and 3
and observed similar general trends in adsorption mechanisms (i.e., the presence of acid
" and salt at high pH, with the presence of a doublet at 1573 / 1538 cm™ ) and the
increased presence of acid and a salt singlet band at 1556 cm™ at low pH. However,
stronger adsorption at pH 3 compared with pH 12 was observed (pH 9 data was not
comparable since a different concentration of oleate / oleic acid was used. This was not
corroborated by rinsing evidence in the current study, where pH 12 adsorption was very
strong, pH 3 was weaker, and adsorption at pH' 9 was very weak. The strong
associations observed at pH 12 could be an effect of the dissolution -readsorption of AI**
on the kaolin surface®, leading to an increase in the number of active sites present at

high pH, however, this is not corroborated by evidence at pH 9.
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According to the definitions given by Liauw et al'®, kaolin is a reactive substrate, where

salt formation by chemisorption occurs.
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5.1 General conclusions.

5.1.1 Water.
The types of water present on the surface of unrefined and ball milled Cornish kaolin have been

characterised. The water has been grouped into four main types - strongly hydrogen bonded,
moderately strongly hydrogen bonded, weakly hydrogen bonded and very weakly hydrogen
bonded. The different water environments can be observed using DRIFTS in the bending and
stretching regions of the spectrum. Changes in the stretching region are generally less distinct,
since the bands are broader than in the bending region. However, changes in both regions have
been elucidated by curve fitting of the VT DRIFT spectra, and certain bands appear to have

similar thermal behaviour.

As ball milling time increases, so does the kaolin agglomerate size and the amount of surface
sorbed water. In freshly milled samples, there is always a greater proportion of strongly
hydrogen bonded water compared with the other, more weakly bonded types. However, after
ageing, the total amount of water present on the surface decreases, and there is less strongly
hydrogen bonded water compared with the more weakly bonded species. The more strongly
hydrogen bonded water has thus been preferentially desorbed, or has transformed into the
more weakly bonded material. It is postulated that the strongly hydrogen bonded species serve
as “adhesive” water between the individual particles which make up the large agglomerates.

This theory could be investigated by SEM.

5.1.2 Surface sites available for organic interactions.

The reactive surface sites present on unrefined and ball milled Cornish kaolin have been
observed at increasing temperature by the use of the probe molecule pyridine. During the
course of the study, a dehydrated halloysite impurity was discovered in the unexposed kaolin.
Pyridine is known to intercalate into halloysite and form hydrogen bond associations with
alumina and gibbsite sheets therein. Pyridine was able to displace the more strongly hydrogen
bonded water which is trapped between the individual kaolin particles which comprise the large
aggregates after ball milling (an effect similar to ageing). The hydrogen bonding nature of the

halloysite-pyridine interactions became less pronounced as milling increased. Pyridine
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adsorption to kaolin was via Brensted sites in the unmilled kaolin. As milling time increased
the mineral surface took on Lewis acid character and less hydrogen bonding occurred.
Bronsted associations were present in all the milled (and unmilled) samples and became more
significant as milling time increased (as more surface water was present). As temperature
increased and water was removed from the sample, more pyridine interactions became Lewis in
nature (i.e. direct co-ordination rather than bonding to the surface via a hydroxyl or water
molecule). At elevated temperatures, (i.e. above 100 °C), VT XRD indicated that pyridine
became desorbed from halloysite, and thus at temperature <100 °C, the spectra produced were
composites of the halloysite-pyridine intercalation, halloysite-pyridine adsorption and kaolin-
pyridine adsorption interactions. At temperatures > 100 °C, the spectra were composites of
halloysite-pyridine adsorption and kaolin-pyridine adsorption interactions. In addition to the
intercalation reaction between halloysite and pyridine, this probe molecule is likely to bind to
exposed (broken) edge sites on kaolin and/or halloysite, or it may be sorbed between the

slightly expanded mineral layers at the edges of the mineral stacks.

5.1.3 The interaction of kaolin with oleate / oleic acid.

A method for studying oleic acid adsorption, over a pH range (3, 9 and 12), onto a Cornish
kaolin using DRIFT spectroscopy has now been optimised. The interactions occurring are
very complex and changes in pH probably led to a change in the edge surface (and possibly the
face surface) charge of the mineral. The organic species is also affected by pH. At pH 3,
organic is bound to the surface in the monodentate form. Acid precipitate was loosely
associated with the surface via hydrocarbon chain interactions with the strongly adsorbed salt
species. At pH 9, total surface adsorption was low. Adsorbed species were monodentate in
character. Mono- and dioleate were present as very weakly associated surface precipitates.

At pH 12 the salt was associated with the surface in the bridged bidentate form. Association
of the hydrocarbon chains of attached molecules with micelles led to high adsorption. The
micelles contained acid in monomer and / or dimer form which was observed in the IR
spectrum of the treated mineral. The precipitate was strongly held, and there was no

significant reduction in intensity after washing.

Organic association may be via acid or salt interactions at the surface of the mineral and / or

via hydrocarbon chain interactions with the organic monomer, dimer or micellar form.
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5.2 Suggestions for future study.

5.2.1 The effects of ball milling on the surface sorbed water and the available binding

sites of Cornish kaolin, pure kaolin and halloysite.

With the benefit of hindsight, kaolin interactions of all kinds have proved to be very complex.
For this reason it would be very useful to have a larger sample volume of ball milled kaolin for
further study. In the current work, the starting mass of the ball milled samples was 2 grams.
The limited sample volume meant that certain measurements could not be made, e.g. surface
area measurements (which require larger sample mass). Since kaolin is so sensitive to ball
milling, any additional sample prepared would almost certainly have different characteristics to
the initial sample, and since ball milled samples were found to alter after ageing, it would not
be possible to draw direct comparisons between existing data and those collected from any
newly milled sample. For this reason it would be wise to prepare a new and large batch of ball
milled Cornish kaolin (from the same source). The time intervals should be shorter and more
evenly distributed, and cover a range of effects from very minimal to complete destruction of
the mineral lattice. Also ball milled under the same conditions should be a sample of pure
kaolin and a sample of pure halloysite. These new samples could be used to confirm the effects
seen in the current study and to build a more elaborate network of experimental data. A

proposed scheme of work follows:

VT DRIFTS, XRD, TGA, DTA, SEM and surface area measurements should collected from
all the samples prior to ball milling and immediately after ball milling. Aliquots of the milled
Sampleé should be stored in dark, airtight containers for reference purposes. Further aliquots
of the newly milled and unmilled Cornish kaolin, unmilled and milled pure kaolin and unmilled
and milled halloysite should be exposed to pyridine or stored under normal laboratory
conditions in non airtight containers for a predetermined time, and the experiments should be
repeated. After set periods of ageing, for example at monthly intervals, the experiments should
be repeated again and any alterations in the sorbed water or structural characteristics
(determined by curve fitting of the IR data) should be noted. It would also be interesting to
investigate the role of halloysite (if any) on ball milling induced aggregation of kaolin.
Standard samples of kaolin-halloysite mixtures, containing known amounts of halloysite

“impurity” should be made and ball milled for varying times (as above). The aggregation of
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particles could initially be assessed visually by SEM, and surface area measurement could be
taken.

5.2.2 Organic adsorption.

The method used in this thesis to examine the interactions of kaolin with oleate / oleic acid was -
suitable as an initial investigative work. However, there are a number of studies which would
elucidate more information about the interactions. Firstly, it would be advantageous to have
complimentary TGA, VT XRD and VT DRIFTS data for a set of samples prepared in the way
described in Chapter 4. TGA data would provide information about the total mass of organic
interacting with the mineral, VT XRD would determine the degree of intercalation (if any) and

the effect of temperature, and would compliment VT DRIFTS data.

At this time it is not clear whether adsorption of this organic occurred on the surface of kaolin
or halloysite (or both), and without XRD data, it is not possible to determine whether
intercalation of halloysite by oleate / oleic acid has occurred. (It is believed that intercalation
of kaolin by oleic acid would not occur under these conditions). Initially, RT DRIFTS studies
on pure kaolin and halloysite should be conducted in order to distinguish any differences in
adsorption characteristics. VT XRD data should be obtained in order to assess the degree (if
any) of swelling of the mineral samples. Changes elucidated in the VT XRD data could then
be compared with desorption data gained by TGA and VT DRIFTS analysis.

A study of the interactions of ball milled kaolins would also be useful, since certain industrial
procedures utilise milling. The interactions of newly milled Cornish kaolin, milled and unmilled
pure kaolin, and milled and unmilled halloysite could be examined over a period of time (as

described above).

Generally, the industrial processes use wet, rather than dry, milling. The study of wet-ball
milled kaolin samples would thus be very useful. However, wet ball milling would further alter
the characteristics of the clay, and structural information such as that discussed in the present

thesis would be required before adsorption of organic could be studied.
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It would be advantageous to examine the interactions of oleic acid/oleate with kaolin using an
in situ technique, since sample drying may have a number of effects, for example, alter the pH
of the surface or lead to the precipitation of organic. Horizontal ATR would be useful, but
there is a problem with looking at aqueous system, since water bands are very intense in the IR
spectrum. To overcome this problem, Raman microscopy could be used. Raman spectroscopy
is not sensitive to water vibrations, and thus it does not influence the spectrum If kaolin with
large platelets (e.g. 10um) was mixed with oleic acid / oleate at different pHs, the surface of
the platelet could be mapped. This method could be used to study the interactions of more
complex molecules with multiple functional groups and / longer hydrocarbon chains. There is
a disadvantage to this system, however, since kaolin is highly fluorescent in Raman studies, and
the fluorescence increases with increasing particle size. This problem may be overcome by
using a very low powered laser. Excitation of Raman spectra can be achieved using a He-Ne
laser (at 322 nm) or a diode laser (at 780 nm). The excitation sources are interchangeable, and
fluorescence may sometimes be reduced by altering the wavelength of the radiation used for a

particular mineral sample.

Ultimately, knowledge of the available binding sites of a variety of minerals before and after
milling, and understanding the effects of the interactions of other organics such as amides,
amines and imines could lead to the determination of the mechanisms of the complex

interaction involved in the industrial processing and purification procedures.
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