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Abstract

This thesis reports investigations into the colloid and solid state properties of
clay/polymer complexes. The interactions between water soluble polymers and clay were
investigated because of their importance to the oil industry which make use of
clay/polymer interactions to control certain properties of drilling muds.

133Cs and to a lesser extent ’Na NMR have been evaluated as novel in situ
probes to study the adsorption of polycations, and other cationic species, onto 25 gL
suspensions of Westone-L. Westone-L is a low iron containing montmorillonite which
was completely exchanged with either Cs™ or Na* cations. The polycations FL15, FL16
and FL17, of general formula [(Me,NCH,CHOHCH,),]", and Magnafloc 1697,
[(CH,CHCH,N(Me),CH,CHCH,),]"" have been shown to displace the exchangeable
cation from the clay surface more effectively than other cationic species investigated such
as Na', K", MeN," and paraquat®. This was shown through a decrease in linewidth and
an increase in the "**Cs or “Na NMR peak integral as cationic species were added to the
clay. This information has been correlated with that obtained from particle size and zeta
potential measurements in aqueous solution which suggest that the highly charged
polycations investigated adsorb onto the surface of the clay via an ‘electrostatic patch’
mechanism. To complement these aqueous in situ techniques, several dry powder
studies have been completed, including adsorption isotherms through Kjeldah! N analysis,
variable temperature x-ray diffraction and thermogravimetric studies. These dry powder
studies show conclusively that the exchangeable cation associated with the clay surface
has a large bearing upon the amount and location of polymer adsorbed.

The neutral polyglycol DCP101 is presently finding widespread use as a shale
inhibitor in drilling muds. The mechanism by which this polymer interacts with clay has
been investigated by recording the **Cs and 'H NMR spectra of 25 gL.! suspensions of
Cs" and Mn** exchanged Westone-L treated with DCP101. These novel in situ
investigations have shown that DCP101 does not displace the exchangeable cation
associated with the clay. They have also shown that the water molecules in the hydration
sphere of the Mn®" cation associated with the clay surface are predominantly undisturbed
by added DCP101. To complement these aqueous in situ investigations, several dry
powder studies were carried out including adsorption isotherms through CHN analysis,
variable temperature x-ray diffraction and thermogravimetric studies. These dry powder
studies show that the exchangeable cation has a large bearing upon the quantity of
polymer adsorbed.

One further in situ NMR method has been evaluated with a view to investigating
clay/polymer interactions. This method involved the addition of 10% D,O to a 40 gL
suspension of clay which had been exchanged to the cation of interest. The resulting “H
NMR spectrum showed a residual quadrupolar splitting, the magnitude of which
depended upon several factors including clay concentration, state of aggregation of the
clay platelets and the exchangeable cation associated with the clay. It was hoped that by
monitoring the clay/D,O interactions via the 2H residual quadrupolar splitting that
information about clay/polymer systems in aqueous suspension would be forthcoming.
The observed “H residual quadrupolar splitting was however found to be too sensitive to
addition of polymer or ions to the clay suspension, resulting in its collapse to a singlet.
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CHAPTER 1

The Role of Drilling Muds in the North Sea.




1. The Role of Drilling Muds in the North Sea.

Whilst drilling for oil in the North Sea, many different rock types may be
penetrated. Shales however make up more than 75% of drilled formations and cause
more than 90% of wellbore-instability problems.' The instability of shale as a drilling

medium is caused primarily by the transport of water through it.>

Shales are essentially rocks that have been formed by the compaction of marine
sediments. Water is squeezed out of the rock as the sediment is buried deeper and
deeper by the deposition of further sediment layers. The degree of compaction of marine
sediments increases as the depth of burial increases as long as excess water is able to
escape frqm the shale. As a consequence, older shales are more compact, retain less
water and as a result are hard and less easily dispersed into water whereas, younger
shales are softer and disperse easily when mixed with water. The appearance and
behaviour of shales encountered in an oil well vary dramatically yet all shales have one

feature in common in that they all contain a large proportion of clay.’

The amount and type of clay, the depth of burial and the quantity of water
associated with the shale all have a large bearing on the stability of a shale when being
drilled. The amount of clay found in shale is dependent on the composition of the shale
sediments as they are deposited on the sea bed. The type of clay found in shale not only
depends on the composition of marine sediments at the time of deposition but also the
conditions to which the sediment is subjected once buried. The types of clay found in
shale may be classified as either expandable or non expandable. Expandable clays are
able to intercalate large quantities of water which make the clay swell. Swelling clays are

known as smectites of which montmorillonite is the most common example. Conversely,
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non expandable clays swell to a much lesser degree on wetting with water than
expandable clays. The types of clay belonging to this category which are most commonly

found in shale are illite, chlorite and kaolinite.

Thg swelling clay montmorillonite is the type of clay predominantly found in
younger, less compa@:ted sediments. As sediments increase with age and therefore the
depth to which they are buried, the percentage of illite (non swelling clay) in the shale
increases which is attributable to the conversion of montmorillonite to illite. The
alteration of smectifes to illite is called “diagenesis” and is thought to proceed as a direct
result of the temperature attained as sediments were buried deeper rather than the
pressure they experienced. Diagenesis also involves the replacement of exchangeable

Ca®* and Na" ions usually found in montmorillonite by K* ions.

- There are mariy different forces acting on shales which cause their instability
while being drilled. One of the major destructive forces however can be attributed to the
adsorption of water which in turn leads to degradation of the drill hole wall (drill hole
enlargement) and also disintegration and dispersion of drilled solids during removal from
the drill hole (drill hole closure).” The mechanism by which shale adsorbs water can be
wholly attributed to the clay present in the shale. Expandable clays such as
montmon’lloﬁite which have the ability to intercalate large quantities of water are
therefore the; most tfoublesome type of clay encountered in shale. The force by which
clay draws v&ater info the shale can be very large and therefore a mechanism to restrict
the ingress Qf water into shale is required for drill hole stability. Drill hole stability is
achieved by formulating a drilling fluid, sometimes called a “mud” which performs many

functions to maintain the integrity of the drill hole including minimisation of water ingress
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into clay. The three main properties of a drilling fluid that are controlled to maintain drill

hole stability are:®

Density.

Control of the density of a drilling fluid is required to prevent blowouts from the
drill hole Which may occur if gasses and oil escape from the porous rocks being drilled.
Rheology.

Rheology control is required for the efficient removal of drilled solids (cuttings)
from the drill bit to the drill platform.

Filtration.

Filtration control is effected by the use of solids in the drilling fluid which form a
thin layer of low permeability (filter cake) on the inside wall of the drill hole. This
reduces the amount of fluid permeating into the pore spaces and therefore prevents

excessive wall cake accumulation and fluid loss.

1.1  Drilling Fluid Composition.

Drilling fluids are classified according to the constitution of their continuous
phase, two main types predominate.
1.1.1 Water Based Fluids/Muds (WBM).

WBM have a continuous phase of water and are classified as fresh water fluids or

salt water fluids according to the salinity of the medium.

The discontinuous phase in WBM maybe a liquid, solid or a gas. The solids
found in WBM are often barite used as a weighting agent to prevent blowouts, clay

minerals to control rheological and filtration properties and the drilled cuttings. Other
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additives include polymers and surfactants which help to maintain drill hole stability. The
use of polymers in WBM is mainly to prevent disintegration of cuttings by preventing the
interaction of sﬁale with water. The mechanism by which polymers effect this will be
~ discussed later. Soluble salts such as KCl are also added to WBM to reduce the
dispersion of clays and promote shale inﬁibition by shielding the negative charges on the

clay.

1.1.2 Oil Based Fluids/Muds (OBM).

When the continuous phase of a mud is oil, it is classified as an oil based mud.
OBM usually contain water as the discontinuous phase which may be present in
proportions up to 50%. Solids in the drilling fluid consist of barite used as a weighting
agent and drilled solids such as clay. Clay minerals are also added to muds to control
filtration and rheological properties, however because clay is hydrophilic, surfactants are

also required to produce a stable emulsion.

1.2 Environmental Considerations When Choosing A Drilling Fluid.

OBM were first used in the North Sea in the late 1970’s and quickly became the
most widely used dﬁlling fluid with 265 of the 345 UK wells in 1988 being drilled with
OBM.” The drilling industry prefers the use of OBM because they provide the most
effective stabilisation of reactive shales during drilling.® The advantages of using OBM
over WBM arises due to the lack of water in their continuous phase which prevents them
from (i) hydfating and dispersing water sensitive clays, which leads to loss of bore hole
integrity in shales, (ii) dissolving salts, leading to borehole enlargement, and (iii)
corroding the ferrous metal of the drill equipment, giving loss of mechanical strength.

OBM also provide better lubrication and higher thermal stability than WBM. As OBM
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promote good shale inhibition, this in turn means the efficient removal of cuttings from
the drill hole to the drill platform. On the drill platform, the cuttings are separated from
the mud via a shaker screen. The mud is then recycled back down the drill hole while the
oil covered cuttings are discarded into the sea. It is now generally accepted that the oil
on the discarded cuttings does have a long term and cumulative effect on seabed-
dwelling life. Consequently in the North Sea and offshore US, two of the most active
drilling areas world-wide, discharge of any waste from OBM has been banned or severely
restricted with the emphasis on zero discharge.” Compounding the environmental issues
is the fact that industry is placing greater demands on drilling fluids via the drilling of
extended reach, horizontal and high pressure/temperature wells. These new requirements
of a drilling fluid, in addition to existing ones such as inhibiting shale disintegration,
controlling fluid loss and minimising well formation damage have lead to a persistence in
the use of OBM when dealing with water sensitive shale. This persistence in using OBM
has resulted in expensive and sometimes impractical methods of dealing with oil
contaminated cuttings. New ways of dealing with oily cuttings which comply with recent
environmental legislation include:
1. Cleaning the oil from cuttings with solvents before discarding them'’

2. Transporting the cuttings to a land fill site which in effect transfers the
problem.

3. Re-Injection of cuttings. Here the contaminated cuttings are, slurried in

water, ground to a fine size and injected into relatively deep formations
behind the well casing."

To overcome the problems of drilling through shale and recent environmental
legislation, water based drilling fluids are being developed which have little

environmental impact but offer performances closer to OBM than existing WBM.
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If WBM are to be used successfully for drilling wells where shale is present then
certain criteria must be fulfilled.'> They must provide (i) good shale inhibition which is
an essential requirement for a drilling fluid in the North Sea, (ii) be highly lubricating to
cope with extended reach and horizontal well drilling. vOBM must also show good fluid
loss control, not increase the risk of differential sticking, cause little formation damage

and have acceptable thermal stability.

From a healtm safety and environmental standpoint, these muds must be safe to
handle, have low human and eco-toxicity and be readily biodegradable. The problem
with established WBM such as potassium chloride/polyacrylamide (KC/PHPA), is that
these muds are not nearly as good at promoting shale inhibition as OBM and as a result
their use can increase drilling costs substantially. Improved inhibition in WBM has been

achieved recently and two categories of improved mud exist.
1. Drilling fluids containing cationic polymers.

2. Drilling fluids containing glycol additives.

1.2.1 WBM Containing Cationic Polymers.

Cationic pbiymer additives have been found to be useful as shale inhibitors in WBM
with performances approaching those of OBM. Problems have arisen however because
some cationic pblymer‘ additives have been found to be incompatible with other mud
additives.® Concerns have also arisen over the environmental impact of some of these
cationic specieé on marine organisms. The major problem with these muds is however

their high depletion rates which drastically escalates drilling costs.'*™
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1.2.2 WBM Containing Glycol Additives.

Polyglycols have recently been added to KCI/PHPA WBM with much success. It
has been found with the addition of 3% loadings of polyglycol to the mud that dispersion,
swelling and softening of shales are all greatly reduced compared with the base mud.
PHPA may also be omitted from the formulation without appreciable loss of inhibition.
Polyglycols also show low human and eco-toxicity, are compatible with all common mud
additives and due to their low molecular weight do not contribute significantly to mud
rheology. Consequently polyglycol mud additives are the preferred additive in WBM to
maximise shale inhibition. Present day emphasis has therefore been centred on
formulating new mud additives in an attempt to produce a WBM whose inhibition
properties are equal to, if not superior to those of an OBM yet do not have their
associated toxicity. Improvements in mud additives with shale inhibitive properties can
only be realised by a firm understanding of the mechanisms by which currently available

polycation and polyglycol mud additives effect shale inhibition in WBM.

One new area of research which has not been mentioned as yet is the
investigation into pseudo-oil based mud (POBM). A POBM may be defined as a drilling
fluid, the continuous liquid phase of which consists of a low toxicity, biodegradable “oil”
which is not of petroleum origin."> To date the best POBM, which were first introduced
in 1989, have used ester based fluids which have shale inhibition properties comparable
to regular OBM. POBM are not however widely used because the ester fluids suffer
from the limitation that at well temperatures in excess of 150°C, the ester hydrolyses to
the component alcohol and fatty acid, leading to unstable fluid properties. Research is
however underway into the use of other biodegradable, non petroleum oils which do not

have the aforementioned temperature limitations.
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CHAPTER 2

An Introduction to Clay Minerals.
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2. An Introduction to Clay Minerals

Clays are composed of silica, alumina, water and usually a quantity of iron, alkalis

and alkaline earths. The term clay may be considered from two different perspectives :

From a mineralogical standpoint, clay may be described as a group of minerals
which are the product of weathering, have been formed by hydrothermal action, or have
been deposited as a Ysediment. Grim'® defines ﬁlay as a natural, earthy, fine-grained
material which develops plasticity when mixed with a limited amount of water. Plasticity
is the ability of the clay to be deformed under pressure, the deformed shape being

retained with the removal of the pressure.

From a particle size standpoint, the clay fraction of an earthy material is the
fraction containing the smallest particles. The upper limit of the clay fraction size is
defined diﬁ‘efently in different disciplines, for example in geology the Wentworth'” scale
defines the clay fraction as having a particle size less than 4 microns. It is generally
accepted however that clay minerals have a particle size of less than 2 microns when
slaked in water. Slaking clay is a technique used to separate the clay minerals from non-
clay mineral components of soils or other naturally occurring earthy materials. The
heavier particles sink to the bottom while fine grained clay mineral particles remain in
suspension and the larger clay parﬁcles break down to a size of less than 2 microns. This
method of clay mineral separation/purification is performed on all the clay used for this

study and will be discussed in greater detail later.

Clay minerals have been important to man for thousands of years with the
production of earthen-ware vessels and ceramics. Investigation into these materials

therefore dates back far into antiquity. The first serious scientific investigations into a
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clay were carried out in 1847 by Damour and Salvett.'® They investigated a clay from
the Montmorillion region in France which they later termed montmorillonite. The
properties of clay minerals were also being investigated around this time for example in

1852 Way studied the ability of clay soils to adsorb manures."

When a method by wﬁich clay minerals could be analysed was finally devised, it
was found that clay minerals differed widely in the quantities of alumina, silica, alkalis
and alkali earths that they contained. It was also found that clays with the same ultimate
chemical composition invariably had different physical properties while clays with similar
physical properties often had different chemical compositions. It was not until the middle
of this century with the advent of electron microscopy, infra-red spectrometry, X-ray
diffraction and thermal analysis techniques that the relationship between the chemical
combosition, the structure and the physical properties exhibited by a clay began to be
under—stood. The fact that clays have a great diversity of physical properties may then be
explained by considering differences in the structural arrangement of the clay’s chemical
components. In fact clays are comprised of sheets which in turn are composed of one or
two basic unit cells which are polymerised into the two dimensional sheet. Different
arrangements of these sheets and the presence of different cations greatly determines the
physical properties of a clay, (clay composition and physical properties are discussed in

greater detail in section 2.1).

Today clays are described as hydrous aluminium or magnesium silicates which

contain varying proportions of iron, alkalis and alkaline earths.
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2.1 The Structure of Clay Minerals, Their Cation Exchange Capacity and

Swelling Properties.

2.1.1 The Fundamental Building Units of Sheet Silicates.

There are two simple sheet fbrming units from which all clay minerals are

constructed;
1. Silicon tetrahedral units which combine to form the tetrahedral sheet.

2. Aluminium or magnesium octahedral units which combine to form the

octahedral sheet.

These two sheets in turn combine to form two dimensional sheet structures, which are

stacked one on top of the other to form the clay layers in a clay particle.

2.1.1.1 The Tetrahedral Sheet.

In each silicon tetrahedral unit (Figure 1a), a silicon atom is located at the centre
of a tetrahedron, equidistant from four oxygen atoms or hydroxyls. The silica tetrahedra
are polymerised into a hexagonal network, by linkage of three oxygen atoms at the base
of each tetrahedrén, witﬁ three adjacent tetrahedra forming a flat tetrahedral sheet. All
tetrahedra bases li§ in the same plane, consequently all apices point in the same direction,
(Figure 1b). Thé chemical composition of a single silicon tetrahedron is SiO4*, after
polymerisation into an infinite two dimensional sheet structure, the chemical composition

is Si;O¢(OH)4, (Figure 2).
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Key: O and { =Oxygen @ = Silicon

@ | ()
Figure 1. Diagrammatic sketch of (a) a single silica tetrahedron and (b) the sheet

structure of silica tetrahedrons arranged in a hexagonal network.

Figure 2. The silica tetrahedral sheet projected on the plane of the base of the

tetrahedrons, showing the hexagonal network.
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2.1.1.2 The Octahedral Sheet.

The octahedral units (Figure 3a) are polymerised into a two dimensional array or
sheet, known as the Qctahédral sheet. The octahedral sheet coﬁsists of two parallel
planes of closely packed oxygens or hydroxyls in which Al, Fe or Mg ions are embedded
in octahedral co-ordination,v(Figure 3b). When aluminium is present, only two thirds of
the possible positions in the lattice are filled whereas when magnesium is present, all the
positions are filled to balance the structure. The hydroxyl species is formed in the sheet
when the oxygen atoms gain a negative charge, due to bonding between the octahedrons

in the sheet , and bind a proton to satisfy their valency requirements.

2.1.1.3 The Layer Silicates.

~ The differences between the various types of clays is the way in which the
tetrahedral and octahedral sheets combine to form the clay layer. In fact the ratio of
tetrahedral to octahedral sheets and the type of cation in the sheets, is the basis for a

classification system used to assign clays to various groups.

The symmetry and almost identical dimensions of the tetrahedral and octahedral
sheets, allows for sharing of the oxygen atoms between the two sheets, (Figure 4). When
one tetrahedral and one octahedral sheet combine to form a layer, this is said to be a 1:1
(T:0) type clay such as kaolinite. If two tetrahedral sheets sandwich one octahedral
sheet between them, this is known as a 2:1 (T:O:T) type clay such as the smectite,

montmorillonite. This combining of the tetrahedral and octahedral sheets occurs when
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Key: QO and < = Hydroxyls @ = Aluminium, Magnesium etc.

Figure 3. Diagrammatic sketch of (a) a single octahedral unit and (b) the sheet

structure of the octahedral units.

Key: QO and {_=Oxygens @ = Aluminium, Iron or Magnesium

© = Hydroxyls @ = Silicon or occasionally Aluminium

Figure 4. Diagrammatic sketch of the combined tetrahedral and octahedral sheets

in a smectite clay.
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the oxygen atoms at the apices of the tetrahedral sheets are shared with the plane of

oxygen atoms in the octahedral sheet, (Figure 4).

2.1.2 The Structural Classification of Clays. |

Most clays fall into the 1:1 or 2:1 type clay groups, and clays that are not
members of these groups are usually structurally modified 1:1 or 2:1 clay types. Table 1

lists the major groups of clays and arranges them according to their structural

classification.
Property Kaolin Mica Mont* Chlorite
Layer Type 1:1 2:1 2:1 2:1:1
Crystal Structure sheet sheet sheet sheet
Particle Shape hexagonal | extensive flake plate
plate plates
Particle Size 5t00.5 large sheets | 210 0.1 5t00.1
Microns_ to 0.5
Surface Area
BET-N, m’g’ 15t0 25 50t0 110 | 30to0 80 140
BET-H,0 m’g” - - 200 to 800 -
Cation Exchange 3to 15 10to 40 60 to 130 10 to 40
Capacity meq/100g
Viscosity in water low low high low
Effect of salts flocculates | flocculates | flocculates | flocculates

Table 1. A summary of the structure and properties of the most common clay

minerals.

Mont* = Montmorillonite.
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The differences between clays are often expressed as a combination of the

following four parameters:

1. The layer charge.

2. Isomorphous substitution.

3. Interlayer cations.

4. Ability to intercalate water, organic molecules or cations.

This list of parameters can be used to describe some of the main differences between the

most common clay types as shown below.
(a) The Kaolinite-Serpentine Group.

Examples:  Kaolinite [AL:Si4010(OH)s]
- Chrysolite [MgsSis010(OH)s]

1. Overall the layers are amphoteric, carrying a negative charge on one side of

the layer and a positive charge on the opposite side.

2. Interlayer cations do not occur as hydrogen bonding and strong electrostatic

forces hold the layers tightly together.
3. Intercalation is limited, but is possible with polar molecules.

(b) The Pyrophyllite-Talc Group.

Examples:  Pyrophyllite [Al4Sis02(0OH),4]
Talc [Mg6SigO2(0H)4]
1. Carry no layer charge.

2. Isomorphous substitution does not occur.
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3. Intercalation is rare, although there have been some reports that water

molecules and organic molecules have been detected between the layers.

(c) The Smectite Group.

Examples:  Montmorillonite [(Nay 6)(Als.sMgo.6)Sis020(OH)4]
~ Saponite [(Nao.6)(Mgs)(Si7.4Aly6)020(0H)s]
1. Carries a layer charge of 0.5-1.0 units per unit cell.

2. Isomorphous substitution readily occurs, with the cations absorbed to balance

the layer charge.
3. Readily undergoes cation exchange.

4. Intercalation of water and organic molecules also occurs.

(d) The Vermiculite Group.

Example: Vermiculite  [(Mgo.6)(Als)(SissAl12)O02(OH)4]
1. Carries a high layer charge of 1-2 units per unit cell.
2. Isomorphous substitution occurs only in the tetrahedral sheet.
3. Undergoes cation exchange with some difficulty.
4. Intercalation of water and organic molecules also occurs.

(e) The Illite Group.

Example: Illite [(K1.6)(Mge)(Sis.4Al; 6)O20(0H)4]
1. Carries a layer charge of 1.6 units per unit cell.
2. Isomorphous substitution occurs in the tetrahedral sheet.

3. Exchange of the interlayer cations is difficult.
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4. Strong interlayer bonding makes intercalation very rare.

(f) The True Mica Group.

Example: Muscévite [(K2)(Al)(SisAlz)O2(0H)4]

1. Carries a layer charge of 2 units per unit cell, causing strong interlayer

bonding.
2. Isomorphous substitution occurs in the tetrahedral sheet.
3. Interlayer substitution of cations ié rare.
4. Intercalation is also very rare.

(2) The Chlorite Group.

Examples: Donbassite  [AlgSisO2(H,0)4]
- Clinochlore  [Mg;2Sig020(OH)s]
1. No layer éharge occurs in this group.
2. Interlayer cations are not replaceable.

3. Intercalation of water occurs only when the hydrogen bonding between the

layers is disrupted.

The structure and properties of the 2:1 smectite, montmorillonite, the type of clay

examined in this study, will now be considered in greater detail.
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2.2 The Structure and Properties of Montmorillonite.

Montmorillonite is a dioctahedral smectite with a typical formula of’
Nao.ssAll.sMgo.3ssi4O10(0H)2.

The three dimensional structure of montmorillonite can be represented two
dimensionally, (Figure 4). This model for montmorillonite was proposed by Hofmann-
Endel-Wilm,? in 1933 and has been modified over the years by Marshall,”’ Madgefrau
and Hofmann,?? and Hendricks,® into the structure for montmorillonite which is the

most widely accepted today.

A much less widely accepted model for the structure of montmorillonite also
exists as proposed by Edelmann and Favajee in the 1940’s.>* With this model, some
hydroxyl groups are attached to silicon and the structure is balanced by inverting a
number of tetrahedra in the tetrahedral sheet. Alternate silicon tetrahedra are inverted
therefore all the apical oxygen atoms in the tetrahedral sheet do not lie in the same plane.
This model was later modified to 20% of the tetrahedra being inverted. This was to
account for the observed cation exchange capacities of montmorillonite which could not
be explained by the model where alternate silicon tetrahedra were inverted. The ‘gaps’
or ‘holes’ left in the tetrahedral layer by inversion are filled by hydroxyl groups. No
isomorphous substitution occurs in either the octahedral or tetrahedral layer with this
model, the cation exchange capacity is supposedly due to the dissociation of hydroxyl
groups in the tetrahedral sheet. This model for the structure of montmorillonite is less

widely accepted, mainly due to two reasons:

e Si-OH bonds in silicate minerals are rare.
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e If dissociation of the hydroxyl groups on the surface of the tetrahedral layer accounts
for the cation exchange capacity of montmorillonite, the exchange capacity would
vary with changing pH, there is no evidence of this happening. This thesis therefore

only considers the modified Hofmann ef al. model.

Montmorillonite can be distinguished from other smectite clay layers by virtue of
the fact that montmorillonite is an aluminous smectite. This is to say that A’ cations are
predominant in the octahedral layer. The AI** cations may be isomorphously substituted
by Mg®* or Fe** which results in the accumulation of a net negative charge on the layer.
Isomorphous substitution of Si* by AP’* in the tetrahedral layer also occurs but to a
much lesser extent. This net negative charge on the layers is balanced by the uptake of
cations into the interlayer and accounts for the large CEC of montmorillonite. Because
the majority of the isomorphous substitutions are in the octahedral layer, the charge on
the cl~ay is sited mainly in the centre of the clay particles. This means that compensating
cations are unable to approach the negative cﬁarge sites closely enough to completely
loose the ionic character of the cation or the mineral surface. This residual ionic
character maintains the clay in a stable structure and accounts for many of the properties

of a montmorillonite such as intercalation of organic molecules and water.

2.2.1.1 The Cation Exchange Capacity (CEC) of montmorillonite.

Montmorillonite usually occurs naturally in the Ca®* exchanged form, however
Wyoming bentonite occurs predominantly in the Na™ form and as a result is relatively
unique. If natural clay is placed in a solution of a different cation, ion exchange occurs

between cations associated with the clay surface and cations in solution (Equation 1).%
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X-Clay +Y* & Y-Clay + X"

Equation 1. The equilibrium set up between cations associated with the clay, X,

and cations in solution, Y.

The reaction moves to equilibrium but the extent to which the reaction moves

from left to right is dependant on:

1. The nature of the cations X" and Y'.
2. The relative concentrations of X and Y.

3. The nature of the clay.

The CEC of a clay is usually expressed in milliequivalents of each cation per 100
grams of clay (meq/100g). Montmorillonite has the largest CEC of any clay mineral, in

the order of 60-130 meq/100g.

The CEC of a clay is dependant on many factors. The structure of the clay
determines which of the factors below is most important in determining the magnitude of

the clay’s CEC.

2.2.1.2 Isomorphous Substitution.

Isomorphéus substitution in montmorillonite clays, is usually the substitution of
AP** in the octahedral layer by Mg®* or Fe*, or less commonly Si*" by AP* in the
tetrahedral layer. The isomorphous substitution gives rise to a net negative charge on the
layers which is balanced by the uptake of cations into the interlayer or interlamellar
space. With montmorillonite, this process accounts for 80% of the total CEC of the clay.

Isomorphous substitution varies in different minerals in the following ways.
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e Tetrahedral substitution may be dominant or no substitution may occur at all as in
pyrophyllite.
e The extent of isomorphous substitution and therefore the CEC of clays varies

enormously.

2.2.1.3 Broken Bonds at The Edges of Silicate Layers.

At the edges of silicate layers, there are aluminium, silicon, oxygen and. hydroxyl
ions which have unsatisfied valencies or ‘broken bonds’ as they are often called. These
unsatisfied valencies must be accommodated by external ions which become associated
with the edge sites in order to ensure electrical neutrality. These counter-ions may be
exchanged for other ions and are therefore a source of cation exchange in a clay mineral.
In halloysite, a 1:1 type clay, these broken bonds are the major contributing factor to the
CEC as no isomorphous substitution takes place. In the case of montmorillonite, broken

bonds account for only 15-20% of the total CEC of the clay.

2.2.1.4 Ionisation of Basal Hydroxyl Groups.

Tonisation of basal hydroxyl groups produces a negative charge on the oxygen
and a hydrogen ion which may then be exchanged for other cations. This process is
thought to account for the remaining CEC on montmorillonite which has not already
been accounted for by the two previous processes. The 1:1 clay types such as kaolinite
have exposed planes of hydroxyl groups on one side of the silicate layer. The
consequence of this should be that hydrogen atoms of these groups could be replaced
and therefore should contribute significantly to the CEC of kaolinite clays. This is not
thought to be the case as the protons of the hydroxyl group are tightly bound to oxygen

making them difficult to remove by a sterically larger cation. The strength of the O-H
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bond is one of the main arguments against the Edelmann-Favejee model for the structure
of montmorillonite in that inversion of 20% of the silicon tetrahedrons in the tetrahedral
sheet would expose a hydroxyl surface to the interlayer space. Exchange of protons
from the exposed hydroxyl groups then has to account for approximately 80% of the
CEC of montmorillonite clay which is thought unlikely. Again if this model were correct,

it would be expected that the CEC would be dependant on pH which is not the case.

2.2.1.5 Exchangeable Cations.

The position of exchangeable cations in the clay structure depends on the cation
and the type of clay in question. As stated previously, with montmorillonite,
approximately 20% of the exchangeable cations are associated with broken bonds at the
edges of the silicate sheet while the other 80% of the CEC is situated on or between the
basal-surfaces of the silicate layers. The sites that cations occupy within the interlayer of
clay, to a large extent depend on the hydration state of the clay. If the clay is anhydrous,
small exchangeable éations may occupy the hexagonal cavity in the tetrahedral sheet. As
two or more water layers are adsorbed by the clay, the cation is displaced from the
hexagonal cavity and lies between the water layers which are now in contact with the

basal surface of the clay (Figure 5).
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Figure 5. The location of the cation in hydrated montmorillonite which depends

upon the hydration state of the clay.

The position of the cation in the interlayer space not only depends on the
hydration state of the clay, but also on several other factors including the charge, size and
hydration radius of the cation. The replaceability of cations associated with the clay by
cations of a chosen type depends on a number of factors:

1. The concentration of electrolyte solution brought in contact with the clay.

2. The population of exchange sites on the clay.

3. The nature of the cation i.e. valency, hydration energy, size.
4. The nature of the clay mineral.

The replaceability of one exchangeable cation with another can be difficult to
predict as different iohs have different attractive forces for the exchangé sites on a clay.
It is generally accepted that the replacing power of cations follows the series
Li'<Na'<K'<Mg*'<Ca’<H’". As a rule ions of higher valency replace those of lower

valency and are bound more tightly to the interlayer exchange sites. If the cations are of
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the same valency; 'larger ions are generally better at replacing smaller ions until the
exchanging ion’s size and co-ordination properties do not allow it to fit the hexagonal
cavity of the tetrahedral sheet optimally. Hydrogen is an exception to the rule as it
behaves like a slightly hydrated di- or trivalent ion. From the replaceability series
outlined above, it can be seen that at equal concentrations, Ca* will displace more Na*
than Na* will displace Ca®*. As stated earlier, if the concentration of the replacing cation
is increased the exchange reaction may become favourable i.e. at high concentrations of

Na', Ca®" will be replaced.
2.2.1.6 Adsorption of Water By Layer Silicates.

Montmorillonite is able to adsorb polar molecules such as §vater by virtue of the
fact that clay platelets have a residual ionic character. This as mentioned previously is
because compensating cations are unable to approach the negative charge sites (mainly
situated in the octahedral sheet) closely enough to completely loose the ionic character of
the cation or the clay surface. Montmorillonite is éble to adsorb water to a greater extent

- than many other clays because water is not only adsorbed on the external surfaces but

also in the interlamellar space (Figure 6)

' Silicate layers
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Figure 6. The expansion of the clay layers from the edges inwards upon

«

intercalation of water.
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Many of the unique properties of montmorillonite are due to the large surface
area which becomes available when water enters the interlamellar space and the clay fully
hydrates to produce single layers. In contrast to montmorillonite, kaolinite can only

adsorb water on its surface as no interlayer space is available.

Properties of the clay miﬁeral i.e. the charge density on the clay surface and its
origin, whether tetrahedral, octahedral or both has a limited affect on the quantity of
water adsorbed. Montmorillonite with a low layer charge (see section 2.1.2), intercalates
a large quantity of water. Clay minerals with a high layer charge have a lqwer tendency
to intercalate water and organic molecules as the increased electrostatic interaction
between the layers and cations make it more difficult for the intercalating molecule to
prise the layers apart. Particle size is also important as it determines the proportion of

free surface to interlamellar surface.

The main factor governing the quantity of water adsorbed by montmorillonite is
the nature of the interlayer cation. The main properties of the interlayer cation which.

affect water adsorption are:

1. Size.
2. Valency.
3. Eleétronegativity.

4. Hydration energy.

Norrish,?® showed with Na-montmorillonite that the layérs could be expanded
stepwise with the addition of water layers to anhydrous Na-montmorillonite at 9.6 A to
give a basal spacing of 40 A, above which the layers are taken to be completely

dissociated. Conversely it was found that Ca-montmorillonite did not expand beyond
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19.0 A. The differences observed for the intercalation of water into Na and Ca®

exchanged montmorillonite can be explained in the following way:

A monovalent cation, such as Na’, can associate with a charge deficient area on

the clay surface such that on hydration, single clay sheets predominate (Figure 7).

Expansion to infinite
Separation

Figure 7. The expansion to infinite separation of Na-montmorillonite on hydration.

A divalent cation, such as Ca**, cannot associate with two charge deficient areas
on one clay surface effectively and as a result must bind two clay sheets together. This
results in a reduced surface area and reduced basal spacing of the clay sheets compared

with Na-montmorillonite (Figure 8).

Figure 8. Divalent cations associate with two different clay platelets and

consequently their basal spacing upon hydration is small.
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CHAPTER 3

Clay Polymer Interactions.
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3. Clay Polymer Interactions

The systematic study of clay-polymer interactions is a relatively young scientific
discipline. Only since the early 1940’s have major advances been made in determining
the interactions of organic compounds with clays. Pre 1940’s, people knew that clay-
organic interactions existed because clays were used in many processes including the
decolourising of edible oils and clarifying alcoholic beverages. Clay-organic interactions
can even be traced back as far as biblical times when aqueous slurries of crude clay were

used for the removal of grease from raw wool, known as the Fulling Process.

One of the main reasons for the rapid advances made in the 1940’s occurred
because it was realised that the inclusion of polymers into soil gave improved soil
structure.”’?*-*  Since the 1940’s, the interactions of polymers with clays have found
widespread industrial use, not only as soil conditioners but also as fillers and extenders in

natural and synthetic rubbers. Clays are also useful fillers in thermoplastic polymers.

Clay/polymer interactions have also been used for many years to control the
stability of solid/liquid dispersions. Adsorbed polymers can be used to either keep
particles apart (deflocculate) or bind them together (flocculate). Whether flocculation or
deflocculation occurs is wholly dependent on the conditions existing in the clay-polymer
medium, such as ionic strength and the type of polymer used whether neutral, cationic or
anionic. Many industrial processes have grown up around the ability of adsorbed
polymers to flocculate or deflocculate clays. The paper making industry for instance
makes use of the interactions occurring between kaolinite and polymeric adhesives and
dispersant‘s which are mixed prior to contact with dilute suspensions of cellulose fibres.

The kaolinite in the paper acts as a filler and also as a coating agent. Flocculation of
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suspended particles by polyelectrolytes is also the mechanism by which solid-liquid
separation is achieved in mineral processing and also water and sewage treatment.
Dispersion mechanisms on the other hand are made use of in paint production. The oil
exploration industry has also made use of clay-polymer interactions since 1937 when
corn starch was added to a bentonite drilling mud to control the filtration
characteristics.>® Rapid adi/ances in drilling mud technology lead to the introduction of
other polymeric compounds such as carboxymethylcellulose, tannins and
lignosulphonates which were all common additive§ by 1945. These polymeric additives
were initially used to extend the properties of z; simple clay based mud and to protect the
clay from salt flocculation. In present day drilling muds, the polymeric additives are

often specifically designed for drilling particular formations.

The interactions of polymeric compounds with clay, can to a certain extent be
related to the interactions between clay and smaller organic species which have been
fairly well characterised with respect to their mode of bonding and orientation on the clay
surface. This information gained for short chain organic species plays a large role when
trying to interpret the interactions of polymers with the clay surface. Polymers differ
from small organic compounds in their adsorption onto clay surfaces in the following

ways. >

1. The number of conformations which a molecule can adopt at an interface

will increase rapidly with increasing molecular size.

2. The large number of possible surface contacts for a polymer molecule

give rise to a large net energy of adsorption.

3. Polymer systems usually require longer times to reach equilibrium
because the sizes of the molecules permit slower diffusion to the

interfaces.
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4, There is a significant probability that the polymer will not adopt a
configuration consistent with the minimum free energy of the system but

that it will adsorb instead in a metastable conformation.

Thus, interactions of polymers with clay surfaces is' a very complex science, in
which even the way that the components of the system are brought together and mixed
can have a large bearing on the complex formed. It is because of these numerous clay-
polymer interactions that this chemistry is still largely descriptive, however interest in this
area is huge because of the industrial applications and therefore a wealth of literature is
available. It is for this reason that the present study will concentrate on literature that has

a direct bearing on the work carried out in this study.

The effect of the nature and magnitude of the charge on the polymer with respect
to adsorption onto clay Will now be discussed. Q will be used to designate the amount of
polymer adsorbed onto the clay where Quax represents the maximum adsorption value or
plateau. Other factors which effect the adsorption of neutral, anionic and cationic

polymers will also be cb_nsidered and are outlined below.
1. Exchange cation on the clay surface.
2. Polymer molecular weight and structure.

3. Ionic strength of exchange medium.
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3.1 The Mechanisms of Polymer Adsorption on Clays.

3.1.1 Neutral Polymers.

The adsorption of an uncharged, flexible, linear polymer from aqueous medium
onto a clay surface generally leads to the desorption of numerous watér molecules.”**
The desorption of this number éf water molecules from the silicate surface leads to a net
gain in entropy. Hydrogen bonding between hydroxyls or other polar groups on the
polymer with oxygens of the silicate layer usually results in a very small or even positive

enthalpy change.®> Thus the adsorption of neutral polymers, especially those of higher

- molecular weight, is largely an entropy driven process.

3% With adsorption onto

In solution the polymer tegds to exists as a random coil
the clay surface, the polymer unfurls and spreads out at the solid/solution interface. This
unfurling leads to a number of contiguous sequences of polymer segments in close
contact with the clay surface which are known as “trains”. Trains are interspersed by
“loops” which extend away from the clay surface as do the “tails” which are found at
~ either end of the polymer chain, (Figure 9). The fraction of train segments, p, which in
uncharged polymers is about 0.4 (i.e. an average of 40% of the total polymer segments
may be in contact with the clay surface) is therefore an important parameter when
considering the total energy of adsorption. Considering that the net segment-surface

interaction energy, €, is of the order of 1 kT unit, the total energy of adsorption may be

largely due to the multiple segment surface interactions.

Adsorption of polymer onto the surface of clay is usually irreversible because it is
highly improbable that all the train segments will become unattached simultaneously and

remain so long enough for the polymer and clay to separate.*®
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Figure 9. Diagram illustrating the desorption of numerous water molecules from a
clay surface during the adsorption of an uncharged linear polymer, leading to a net
gain in entropy by the system. The change in polymer conformation from a
random coil in solution to a more or less extended chain at the clay/solution

interface is also indicated (after Theng,”® 1982).
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Parfitt and Greenland,*® however found that more than 80% of the polyethylene glycol
(PEG) with a molécular weight of 300 could be removed from Ca-montmorillonite by
repeated washing with distilled water. Conversely they also found that PEG with a
molecular weight of 2000 could not be desorbed from the clay surface by washing with

distilled water.

Neutral polymers generally interact strongly with clay minerals, most recorded
isotherms are therefore of the “high affinity” H-type. The most informative region of the
isotherm is the initial rapid rise from which information concerning the size of loops
extending away from the clay surface may be gained. Unfortunately in H-type isotherms,
this region is notoriously difficult to map out and even when great care is taken in
determining the initial steep rise of the slope, the results may not be particularly
enlightening. Burchill e al.** however determined from the isotherm’s initial rapid rise
that polyethylene oxide (PEO) adopts a fully extended conformation covering 26, 51 and
61% of the surface of a Na-montmorillonite as the molecular weight of the polymer

increased from 800 through 1500 to 4000 respectively.

3.1.2 Examples of Neutral Polymer/Clay Interactions.

3.1.2.1 Influence of Exchangeable Cations.

The exchangeable cation associated with the clay surface can have a large bearing
on Q, the quantity of polymer adsorbed by the clay. In a study carried out by
Greenland,” it was found that the amount of polyvinyl alcohol (PVA) adsorbed by Na-
montmorillonite was far greater than that adsorbed by Ca** or Cs' exchanged
montmorillonite. Qmax for the addition of PVA (Mwt 25000) to Na-montmorillonite was

800 mg g clay whilst the observed Quax on Ca** and Cs' exchanged montmorillonite
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was only 300 and 130 mg g clay respectively. Greenland suggested that unlike Ca®* and
Cs’ exchanged montmorillonite, the surface area of Na-montmorillonite was completely
accessible to the PVA. Differences arise in the accessibility of the clay’s surface area due
to flocculation and aggregation of the clay platelets into tactoids, the extent to which this
occurs depends predominantly on the exchangeable cation associated with the clay,
(Figure 10). It is also known that when the exchange cation on montmorillonite is
exchanged from Na” to Ca”, there is an increase in tactoid size in the ¢ direction.*®~**
The number of sheets/tactoid increases from 1-2 in Na-montmorillonite to 8-10 in Ca-
montmorillonite which leads to a decrease in the surface area available for interaction
with polymer. In addition, the basal separation of Na-montmorillonite in water may be
larger than 40 A whereas Ca®* and Cs" exchanged montmorillonites do not expand

4041 Differences in basal

beyond a d(001) spacing of ~ 19 and 15 A respectively.
spacings may therefore have a profound effect on the adsorption of polymers into the
interlamellar space. For example some higher molecular weight polymers may have

dimensions in solution exceeding those of the basal spacing of the clay and therefore

these polymers cannot gain entry to the interlamellar space.

In agreement with Greenland,”” Hetzel ef al.*?

also showed that Q. for
the addition of PVA (Mwt 11-31000) to Na" exchanged SWy-1 montmorillonite was
equal to 800 mg g’ clay. This observed Qum.x value is also in agreement with that
observed by Burchill et al* for the addition of PVA to Na-montmorillonite.
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Furthermore, Hetzel ef al.”™ also showed that exchanging the largely deflocculated Na-

montmorillonite with other cations including Ca*’, Mg** and K" resulted in a decrease in

Qmax .
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Figure 10, Diagram illustrating the effect of the exchangeable cation on flocculation

and deflocculation of the clay platelets.
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The addition of PVA (Mwt 11-31000) to these three cation exchanged forms of SWy-1,
showed that adsorption increased in the order Ca?*<Mg?'<K" and exhibited Quax values
equal to 225, 250 and 400 mg g clay respectively. The decrease in Qpa, Observed on
exchanging from a predominantly Na' exchanged clay to another form has been
attributed fo a decreased interlayer distance when the clay is exchanged with K, Ca®™*
and Mg®*.** Interlayer distances for Ca®* or Mg®* exchanged montmorillonite are similar
when in aqueous solution.* Consequently the accessibility of interlayer surfaces for
PVA uptake should be equal for the two forms of cation exchanged clay resulting in

similar Qp..x values which is in fact the case, as shown above.

5 concerning the interactions between

In a recent study by Gu and Doner,*
polysaccharides (PSS) with Silver Hill illite, it was observed that only slightly differing
amounts of neutral PSS were adsorbed by three different cation exchanged illite clays.
The three types of cation exchanged clays under examination were Na®, Ca®>* and Al-p
illite (Al-p are hydroxy-Al polycations; 10* < Mwt < 5x10%) all exhibited Quax values of
between 37 and 41 mg g clay. An earlier study showed that the Q. values observed
for the addition of PSS (Mwt 2 million) to three types of cation exchanged
montmorillonite increased in the order Ca**<AI**<Na* and reaéhed values of 105, 110,

and 250 mg g clay respectively.*® In this study, as in others,”” the cation exchange form

of the clay did have a large bearing on the quantity of PSS adsorbed.

3.1.2.2 Influence of Polymer Molecular Weight.

In deflocculated montmorillonite, such as dilute suspensions of Na-
montmorillonite, increasing the molecular weight of the polymer increases the amount

adsorbed because surface accessibility is not restricted. Bottero et al.*® studied the
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adsorption of non ionic polyacrylamide (PA) on Na-montmorillonite and indeed found
that as the molecular weight of the polymer was increased from 4.4x10* to 3x10°, Quax
ihcreased from 190 fo 680 mg g respectively. The use of *C NMR spectroscopy in this
study has also shown that up to an adsorption value of Q = 200 mg g, the polymer is
adsorbed lérgely as trains for all the moleculaf weights studied. When Q exceeds 200 mg
g” however, the polymer makes larger and larger loops and tails towards the bulk
solution. In accordance with Bottero ef al., Schamp and Huylebroeck found that Qmax
for the addition of PA to deflocculated Na-montmoﬁ'l]onite increased with increasing
molecular weight.* They observed that increasing the molecular weight of the polymer
from 300 000 to 400 000 resulted in an increase in Qpax from 700 to 850 mg g”. The
Quax values recorded by Schamp and Huylebroeck also reached greater values than those
observed by Bottero et al., even for the addition of lower molecular weight PA to the
Na-montmorillonite. Greenland,” also found that Na-montmonillonite adsorbed larger
quantities of PVA as the molecular weight of the polymer was increased from 25-100
000. Finally Q.. values recorded for the addition of a range of polyethylene glycol
(PEG) molecules with increasing molecular weight to Na-montmorillonite was
investigated by Zhao ef al.*® They observed that increasing the molecular weight of the
PEG molecule contacted with Na-montmorillonite lead to increasing Qum.x values up to a
molecular weight of 2000 at which point Q,.x was approximately equal to 100 mg g
clay. Zhao et al.” state that addition of PEG with a molecular weight > 2000 to Na-
‘montmorillonite lead to no significant increase in the value of Quax. Conversely Burchill
et al.*® observed no finite Quax value for addition of PEG with molecular weights > 2000
to Na-montmorillonite. In fact for the addition of PEG with molecular weights equal to
800, 1500 and _4000 to Na-montmorillonite, Burchill e al.*® observed an increase in Qmax

corresponding to the adsorption of 78, 154, and 202 mg g™ clay respectively.
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With clay systems where the exchangeable cation is other than Na', increasing the
molecular weight of the polymer can lead to a deerease in the quantity of polymer
adsorbed due to reduced accessibility of the interlamellar region. Greenland,*” observed
that increasing the molecular weight of PVA contacted with both Ca’** and Cs-
montmorillonite resulted in a decrease in Qm.. The same phenomenon was seen by
Schamp and Huylebroeck who state that Qm.x decreased for the addition of increasing

molecular weights of PA to H-montmorillonite.*

Schamp and Huylebroeck also manage to distinguish between “surface

adsorption” and “pore” or interlamellar adsorption, postulating that:

o External surface adsorption is fast, has a normal temperature dependence for an
exothermic reaction (i.e. increasing temperature decreases the adsorption), adsorption
increases with increasing molecular weight and this is the major type of adsorption for

deflocculated clays such as Na- montmorillonite.

e Pore or interlamellar adsorption is slow, polymer molecules enter with difficulty and

maximum adsorption decreases rapidly with increasing molecular weight.

Slow pore adsorption by the H-montmorillonite was shown to almost disappear
when tﬁe PA was sufficiently large enough to be completely restricted from the pore
region of the clay. Thus Schamp and Huylebroeck confirmed that the only type of
adsorption taking place on H-montmorillonite with the addition of very high molecular

weight PA was the rapid surface type.

As stated above, the addition of increasing molecular weights of neutral polymer
to montmorillonite exchanged with cations other than Na™ can lead to a decrease in the

quantity of polymer adsorbed. One notable exception to this statement would however
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be the ad.dition of PEG to different cation exchanged clays. Parfitt and Greenland,”
have shown that increasing the molecular weight of PEG added to Ca-montmorillonite
from 200 to 2000 increases Qumax from 70 to 300 mg g™ clay respectively. This increase in
Qumx maybe because only low molecular weight polymers were added to the Ca-
montmorilionite and as a result no interlamellar restriction of polymer occurs. Zhao et
al*® also observed an increase in Qumax On increasing the molecular weight of PEG added

to a Ca-bentonite.

3.1.2.3 Ionic Strength Effects.

The ionic strength of the clay/polymer medium usually has a large bearing on the
quantity of non ionic polymer adsorbed. With increasing salt concentration, the amount
of aggregation in the system increases,” and the spacing between clay platelets
decreases.”” Both of these parameters result in a decrease in the quantity of polymer
adsorbed by the clay. The effect of added salt is to suppress the diffuse double layer of
the clay platelets which effectively means that they do not repel each other to the same
degree and therefore aggregation may occur, (section 3.3.1). Greenland,”’ found that the
basal spacing of the Na-montmorillonite and as a result Qu.x for addition of PVA to Na-
montmorillonite decreased rapidly with the addition of increasing aliquots of NaNOjs to
the medium. Quax actually decreased from approximately 750 mg g™ clay to about 120
mg g’ clay on changihg the concentration of added salt from zero to 1.0 mol L7,
respectively. Greenland,” states that any influence that added electrolyte has on the
adsorption of polymer is dominated by the effect that the added salt has on the
interlamellar separation of fhe clay platelets. In agreement with Greenland, Bailey et al.®
also rebort decreasing adsorption of neutral polymer on montmorillonite when increasing

the salinity of the medium. In this study however, K-montmorillonite was contacted with
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PA in the presence of increasing quantities of added KCl. The observed Qm.x for a
system with no added salt was 700 mg g” clay; this value decreased rapidly to
approximately 300 mg g clay in the presence of 0.4 mol L™ KCI. This decrease in Qmax
at increasing ionic strength of the medium may again be attributed to a decrease in the
interlamellar separation of the clay platelets leading to aggregation and therefore
decreasing adsorption of polymer. It should also be remembered that K-montmorillonite
exhibits a higher degree of platelet aggregation in a salt free aqueous suspension than
does Na-montmorillonite and consequently any addition of salt to K-montmorillonite

compounds this problem.

3.1.3 Cationic Polymers.

The adsorption of cationic polymers at the surface of clays is a result of
coulombic interactions taking place between the cationic groups on the polymer and the
negative sites on the clay.”>** These coulombic interactions can actually cause a reversal
of the clay’s surface charge from negative to positive beyond a given level of polycation
uptake.> It is also widely accepted that cationic polymers are irreversibly adsorbed onto
the surface of clays and consequently no rearrangement in polymer configuration can
take place after adsorption. Ueda ef al.*® noted that after contacting Na-montmorillonite
with polysulfdne (Mwt 16.7 x 10, no desorption of the. polymer occurred even after
treatment with 3.0 mol L™ NaCl or CaCl,. Recently, several investigations into the
interactions taking place between Na-montmorillonite and copolymers of acrylamide and
N,N,N-trimethylaminoethyléhlon'de acrylate (PCMA) have been carried out by a French
group. Much of their work will be discussed in the following pages along with

observations made by other authors. Denoyel et al.*® investigated the interactions taking
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place between Na-montmorillonite and PCMA by microcalorimetry. The structure of

PCMA is shown below (Figure 11).

— (CH;—CH)----+(CH;—CH)—
C=0 C=0
| | cie /s
NH, O0—CH;— CHz-—léI( CH,
CH,
(AM) (CMA)

Figure 11. The structure of PCMA prepéred by polymerisation of acrylamide
(AM) and N,N,N-trimethylaminoethyl chloride acrylate (CMA). Samples of

various cationicity were prepared by altering the molar percentage of CMA.

Denoyel et al.”® observed that for cationic polymers, the net segment surface
interaction energy, €, greatly exceeds that Qbserved for neutral polymers and assumes
values up to 4 KT for addition of PCMA to clay. They also observed that the enthalpy of
excha—nge for a CMA unit in PCMA is practically independent of the surface coverage
ratio, 6, (0 = Q/Qmax) whereas the enthalpy has generally been found to decrease with 6
for nonionic polymers.”” They state that the process of PCMA adsorption does not
allow complete coverage of the surface. For example the addition of PCMA of
molecular weight 2.0 x 10* or 2.1 x 10° to Na-montmorillonite results in O values of 0.95
and 0.65 respectively. Up to these surface coverage values, AH was constant. After
which, adsorption occurred with a reduced exothermic effect suggesting that the latterly
adsorbed macromolecules are only slightly fixed upon the surface of the clay. They also
observed that for PCMA of low cationicity, 1-5%, practically all the CMA groups of the
copolymer are adsorbed on the clay surface. This was assumed to be true since the
observed value of AH/CMA unit was similar to that obtained for the CMA monomer and

had a value of approximately 10 kJ mol™. It was also noted that the value of AH/CMA
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unit decreased with increasing cationicity of the polymer. For example increasing the
cationicity of the PCMA from 1 to 100% caused the value of AH/CMA to decrease from

10 to 2.4 kJ mol ™.

Adsorption of cationic polymers generally proceeds via the instantaneous collapse
of the polycation chain onto the surface of the clay resulting in a large number of train
segments, p, and relatively few short loops.*> The value of p for the addition of cationic
polymers to clay is usually > 0.7 indicating that > 70% of the total polymer segments are
in contact with the clay surface at any one time. Ueda et al.* détermined the value of p
for the addition of polysulfone at a fixed Mwt of 16.7 x 10* to Na-montmorillonite. This
was achieved by calculating the anion exchange capacity (AEC) of the clay which in this
case is entirely due to the cationic groups contained in the loops and tails of the adsorbed
polymer. The difference between the total amount adsorbed and the AEC therefore
represents the amount of segments in trains. Interestingly, they found that for up to 50%
coverage, p was equal to 1. Even for 100% coverage, only about 25% of the segments

are contained in loops and tails.

3.1.4 Examples of Cationic Polymer/Clay Interactions.

3.1.4.1 Influence of Exchangeable Cation.

The exchangeable cation associated with clay normally has a large bearing upon
the amount, Q, of cationic polymer adsorbed. In a recent study Gu ef al.** noted that
Na-illite exhibited a higher adsorption capacity for cationic PSS than did Ca-illite. The
a&somtion isotherm .obtained for the addition of PSS to Na-illite was of the high affinity
type, indicating the strong affinity of PSS for the clay surface. The adsorption isotherm

also suggests the possibility of multilayer adsorption indicated by a second steep rise in
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the curve after an initial plateau had been reached. The adsorption isotherm obtained for
the addition of PSS to Ca-illite indicates that only one layer of PSS is present under the
experimental conditiohs employed. Further, the affinity of PSS for Ca-illite is reduced
with respect to that for Na-illite, shown by differences in the initial steep rise of the
respective adsorption isotherms.® The differences in the adsorption behaviour of PSS
on Na" and Ca® exchanged illite were explained by Gu ez al.,** who indicate that Ca®" is
more effective than Na” at screening the negative surface charge from the cationic
polymer which results in decreased adsorption. They also state that Na" cations reside in
the clay’s diffuse dc;uble layer and are thus more easily replaced by the polycation than

are Ca®' cations.

Parfitt, also noted that the exchangeable cation associated with the clay had a
large bearing on Qu... He observed that Na-montmorillonite exhibited a higher
adsor;)tion capacity for cationic glucosamine hydrochloride than did Ca-montmorillonite.
Na-montmorillonite actually adsorbed 4 times the quantity of glucosamine hydrochloride
than was adsorbed by Ca-montmorillonite for addition of the same equilibrium
concentration of polymer. Qm.x values observed for addition of this polycation to Na-

montmorillonite equated to approximately 80% of the total exchangeable Na™ being

replaced by the polymer at the surface of the clay.

A related study was carried out by Patzko et al® who investigated the
interactions taking placé between the cationic surfactant hexadecylpyridinium and
different cation exchanged montmorillonites. They observed that Q. increased in the
order Ca®>'<K'<Mg*<Na" for addition of hexadecylpyridinium to the different cation
exchanged clays. This order of increasing Qmax values is in agreement with the results

outlined above for the addition of cationic polymer to clay.
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3.1.4.2 Influence of Polymer Molecular Weight and Cationicity.

The value of Q. for the addition of cationic polymers to clay may be highly
dependent on the molecular weight of the added polymer. For example Durand-Piana et
al®! investigated the interactions taking place between Na-montmorillonite and PCMA
with different molecular weights and cationicities. They observed that when the
cationicity, 1, of PCMA was 1%, Qm.x depended upon the molecular weight of the
polymer and increased from 1750 to 2650 mg g clay when the molecular weight of the
polymer was increased from 8 x 10* to 2 x 10°. Conversely when the cationicity of both
these different moleqular weight PCMA macromolecules was increased to 100%, the
value of Q was no longer molecular weight dependant and Q.. reached a constant value
of approximately 250 mg g™ clay for addition of either molecular weight polymer to the
clay. Interestingly they observed little deviation in Q with increasing PCMA molecular
weigl;t when 1 was in excess of 25%. Durand-Piana therefore suggested that when 1 <
15%, the dominant mechanism of polymer adsorption was through bridging of the clay
pénicles. Bridging was made possible at low t due to adsorption of a large excess of the
nonionic amide groups thus allowing the presence of unadsorbed ammonium groups in
long loops and tails which extended into the bulk solution from the surface of the clay.
The value of Qux at low cationicity therefore depended upon chain length and ultimately
the molecular weight of the polymer. Conversely, when T was high, > 25%, then charge
neutralisation became the dominant mechanism and the PCMA adopted an essentially flat
conformation at the clay surface. This type of adsorption exhibited little or no molecular
weight dependence because of electrostatic repulsions and chain stiffness which
prevented high packing at the clay surface. Further evidence that the adsorption of

highly charged PCMA was governed by electrostatic effects was observed by Denoyel et
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al.®® who calculated that the total number of charge units/nm” was roughly constant for
cationicities between 15-100%. Obviously the cationicity of the PCMA is an important
parameter in determining whether the polymer adsorbs onto the clay in trains or whether
it bridges particles. For the addition of PCMA to Na-montmorillonite therefore, the
cationicity of the polymer ultimately determines whether Q is molecular weight

dependent or not.

Denoyel et al.”® also noted that as the molecular weight of PCMA added to Na-
montmorillonite was increased, the number of polymer segments adsorbed in trains
decreased. For example, p, decreased from 0.54 to 0.13 on increasing the molecular
weight of the PCMA from 2 x 10* to 2 x 10°, respectively. Denoyel et al.*® state that the
decrease in p with molecular weight is due to the fact that crossing of two parts of a
chain on the clay surface is not allowed due to steric hindrance and electrostatic
repul;ion. Consequently one chain has a loop conformation which decreases the value of

p. The greater the molecular weight of the polymer, the larger the number of loops and

therefore the smaller the value of p.

When the molecular weight of the PCMA was fixed at 5 x 10°, Denoyel et al*®
observed that an increase in cationicity from 1% to 30% resulted in a decrease in Qmax
from 2400 mg g to 440 mg g clay. This decrease in Qu., may be attributed to the
progressive growth of electrostatic repulsions between the increasingly chafged and rigid

chains at increasing cationicity.

Several investigations by the same French group have also been carried out
concerning the interactions taking place between PCMA and suspensions of silica.®>*****

Silica particles usually have a net negative surface charge and therefore cationic polymers
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interact with the silica through coulombic interactions as is the case with clay.
Consequently the same experimental observations were made for the addition of PCMA
to silica as those recorded for its addition to clay. For example, as the cationicity of
PCMA at fixed molecular weight was decreased, Qmx increased. Also, at T = 1%,
increasing the molecular weight of the PCMA lead to increasing Qm.x values. At high t
however, increasing the molecular weight did not lead to significant increases in Qmax
values. These differences in PCMA adsorption may again be related to the degree of
cationicity of the polymer which in turn results in the existence of two different
adsorption mechanisms. At high t > 15%, PCMA predominantly adsorbs onto silica via
a charge neutralisation mechanism whereas at low T < 5%, the major adsorption
mechanism is via interparticle bridges. Wang et al % state that for the intermediate

ranges of cationicity, the two effects can operate simultaneously.

3.1.4.3 Ionic Strength and pH Effects.

The ionic strength of the dispersion medium can have a large bearing upon the
quantity of cationic polymer adsorbed by clay. Bailey ef al.’ carried out Anion Exclusion
experiments to determine the total surface area of Na” and K* exchanged montmorillonite
at differing ionic strengths by adding the chloride salt of the appropriate cation to a 5%
dispersion medium in the range 1.0 x 10® to 0.5 mol L. They found that at low ionic
strengths, Na-montmorillonite is completely dissociated into single platelets with fully
developed double layers on all surfaces. This gave a total surface area of 760 m” g
Conversely 5% suspensions of the K-montmorillonite are aggregated into tactoids over
the entire electrolyte range studied, the maximum observed surface area here was 320 m’

g”. This degree of aggregation relates to tactoids consisting of 2-3 platelets.
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Bailey et al. note that at low ionic strengths (1.0 x 10° mol L™ KCl), the energy
of adsorption of cationic polyacrylamide on K-montmorillonite is much greater than the
attractive forces between the clay sheets, thus the polyfner is able to overcome the forces
holding the tactoids together. Consequently, the surface area available for interaction
increases to that of the individual clay plates, about 760 m®> g' and Qu. is large,
approximately 1300 mg g clay. As the ionic strength of the dispersion medium was
increased, it was noted that Q fell sharply to a plateau value of 300 mg g™ clay where it
remains constant for subsequent additions of KCl. This decrease in Q is due to a change
in the association energy of the clay tactoids Which increases with increasing ionic
strength of the dispersion médium. The available surface area for interaction at high
jonic strength therefore falls to that of the external faces of the tactoids, 320 m* g
Furthermore at high ionic strength, there is also a contribution to decreasing adsorption
from “the screening of the attractive electrostatic interactions between the positively
charged polymer and the negatively charged clay. Finally competition between inorganic
cations and cationic polymers for adsorption sites on the negatively charged clay surface

increases with increasing ionic strength which also results in decreasing Quax values.*

> noted that addition of NaCl to the dispersion medium

Conversely, Ueda et al
resulted in an increase in the amount of polysulfone (Mwt 16.7 x 10*) adsorbed onto Na-
montmorillonite. This incx;ease in Q was also accompanied by an increase in the AEC of
the complex. Consequently, it was proposed that the polysulfone in a dispersion medium
containing NaCl exists in a coiled configuration and is therefore adsorbed onto the
surface of the clay with retention of this configuration. Ueda et al.>® state that the

configuration of the polymer at the clay surface accounts for both the increased polymer

adsorption and also the increase in AEC.
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Gu et al.*® observed no dependence of Q upon the ionic strength of the medium
for the addition of cationic PSS to Na-illite. They explain this by stating that the surface
charge on illite does not change with the ionic strength of the dispersion medium.
Therefore, because adsorption of PSS on Na-illite is driven primarily by surface charge
neutralisation, no variation in Qu.y is observed. Gu et al* also noted that an increase in
the pH of the dispersion medium caused a sligﬁt increase in Qm,. This occurred because
an increase in pH increases the negative edge sites on the illite surfaces which therefore

results in increased Q.. values.

Wang et al.,** members of the French group investigating the interaction of
PCMA with negatively charge particles, studied the interactions occurring between
PCMA (Mwt 7.5 x 10°, T = 0.5%) and silica particles in a dispersion medium of
increasing ionic strength. Q usually increases with ionic strength for colloids and
polymers of opposite charge since an increase in the salt concentration decreases the
repulsions between the loops and tails of the polyelectrolyte.”” Hesselink,*® however
pointed out that when charge interaction was the reason for adsorption, Q would
decrease on increasing the ionic strength of the dispersion medium. Wang ef al.%®® state
that this is in fact what happened with their system in that Q decreased rapidly as the
ionic strength of the medium was increased from 0 to 0.3 mol L' NaCl. They indicate
that this decreased adsorption was due to competition between the cationic groups of the
PCMA and the excess Na" in the dispersion medium which they state leads to a partial

desorption of the polymer and consequently Q decreases.
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3.1.5 Anionic Polymers.

On contacting clay with anionic polymer, a rélatively low degree of adsorption
takes place compared fo the addition of cationic or nonionic polymers to clay.* This low
value of Q is éntirely due to a net negative charge associated with the clay platelets which
has the eﬁ‘;act of repelling aniohic polymers which come into close contact with the clay
surface. The small uptake of polyanions by the clay surface may be appreciably increased
by altering the conditions employed when mixing the clay with the polymer and/or
altering the exchangeable cations associated with the clay. A large increase in Qmax is
observed for all anionic polymers as the pH of the medium is decreased and/or the
salinity increased. This is due to charge neutralisation by protonation or charge screening
by the electrolyte. Enhanced polyanion uptake may also be observed as the valency of

the exchangeable cation associated with the clay is increased.™

The conditions on mixing the polymer with clay and the exchangeable cation
associated with the clay therefore determine the mode of interaction of polyanions with
the clay surface. Ruehrwain and Ward,”" proposed that the adsorption of anionic
polymers occurred through ion exchange which for sodium polymethacrylate, the
polyanion they investigated, involved the replacement of hydroxyls associated with the
clay by the carboxylate jons of the polymer. Theng,* also suggested that polyanions
adsorb onto the edges of the clay platelets at low pH through anion exchange due to
protonation of exposed aluminium at these sites. Michaels and Morelos,”” suggested
that polyanion adsorption occurs mainly due to hydrogen bonding between the clay and
the non-ionised hydroxylic, amidic and carboxylate functions of the polyacrylamide they

investigated. A further mode of polyanion/clay interaction was suggested by
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Mortensen,” who indicated that cationic bridges between the anionic groups on the

polymer and the negative sites on the clay surface were formed.

Even with the appreciable increases in adsorption due to high salt, low pH and
the presence of polyvalent cations, the extent of polymer adsorption is far below that
observed for the adsorption of neutral or cationic polymers onto clay. It is generally
accepted that polyanions are adsorbéd by relatively few train segments and do not enter
into the interlamellar space of layer silicates in the pH range 5-7 relevant to this
study.”™ Intercalation of appreciable quantities of polyanion may however occur at low
pH when the polyanion can behave and adsorb like an uncharged species.” Lee et al.”
concluded that the adsorption of high molecular weight hydrolysed polyacrylamide
(PHPA) occurred on the basal and edge sites of kaolinite. However Q. for edge site
adsorption was significantly higher than for basal surface adsorption especially at low pH
or high salinity even though the edge surface of the clay only contributes about 25% of

the total surface area in the kaolinite studied. Edge site adsorption is also considered to

be the dominant type of adsorption on montmorillonite clays.”

3.1.6 Examples of Anionic Polymer/Clay Interactions.

3.1.6.1 Influence of Exchangeable Cation.

As outlined previously, the exchangeable cation associated with the clay has a
significant effect on the adsorption maximum for anionic polymers. Espinasse et al.”’
studied the adsorption of anionic polyacrylamide and acetamide onto Na®, Ca** and AP’*
cation exchanged montmorillonite and found that for acetamide, Na-montmorillonite

adsorbed the largest quantity with Qm.x equal to 3 mg g™ followed by Ca-montmorillonite

and finally Al-montmorillonite. Increasing the valency of the cation decreases the
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adsorption of simple molecules such as acetamide due to flocculation which decreases
the edge surface area available for interaction. Conversely Qmx for the adsorption of
PHPA on the three fypes of cation exchanged montmorillonite increased in the order
Na'<Ca*<AI*, resulting in Qumax values of 2, 8 and 15 mg g clay respectively. The
authors suggest that protonation of the amidic functions on the polymer assume higher
values in the‘ presence éf higher valent cations which display a higher polarising power,
this inevitably leads to an increase in Qnax when going from Na'<Ca®'<AI*" exchanged
montmorillonite. In contrast to acetamide adsorption, the edge surfaces on the clay are
not saturated when PHPA is involved due to the existence of bridge linkages between the
particles. Thus the decrease in surface area due to flocculation which is consistent with
increasing the valency of the exchangeable cation does not have a major bearing on the
value of Quax. A similar enhancement of considerably less magnitude was observed by
Mortensen,” for the adsorption of hydrolysed polyacrylonitrile (HPAN) on kaolinite.
Again it was observed that the presence of high valence exchange cations on the clay
resulted in increased adsorption of polyanion with respect to univalent cation exchanged
clays. Mortensen™ in fact observed increasing Qmx values for the following cation
exchanged clays in the order, Na'<K'<NH,'<H'<Ba’**<Ca>’<Th*". He subsequently
postulated that the higher valent exchange cations act as bridges between the anionic
groups on the pdlymer and the negatively chérged sites on the clay i.e. Clay-Ca-OOCR.
In a similar study by Theng,®the adsorption of fulvic acid was found to increase for
different cation exchanged montmorillonites in the order Ba**<Ca*’<Zn?<La*'<AP'<
Cu*<Fe*. Theng related the affinity of the fulvic acid for the clay surface to the
polarising power of the exchangeable cation. He also inferred that the fulvic acid is
linked through its ionic carboxylate group to the exchangeable cation by means of water

bridges, (Figure 12).
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Figure 12. Shows how fulvic acid is linked through its carboxylate group to the
exchangeable cation by means of water bridges. M"™ and R denote the polyvalent

cation associated with the clay and the remainder of the fulvic acid polyanion

respectively.”

The adsorption of anionic polysaccharide has been examined for Na’, Ca** and
Al-p-illite by Gu and Doner.” The usual increase in adsorption as the valency of the
cation increased was seen i.e. Qu.x increased on going from Na* then Ca®* to Al-p-illite.
Like Mortensen, Gu and Doner postulated that poljrvalent cations acted as bridges
between the anionic polysaccharide and the negatively charged clay surfaces leading to

increased adsorption of the polymer compared with that of Na-illite.

3.1.6.2 Influence of Polymer Molecular Weight.

The value of Q. for anionic polymers is considerably less dependent on
molecular weight than the Q.. values observed for addition of uncharged and cationic
polymers to clay, consequently few studies have paid attention to its influence. Espinasse
et al.”’ however observed that as the molecular weight of PHPA was doubled from 6 x
10° to 11 x 10°, the value of Q. only increased from 13 to 15 mg g clay on addition to
Na-montmorillonite. These results were however obtained in the presence of 100 g L
NaCl, hence the high Quax values. Stutzmann ez al.” investigated the addition of the
same two polymers to Na-montmorillonite in the presence of no added salt. They

observed that Qua increased from 2.4 to 2.8 mg g on increasing the molecular weight
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of the polymer from 6 x 10° to 11 x 10° which is consistent with the observations made
by Espinasse ef al.”’ It can be seen however that there is a five fold increase in the value
of Q. for the addition of PHPA to Na-montmorillonite in the presence of 100 g L!
NaCl. In summary, the influence of molecular weight on polyanion adsorption is minimal

even when adsorption occurs from a saline medium.

3.1.6.3 Polymer Hydrolysis and Ionic Strength Effects.

The effects of polymer hydrolysis on the value of Qu.; have been studied by
Stutzmann ef al”* They have shown that while Qp., assumes a value of 3 mg g™ clay for
15, 20 and 25% PHPA on Na-montmorillonite, there is considerably less affinity between
the 15% PHPA and the clay than for the 20 and 25% hydrolysed samples. The
differences in adsorption behaviour between differently hydrolysed PHPA are further
enhanced at increased ionic strength where Q exhibits a five fold increase to 15 mg g™ for
the 20 and 25% PHPA yet barely doubles for the 15% PHPA. Espinasse ef al.”’ state
that the increase in salinity of the clay/polymer medium has the effect of screening the
negative charges on the polymer from one another and from those associated with the
clay platelets thus allowing the polymer to compact and collapse onto the clay surface,

(Figure 13).
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Figure 13. Effect of electrolyte concentration on polyanion configuration.
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Mortensen,” also observed increased polyanion uptake with increasing salinity of
the dispersion medium. He found for the addition of HPAN to Na-kaolinite that Qmuax
increased from approximately 1.0 mg g™ to 4.5 mg g clay on increasing the salinity of
the dispersion medium from 0 to 0.1 mol L™ NaCl. In agreement with Espinasse ef al.,
Mortensen postulated that increasing the concentfation of Na" in the dispersion medium
caused a reduction in the négative potential on both the clay and the polymer. This leads
to a lowering of the electrostatic repulsions between the HPAN and the kaolinite surface
which permits an increased possibility of interaction. Again in agreement with Espinasse
et al., Mortensen states that an increase in the ionic strength reduced the electrostatic
repulsion between the charged sites on the HPAN leading to a reduction in the size and
configuration of the polymer to that of a normal random coil.*® This therefore results in
closer packing of the polymer molecules at the clay surface leading to increased Qmax
values. Page et al.®! also observed increasing PHPA uptake on Na-kaolinite at increased

salinity of the dispersion medium.

Mortensen” also investigated what effect addition of various metal chloride salts
to the dispersion medium had on the quantity of HPAN adsorbed on Na-montmorillonite.
As stated previously, the addition of NaCl to the dispersion medium lead to an increase in
Qmax. It was found however that greater increases in Qn.x were observed for the addition
of other cations such as H', NH," and K" all added in the chloride salt form. The effect
of these various cations on the value of Qm. followed the lyotropic series
H™>NH,">K">Na" where the cations with small effective radii were more effective at
shielding the negative charge on both the kaolinite and HPAN leading to an increase in
Qmax. Addition of 2:1 electrolytes such as MgCl, or CaCl, to the dispersion medium was

much more effective at increasing Qm.x than addition of 1:1 electrolytes.
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Finally, Bailey et al.’ noted that if PHPA is mixed with clay in the absence of
added salt, véry little or even no adsorption takes place due to electrostatic repulsions
between the polymer and the clay. Consequently, in every study examined which is
concerned with the adsorption of anionic polymer on to clay, an increase in the salinity of

the dispersion medium dramatically increases Qmax.

3.1.6.4 The Effect of pH on Polyanion Adsorption.

Many authors have found that the value of Qu.. for the addition of anionic
polymers to clay is greatly effected by any changes in the pH of the dispersion medium.
For example Mortensen,” recorded that Qu. for the addition of HPAN to kaolinite
increased from 1 mg g to 8.5 mg g™ clay as the pH of the dispersion medium decreased
from pH 9 to pH 3. The increase in adsorption as the acidity of the dispersion medium
increased was due to charge screening of the anionic polymer and clay by the
proliferation of H' in solution at low pH. This charge screening leads to increased
interaction between the HPAN and kaolinite and thergfore an increase in adsorption. A
reduction in the size of the polymer coil may also result at low pH due to screening of the
negative charges on the polymer from one another which again leads to increased
adsorption. With the addition of PHPA to kaolinite, Lee ef al.”® also found that
increasing the pH of the dispersion medium resulted in a reduction in Qua. This time
however the reduction in Qu.x is assumed to be due to dissociation of acrylic groups on
the PHPA which increases the charge on the polymer. Increasing the pH therefore
increases the electrostatic repulsions between the increasingly charged polymer and the
clay surface which itself shows an increase in negative charge on its edge surface as pH is
increaséd. Qmax Was also seen to decrease as the pH was increased for the addition of

polyanion to montmorillonite clays.
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A completely different type of adsorption for anipnic polymers was outlined by
Gu and Doner who suggest that at low pH, anionic polysaccharide may become
uncharged due to association of hydroxyl groups. This coupled with an increase in
positive edge sites at low pH leads to a significant increase in polyanion adsorption.*’
The same phenomenon was also seen by Schnitzer ef al.” who observed appreciable
uptake of fulvic acid on Na-montmorillonite which behaved and adsorbed like an

uncharged species at low pH.

3.2 Clay Particle Association Systems.

The stability of clay suspensions depends primarily on the nature and
concentration of the exchangeable cation associated with the clay. The associations
between clay particles is an important phenomenon to the oil industry as it governs many
properties of clay suspensions such as viscosity. Clay particle associations may be

described in the following terms.

3.2.1 Deflocculated Suspensions.

When clay particles in suspension are well dispersed, which results from an
overall repulsive force between the particles, the suspension is described as being
peptized or deflocculated. Deflocculation can be achieved by imposing a similar charge

on each particle in the clay suspension, (Figure 14).

3.2.2 Flocculated Suspensions.

In flocculated suspensions, there is a net attractive force between the clay
platelets, which associate with one another by the formation of edge-to-edge (EE) and

edge-to-face (EF) bonds. In dilute suspensions, flocculation is associated with
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voluminous aggregates or ‘flocs’ however in concentrated suspension, it is thought that

clay platelets arrange themselves in a rigid “card house structure”, (Figure 14).

3.2.3 Aggregated Suspenéions.

When clay plates stack one upon the other, face-to-face (FF) associations are
dominant, the system is now described as being aggregated. The stacked sheets may be
disaggregated by further hydration and/or mechanical sheer. The aggregates may

themselves be flocculated or deflocculated, (Figure 14).

3.2.4 Dispersed Suspensions.

Dispersed suspensions arise when any aggregation in a system breaks down.
Dispersed and aggregated clay suspensions may themselves also be flocculated or

deflocculated, (Figure 14).
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Figure 14. Modes of particle association of clays.
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3.3 Forces Acting Between Clay Platelets.

The forces acting between clay platelets may be either repulsive or attractive. In
clay suspensions, platelets approach each other as a result of Brownian motion therefore
any resulting interactions will be determined by the magnitude of the dominant force

between the platelets whether repulsive or attractive.

3.3.1 Electrical Double Layer Repulsion.
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Figure 15. Diagrammatic representation of the electrical double layer.
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The Stern model of the electrical double layer of ions may be employed to explain
the electrical equilibn'ﬁm state set up around solid particles in a liquid phase. This model
states that the solid has a rigidly fixed electrical charge, for clay particles this charge is
negative due to isomofphous substitutions in the lattice. Surrounding the charged clay
particles is a layer of practically immobile oppositely charged ions in the liquid phase that

are absorbed on the solid. This layer of oppositely charged ions is called the Stern layer

(Figure 15).

Further away from the solid, next to the Stern layer is a diffuse layer of mobile
ions which consists of both positively and negatively charged ions in the liquid phase.
The diffuse layer may have a net charge of the same or opposite sign from that of the
Stern layer. The electrical potential that develops across the Stern and diffuse layers is a
balance between the electrostatic attraction of the solution counter ions to the solid
surfac;e and their tendency to diffuse away from the surface. The potential drop that
occurs across the stern layer is called the zeta potential. The size of the diffuse layer can
be manipulated by changing salt or electrolyte concentration. If salt or electrolyte is
added to a clay suspension, then the diffuse layer will be compressed, the magnitude of
which is governed by the valence of the cations in the salt and their concentrations. For
example at equal concentrations, CaCl, will compress the diffuse double layer more
effectively than NaCl. Therefore when two clay particles approach each other there is a
repulsion between them, the size of the which depends on the diffuse layer, thus repulsion

becomes greater the closer the platelets become.
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3.3.2 Van der Waals Attractive Forces Between Particles.

Van der Waals forces are responsible for the attraction between clay platelets
which approach each other by diffusion. This attraction between atoms ofb clay platelets
may eventually lead to flocculation if repulsive forces do not become dominant. The
force between atoms decays rapidly with distance, in fact the force is inversely
proportional to the seventh power of the distance. The sum of all atoms in large

structures such as a clay platelet may be significant as the attractive forces are additive.

3.3.3 The Net Potential Energy of Particle Intéraction.

The flocculation of clay suspensions and the effect of added electrolyte can be
explained by considéring the net attractive and repulsive potential energy as a function of
distance between particles at different electrolyte concentrations. The attractive van der
Waals forces are essentially unaffected by electrolyte concentration. Conversely, the
electrical double layer repulsion force decreases rapidly with increasing electrolyte
concentration. The resultant potential curves show that at high electrolyte concentration,
the attractive forces between particles dominate, while at low electrolyte concentrations,

repulsive forces dominate.

3.3.4 Flocculation of Clay Suspensions.

In a clay suspension where there is no electrolyte present, EF particle flocculation
must occur: between the positive edge sites and the negative basal surface of the clay. In
dilute suspensions however, montmorillonite has a stable appearance, this is because the
flocs formed consist on average of only a few platelets and are thus so light that they are
stable and fherefore do not settle. With the addition of salt to a suspension, flocculation

of clay particles becomes visible and the clay sediments out. Salt addition causes the
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diffuse layer of cations around the clay particles to contract, thus the clay platelets move
closer to each other allowing the possibility of flocculation. It is thought that the
negative basal surfaces of the clay govern salt flocculation and FF aggregation becomes
the dominant mechanism, although EE and EF flocculation still occur. FF aggregation
causes the formation of dense agglomerates which in turn are much heavier than

‘individual clay platelets and so sediment out of solution easily.

Natural clays where the exchangeable cation is mainly Ca>* are more flocculated
than natural clays where the exchange cation is predominantly Na". This is because salts
of polyvalent cations can be associated with more than one exchange site on the surface
of more than one clay platelet which in effect flocculates the clay. Therefore to
deflocculate a polyvalent cation exchanged clay, polyvalent cations must be replaced by

monovalent ones such as Na'.

3.3.5 Deflocculation of Clay Suspensions.

For a clay suspension to be in a deflocculated state, the edge charge or face
charge on the clay platelets must be reversed. This charge reversal must then be of a
sufficient size so as to prevent flocculation by van der Waals forces. Edge charge
reversal is the most common procedure to deflocculate a clay however it is also possible

to reverse the charge on the basal surface.

3.3.6 Edge Charge Reversal.

There are two ways to achieve edge charge reversal. The first is to increase the
pH of the clay suspension to above 8.0 and therefore increase the number of negative

silic acid groups on the platelet edges. The second is to add salts containing large
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po]yaﬁions such as silicate, polyphosphate and polyacrylate. These anions become
chemisorbed at the edges of clay particles by complex anion formation with cations at the
edges of broken octahedral sheets. Because the anions are reacting with the positive
sites on the edges, which account for a small proportion of the total surface area, the
quantity of anion required to deflocculate a clay suspension is often small. Short chain
anionic polymers are also useful in deﬂoccu]ating clay suspensions as they are adsorbed
in small quantities onto the positive edge sites of clay particles thus making these edge

sites negative overall.

3.3.7 Face Charge Reversal.

The negative charge on the face of a clay platelet can be reversed by the
adsorption of certain organic cations such as long chain quaternary salts. Here the cation
is first adsorbed by ion exchange, its hydrocarbon chain pointing towards the solution.
This condenses the double layer of the platelet and the clay eventually flocculates when
sufficient organic cation has been added. Upon addition of further quaternary cations,
there is van der Waals attraction between the hydrocarbon chains of the added
quaternary cation with those on the surface. The cationic groups of the second layer
now point towards the solution and a positive particle is formed. This method of charge
reversal is not favoured as large quantities of quaternary salts are required which is not

economically viable.

3.4 Clay Particle Flocculation Mechanisms by Adsorbing Polymer

Napper,* has indicated several different ways by which added polymer can affect

the stability of an idealised colloid suspension, (Figure 16).
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Figure 16. Schematic representation of the ways by which polymers can affect

colloid stability (after Napper,” 1983).

Napper suggests that when low concentrations of polymer are added to a stable

dispersion of colloidal particles, the dominant adsorption mechanism is that of bridging

flocculation. - At saturation coverage, when the colloidal particles are fully coated with

polymer, the particles repel one another due to the adsorbed layer of like charge polymer,
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this is known as steric stabilisation. When the sterically stabilising polymer layer is thin,
Van der Waals forces may be large enough to cause weak coagulation between the
particles. The addition of non-adsorbing polymer to sterically stabilised particles'may
lead to depletion flocculation or phase separation. Addition of a large concentration of
non-adsorBihg polymér may eventually lead to what is termed depletion stabilisation.
The addition of a low concentration of a second adsorbing polymer to a sterically
stabilised dispersion may lead to bridging heteroflocculation. The mechanisms laid out
by Napper® conceﬁling the ways by which polymers affect the stability of idealised

colloidal suspensions can be applied to the interactions of polymers with clay.

Bridging flocculation is not the only mechanism by which colloidal dispersions
may be destabilised by addition of adsorbing polymer.®* The flocculation of charged
colloidal particles by polyelectrolytes of opposite net charge may often be better
described as a charge neutralisation or charge reversal mechanism.’*®" This type of
adsorption mechanism is particularly favoured when highly charged cationic polymers are
mixed with suspensions of negatively charged particles. A further type of flocculation
mechanism has been proposed by Gregory.** He investigated a system where three
highly charged cationic polymers, based upon dimethylaminoethyl methacrylate, were
added to suspensions of negatively charged latex particles. The three polymers were of
differing molecular weights, eqﬁal to 5 x 10°, 5x 10* and 1 x 10°. The addition of each
of these polymers to a suspension of latex particles caused major flocculation of the
system. Greéory states however that the flocculation caused by the added pofycation

could not be due to particle bridging because of two main reasons.

75



1. The lowest molecular weight polycation investigated by Gregory (5 x 10%) caused
substantial flocculation, when considering that the dimensions of the polymer were small

in comparison to the size of the particle.

2. The polymers of molecular weight 5 x 10* and 1 x 10°, appear to flocculate the
latex suspensions at the same rate. If particle bridging were occurring, the higher
molecular weight polymer with a longer chain length would be expected to flocculate the

latex suspension at a faster rate.

In addition, theoretical analysis predicts that these highly charged polycations adopt an
essentially flat configuration at the interface with no significant loops and tails,
consequently no particle bridging may occur.® Gregory also indicated that a simple
charge neutralisation mechanism could not account for the enhanced flocculation rate
becatise he observed a higher flocculation rate for the addition of cationic polymer to

latex particles than that observed for the addition of NaNO;.

Figure 17. Possible arrangement of adsorbed polycations on a colloidal particle

with low negative surface charge density, (after Gregory,** 1973).
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To explain this enhanced flocculation of latex particles in the absence of a bridging or a
simple charge neutralisation mechanism, Gregory proposed the “electrostatic patch”
model, (Figure 17). Figure 17 shows areas of high positive charge density surrounded by
larger expanses of relatively weak negative charge. Gregory states that differences in the
distances between cationic groups on the polymer and negative sites on the particle
surface, show that the particle surface charge density is not neutralised uniformly by the
adsorbed polymer. This uneven charge distribution then leads to an extra attractive
contribution to the interaction energy between two such particles. Consequently if a
negatively charged patch encounters a positively charged patch on another particle,
flocculation will result, even though the net charge on the particles, if it was uniformly
distributed would be large enough to give electrostatic stabilisation.*® Figure 18 is a
highly siniplistic representation of how the “electrostatic patch” mechanism of particle
flocculation procéeds when negatively charged particles adsorb highly charged
polycation. The interactions a and b are repulsive due to the like charges, whereas
interaction c is attractive. In another study which investigated the interactions of highly
charged polycations with negatively charged silica particles, the “electrostatic patch”
model was also considered to be the mechanism by which the particles flocculated.®* All
studies which consider this model agree that at high ionic strength, this mechanism is less

likely to operate because of the short range of attraction between patches.
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Figure 18. The “electrostatic patch” mechanism of particle flocculation showing
how negatively charged particles with surface adsorbed polycation of high charge
interact, (after Mabire ef al.** 1983).

78



' CHAPTER 4

The Use of Nuclear Magnetic Resonance (NMR) for the Study of Clay

Systems.
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4. The Use of Nuclear Magnetic Resonance (NMR) For The

Study of Clay Systems.

Multinuclear NMR spectroscopy has found widespread use in the study of clays
and clay minerals, its use may be categorised into three distinct areas depending upon the

component of the clay under examination.

1) The most common area of research concerns the organisation of Al and Si in
the aluminosilicate layer. Recent work in this area has concentrated on high-resolution
magic angle spinning (MAS) NMR because this technique offers better resolution of
peaks compared with conventional NMR. MAS NMR is particularly useful for
examining clay minerals because their structures are not easily determined by other
techues such as x-ray diffraction due to their fine grain size. The *’Si nuclei, with a
spin state of 1/2, generally show narrow, well resolved peaks and therefore much
structural information concerning clays may be gained from this nucleus, (section 4.1)."
Spectra of 2’Al with a spin state of 5/2 generally have broader peaks, however useful
information concerning the structure of clay can still be gained from this nucleus, (section

42)%

2) NMR spectroscopy has also been used extensively for determining the
structure and state of motion of water molecules in the interlayer region of clay-water

58.89.% These systems have been widely studied not least because of the relative

systems.
ease with which, in this case, NMR signals may be detected (*H,"H) but also because a
better understanding of the nature and properties of water in the vicinity of a surface or

interface has implications in environmental and life processes of which water is a major

component. NMR is also a particularly good technique for probing the interactions of
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water molecules (which may be used as analogues for other molecules) with the clay
surface because it provides a method for sampling local molecular arrangements and has
a time scale which covers an extremely large range (from 10 seconds to 1 second).”’ A
few authors have carriedb out extensive research involving >D NMR of clay suspensions in
a solvent .of D,0. This area of research is particularly relevant to the present study
because it offers the possibility of an in situ technique with which to study the

interactions of clay minerals with adsorbate species, (section 4.3).

3) Finally interactions of the exchangeable cations with the clay surface may be
used as probes to providé complementary information about interlayer organisation.”"*>
The exchangeable cations have only recently become available as probes because most of
the nuclei in question are quadrupolar and therefore require high magnetic fields to
enhance resolution which have only recently become available. The use of multinuclear
NMR to probe the interactions of exchangeable cations with the clay surface will be

discussed in greater detail later with a view to using a chosen exchangeable cation as an

in situ probe, (section 4.7).

4.1 The Use Of Si MAS NMR to Investigate the Structure of Clay

Minerals.

Most NMR studies concerning the structural organisation of clay minerals concentrate
on the *Si cation. Diffraction techniques have shown that clz;y minerals usually contain
only one type of tetrahedral site in the average structure whereas *’Si NMR spectra often
contain multiple peaks which can be attributed to Si with different numbers of
neighbouring Al tetrahedra. If as in pyrophyllite, the Si has no neighbouring Al, then

only a single peak is seen.”® On the other hand for Si in clays with two and three
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neighbouring Al, such as beidellite and muscovite, the g5 spectra show two and three
peaks respectively.”* The standard notation describing the local Si environment is written
Q"(nAl). Here m ié equal to the number of bridging oxygens to which a Si is coordinated
and n = the number of tetrahedral Al next nearest neighbours to Si. As n increases, not
only do Si spectra show an increasing nurﬁber of peaks but also the *Si chemical shift
becomes less negative which allows a distinction to be made between differing »si

environments.**

Variatidné in the 2Si chemical shift also occur as a function of the tetrahedral and
octahedral sheet charge, total layer charge and composition of the octahedral sheet.”***
Increasing the‘ tetrahedral and octahedral sheet charge and also the total layer charge all
result in less negative 2°Si chemical shifts. These chemical shifts are important because
they allow an estimate to be made of total layer charge in clays for a given type of Si site
ie Q3<OA1). A less negative *°Si chemical shift of approximately 2-3 ppm is also observed
for dioctahedral 2:1 minerals when compared to trioctahedral 2:1 minerals of the same

net layer charge.**** Similar trends in NMR spectra also occur for Al in tetrahedral

coordination in clays.”®

The Si/Al(4) ratio ((4) relates to tetrahedral coordination) may also be calculated

from °Si NMR data using the equation shown below, (Equation 2).

3, +L +1 +1,)
, +21, +31,)

Si/Al(4) =

Equation 2. Shows how the Si/Al(4) ratio may be calculated where Ip;23 = the
intensity of the ¥Si NMR peaks with zero, one, two and three neighbouring Al

tetrahedra. -
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This equation only holds true however if Loewenstein’s Al avoidance rule is
obeyed which states that during the isomorphous substitution 6f Si by Al, occupancy of
adjacent tetrahedral sites by Al is avoided.”” In fact NMR studies indicate that for all
clays analysed, Loewenstein’s rule is obeyed.”* In general values for the Si/Al(4) ratios
of clay minerals calculated from Equation 2 above have been found to be comparable to
values determined from the assumed stoichiometry and chemical analysis.'”® The
presence of paramagnetic cations such as Fe™ in the clay distort the intensity of the *Si
peaks. The calculated Si/Al(4) ratios for clays containing a sizeable quantity of

paramagnetic cations are therefore no longer accurate.

Finally the extent of Si/Al ordering in tetrahedral sites of clay minerals which has
always been difficult to elucidate using conventional diffraction methods may be
investigated by *’Si NMR. With *’Si NMR, the presence of multiple peaks, and to some
exten£ of increased peék widths, indfcate a range of shieldings at the Si nucleus which

#5101 The use of

may be related to a range of chemical and structural environments.
ordering rules such as Loewenstein’s rule and Dempsey’s rule which states that Al(4)-O-
Si-0-Al(4) linkages are minimised also help to elucidate the Si/Al ordering in tetrahedral

sites of clay minerals.

4.2 The Use Of “’Al to Investigate the Structure of Clay Minerals

The main use of Al NMR is that it allows a distinction to be made between
tetrahedral and oétahedrai coordinated Al, Al(4) and Al(6), respectively. This is made
possible due to a large difference in the chemical shift bgtween the two differently
coordinated Al sites. Unlike *Si, the position of the *’Al peaks also vary with the

strength of the applied magnetic field. The ratios of Al(4)/Al(6) may also be determined
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by NMR however agreement with chemically analysed samples has in some cases been
poor.®#192:1% Many *Al studies have however shown good agreement between NMR
and chemical data for the Al(4)/Al(6) ratio.”>'®* An extensive study of Al in clay by
Woessner,” showed that if certain spectroscopic procedures were followed, e;icellent
agreement between Al NMR and chemical analysis could be obtained for the

Al(4)/Al(6) ratio.

4.3 The Use of NMR as an In Situ Technique to Study the Interactions of

Clay Minerals with Adsorbate Species.

In general previous NMR studies that have been concerned with the interaction of
clay minerals with adsorbate species have been limited to dry powdered clay samples.
These samples have usually undergone a variety of preconcentration and drying stages
which may contribute to the redistribution of adsorbed species. A dry powdered clay
sample open to the atmosphere is considered to contain nominally 10% water. In many
industrial applications such as water treatment, paper coating and drilling fluids however,
clays are used in an aqueous medium therefore data obtained from powdered clay may
not reflect the real situation in suspension prior to drying. A technique is therefore
required which permits in situ measurement of the dynamics of the interfacial processes
while at the same time probing the steady state interactions and distribution of adsorbed
molecules at the macroscopic level and with monolayer coverage. One such in situ
method involves the suspension of clay platelets in D,O. D or 'O spectra may then be
recorded which show a residual quadrupolar splitting of the NMR signal. This residual
quadrupolar splitting may then be used to provide information concerning the interaction
of clays with ions and organic molecules in aqueous suspensions. The origins and

practical uses of the method are discussed in greater detail below.
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4.4 The Origin and Possible Uses of the ?H Residual Quadrupolar

Splitting of D,O Molecules.

The ?H or the '’0 NMR spectrum of pure D,O only shows a single line however
the introduction of clay platelets to the D,O solvent results in a residual quadrupolar

splitting in the H or 'O line.'*®

The .2H nucleus assumes three spin states in a static magnetic field Bo: + 1, 0 and
-1. This nucleus therefore has two allowed NMR transitions which are (+1—0) and
(0—~-1) which for an isolated nucleus are degenerate. Besides possessing a magnetic
moment, “H also has an electric quadrupole moment which is a non spherical distribution
of charge in the nucleus. In fact all nuclei with spin states > 1/2 possess an electric
quadrupole moment. This electric quadrupole moment interacts with local quadrupolar
electrostatic field gradients and is termed the quadrupolar coupling constant %.'® The
allowed NMR transitions for a quadrupolar nucleus become non degenerate in the
presence of a non vanishing quadrupolar interaction. The use of 2H NMR spectroscopy
to investigate the interface of mineral suspensions in D,O solvent is one such case where
the >H NMR transitions become non degenerate and a deuterium residual quadrupolar

107,108 0 the late 1960°s were among the

splitting is observed. Woessner and Snowden,
first to realise that the deuterium residual quadrupolar splitting for D,O molecules in the
presence of a clay suspension was due to preferential orientation of water molecules
associated with the clay platelets. The clay platelets which are essentially electrically
charged sheets are themselves aligned in the applied magnetic field and this clay
platelet/magnetic field interaction is very strongly anisotropic.'®”'"® From an NMR point

of view, it is thought that only the two or three water layers closest to the clay surface

behave differently to those in the interlayer and bulk.'"! These water molecules are
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consequently responsible for the observed residual quadrupolar splitting and are thought

to be associated not orﬂy with the charged aluminosilicate sheet but also with the

exchangeable metallic cation, (Figure 19).'%

Clay Surface

Figure 19. The geometry of D,O molecules squeezed between the charged

aluminosilicate sheet and condensed M™ counter ions.

Hydrogen bonds associate the water with the clay surface while electron lone
pairs on the oxygen associate the water with the cation. As a result of these interactions,
all the orientations of the water molecule denoted by the angle ® are no longer
equiprobable. These constraints on the reorientations of the water molecule may be
translated into a residual quadrupolar splitting if made anisotropic. This is in fact the
case as alignment of the clay platelets in the applied magnetic field is highly anisotropic as

stated previously, (Equation 3).

V4 2
=X (30080, ~1)A
211 =) O O D)

Equation 3. The parameters which influence the magnitude of the residual
quadrupolar splitting A.
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Where %, is the (juadrﬁpolar coupling constant and @p is the angle between the
static magnetic field, B,, and .the local order director of the orientated aluminosilicate
sheets, perpendicular to their f)mallel surfaces. The anisotropy, A, which is related to the
order parameters, has values between -1 and +1. Its actual valué depends upon the
orientation of water molecules with respect to the local director (i.e. the surface of the
clay). The orientations of the molecular axes of the water molecules (molecular
referential) relative to the surféce of the clay platelet (director referential), and of the clay
platelet relative to the applied magnetic field B, (laboratory referential) determines the

value of the residual quadrupolar splitting of the D,0 doublet.'?

Grandjean and Laszlo assume that only a minute fraction of the water molecules,
ca. 1 in 10000, become associated with the clay platelets. However fast exchange
occurs between these molecules and the bulk resulting in a measurement of only a time

* This therefore means that the residual quadrupolar splitting of

averaged reson';mce.11
the D,O doublet is only a minute fraction of the quadrupolar coupling constant.
Fortunately the quadrupolar coupling constant for deuterons in heavy water is large with
a value of about 213 000 Hz.""*'* In summary, all orientations of free water molecules,
denoted by the angle ® are equiprobable, the_a sum of 3Cos’® - 1 =0 and therefore no ’H
residual quadrubolar splitting, calculated by Equation 3 above is observed. Conversely,
with bound water molecules, all orientations denoted by the angle © are no longer
equiprobable and the sum of 3Cos’® - 1 # 0, therefore a “H residual quadrupolar
splitting of appr:oximately 213 000 Hz should theoretically be observed. Thus if as stated
above, fast excﬁange occurs between bound and free D,O molecules, then the observed

’H residual quadrupolar splitting is therefore a weighted average between D,O molecules

in the free (0 Hz) and the bound (213 000 Hz) sites.
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4.5 Experimental Observations and Parameters Effecting the Magnitude

and Sign of the *H Splitting.

Grandjean and Laszlo,'"® found while conducting experiments on Ecca Gum BP
bentonite, an impure form of montmorillonite, that the same maximum deuterium residual
quadrupolar splitting for the clay sample was reached irrespective of the field strength of
the magnet. Differences were however observed in the time taken (which the authors
state is in the order of minutes) to reach this maximum H splitting. They then postulated
that increasing the field strength of the magnet increases the speed at which the clay
platelets become orientated in the magnetic field which therefore decreases the time
taken to observe the maximum deuterium residual quadrupolar splitting. Orientation of
single and stacked clay platelets (tactoids) is a co-operative process where at any given
time, the fraction of the platelets about to be orientated in the magnetic field is
propo"rtional to the total number of already ordered platelets. If the concentration of the
clay suspension increases, so does its available surface area and therefore its ability to
interact with a greater number of water molecules which therefore results in an increase

10 sbserved that there is a

in the residual quadrupolar splitting. Grandjean and Laszlo,
linear dependence of the observed residual quadrupolar splitting, A, with the amount of

suspended bentonite clay.

The observed “H doublet displays differential line broadening which allows a
distinction to be made between the two peaks. The splitting is considered positive if the
broader component of the doublet is at high frequency. The intensities and also the
longitudinal relaxation times, 7;, for both peaks are however equal. The origin of the
differential line broadening is thought to be due to coupling between two relaxation

mechanisms because taken alone, quadrupolar relaxation cannot explain the inequality of
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the observed line widths. ‘Grandjean and Laszlo,'" suggested three possibilities for the
coexistence of another relaxation pathway which after coupling with the quadrupolar

relaxation would result in a differential line broadening of the °H doublet.

1. For an orientated D,O molecule, the differential line width of the *H doublet
may be due to coupling between the quadrupolar relaxation and relaxation due to

chemical shift anisotropy.

2, An internal dipole-dipole mechanism may take place where deuterons on the
same D,0 molecule relax one another, coupling may then result between the dipole-

dipole and quadrupolar relaxation mechanisms.

3. Itis also possible that an external dipole-dipole mechanism could be present in
the system. Such a mechanism would involve paramagnetic centres in the clay. If
coupl_ing then takes place between external dipole-dipole and quadrupolar relaxation
mechanisms, differential broadening will result which will rely upon the concentration of

paramagnetic impurities.

Grandjean and Laszlo suggest that mechanism 3 above best fits the experimental
data thus far obtained,''® since many clays contain Fe™ which is the main paramagnetic
impurity. The bentonite used by Grandjean and Laszlo contained about 4% Fe,O; and
the broader component of the ’H doublet was at lower frequency. This order was
reversed when gelwhite containing 0.9% Fe,0; was introduced into the magnetic field.
Further, with hectorite, another 2:1 smectite which contains very little iron, 0.05%, no
difference in the line widths of the two components was observed.''® Hence the evidence
suggests that the origin of the differential line broadening is due to paramagnetic centres

in the clay. This may be further emphasised because in the present study, a Texas
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bentonite with only 0.7% Fe,O3; was used and as with gelwhite, the broader component
was at higher frequency, also with this clay differential line broadening was not very
pronounced. A‘ subsequent study by Petit e al.''® has shown conclusively that
differential line broadening depends linearly on the applied magnetic field and on the

116 checked these statements

concentration of paramagnetic centres in the clay. Petit et al
experimentally by line shape analysis of the NMR “H doublet for clay gels at two Larmor

frequencies and by varying the concentration of paramagnetic Gd** ion added to the clay.

Grandjean and Laszlo,'®'"° found that the observed residual quadrupolar splitting
depended strongly on the exchangeable cation associated with the clay. They recorded
with Ecca Gum BP bentonite that the residual quadrupolar splitting, A, goes from +16.3
Hz to zero as the Mg*"/Na' ratio was increased up to 0.27."” The most dramatic change
in residual quadrupolar splitting occurs when Na” is in competition with Ca®*. Here the
residual quadrupolar splitting decreases from +16.3 Hz, through zero and assumes a
maximum negative value of -23 Hz for Ca>"/Na’ ratios above 0.2.'" Grandjean and
Laszlo state that the change in sign of the deuterium doublet from positive to negative on
changing the Ca>"/Na’ ratio must be due to a switch in the predominant reorientational
mode of water associated with the cation and clay surface. When only univalent Na" ions
are present, the water molecules are affected by two attractive forces, (i) hydrogen bonds
to the aluminosilicate layer and (ii) a bond between the oxygen lone pair and the cation.
The introduction of divalent ions such as Mg** or Ca®" into the system results in the
systematic displacement of Na* ions from the interface on increasing addition of the
. divalent ions. Increased attraction between the divalent cation and the clay surface
means that the water molecules are squeezed between the two. When only Na* ions are

present, the water molecules are thought to rotate predominantly around the H-bond (O-
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H axis). Conversely when the stronger binding divalent cations are present, the
reorientational axis changes to the stronger metal-O bond (Ca*"-0 axis). Fast exchange
of D,0 molecules betWeen the bulk and the two bound sites, water molecules orientated
by (1) the clay surface or (2) the exchangeable cations is therefore responsible for the
change in sign of the ’H doublet from positive to negative. The magnitude of the residual
quadrupolar splitting, A, zwas also found to have a temperature dependence which, for
high Ca®/Na" ratios increased with increasing temperature. Conversely for low Ca®*/Na"

ratios the opposite was true.'"’

Grandjean and Laszlo,'® have also investigated what effect, if any, the location of
isomorphous substitution, whether in the octahedral or tetrahedral layer of the clay, has
on the *H residual quadrupolar splitting in the presence of different cations. Three clays
were chosen, two of which were saponite and hectorite which are both trioctahedral,
howe;/er isomorphous cation substitution occurs in the octahedral layer for hectorite and
the tetrahedral layer for saponite. The third clay investigated was a montmorillonite from
Gonzales County Texas, where isomorphous substitution occurs in the octahedral layer
only. These clays all differed from Ecca Gum BP where substitution occurred in both the

tetrahedral and octahedral layers.

No sigm'ﬁcant vaﬁation in the *H splitting was observed in the presence of
different exchangeable cations for suspensions of saponite and ﬁectorite which are both
trioctahedral c]éys. The observed “H splitting for saponite and hectorite was
approximately 55 and 26 Hz respectively. The Gonzales County montmorillonite is a
dioctahedral clay which also showed no change in splitting even when the clay was
exchanged from Na® to a predominantly Ca®* exchanged form. The deuterium splitting

observed for this clay was constant at approximately 19 Hz. This contrasts with the
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observations for Ecca Gum BP which displayed a change in sign upon increasing the
Ca®'/Na’ ratio. The differences in the ’H splitting upon changing the exchangeable cation
associated with the clay may be explained by considering the location of isomorphous
substitution in the clay layers. When isomorphous substitution occurs in the octahedral
layer as in hectorite and the Gonzales County montmorillonite, water molecules interact
less strongly with the clay surface.!””"®  Grandjean and Laszlo state that the reduced
interaction confers some hydrophobicity to the clay surface and the water molecules
cluster in the interlayer.'” Even the presence of divalent ions seems to have little effect
on these water clusters. When isomorphous substitution is in the tetrahedral layer as
with saponite, basal oxygens, near the locus of substitution, interact more strongly with

U218 These stronger interactions destroy the

the exchangeable cation and also water.
water molecule clusters and strong bonds may be formed between the hydrated cation

and the surface of the clay.

It does not seem to matter whether isomorphous substitution is exclusively
octahedral or tetrahedral because no significant changes in the “H splitting were observed
for either case upon changing the exchangeable cation associated with the clay. The
Ecca Gum BP represents an intermediate situation with isomorphous substitution
occurring in both the octahedral and tetrahedral sheets. As a result stronger interactions
occur with the clay surface compared with those in hectorite and Gonzales County
montmorillonite. In addition any water clusters formed will be less stable with respect to
clusters formed with saponite and their structure will therefore be affected by higher
valent cations. Grandjean and Laszlo state that this intermediate situation, where

isomorphous substitution occurs in both octahedral and tetrahedral layers, is responsible
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for the variations in the ?H and "’O quadrupolar splittings and is due to fast exchange

between bulk water and the two types of bound site.'*

4.6 Practical Uses of the *H Residual Quadrupolar splitting.

The extensive work carried out by Grandjean and Laszlo has shown that the ’H
quadrupolar splitting may be used to gain information about the state of water at the clay
interface. They have also shown that the experimental conditions and choice of clay need
to be considered carefully in order to maximise the splitting of the ?H doublet. It is
proposed that in this study, the splitting of the H doublet will be utilised to investigate
the interactions of ions and organic molecules with the clay. As previously mentioned,
the major advantage of this technique is its in sifu nature which allows the arrangement
of adsorbates to be probed at the clay surface under liquid phase conditions close to
those-used in working situations by industry. Grandjean and Laszlo," have already
made use of the “H residual quadrupolar splitting (along with other nuclei i.e. 'O, N
and 'Li) to study the interactions of Li-saponite with a binary solvent mixture of
acetonitrile and D,0. In this study they found that, as usual, the water molecules
associate with the clay surface via H-bonds to form the first solvation shell, coordination
also occurs through oxygen to the Li" ion. The constant °H and 'O residual quadrupolar
splittings observed for water molecules at acetonitrile concentrations below 60% vol/vol
indicate that .the water molecules remain essentially undisturbed by the acetonitrile
molecules in this concentration range. Grandjean and Laszlo therefore concluded that
water molecules stick to the saponite surface whereas the acetonitrile molecules occupy
the second solvation layer, parallel to the first at a distance from the surface governed by
the Li* counter ions. They state however that the orientation of the acetonitrile

molecules varies greatly in the 0-60% vol/vol range, shown by a significant decrease in

93



the N and 2H splittings observed for this concentration range. Above 60% vol/vol, a
steady decrease in the H and 'O splittings was observed for the D,O molecules,
indicating that acetonitrile molecules do compete with water for occupation of the first

solvation shell at these raised acetonitrile concentrations.

The clay used: for mdst investigations in this thesis was a Texas bentonite,
Westone-L, which has a low iron content of nominally 0.7% Fe,0;. Only a slight
differential line broadening was observed for the H doublet of this clay as would be
expected for a clay with low iron content, based on Grandjean and Laszlo’s work. In this
thesis, the maximum splitting observed for Ca** or Na* exchanged Westone-L was 72
and 36 Hz respectively. There was no observed change in sign of the deuterium doublet
from +ve to -ve on changing from a Ca®* to a Na" exchanged clay. As mentioned
previously; Grandjean and Laszlo also observed no change in sign of the *H splitting for
saponite, hectorite and Gonzales County montmorillonite. In contrast however, a change
in sign of the *H splitting was observed by Grandjean and Laszlo for Ecca Gum BP. In
this thesis, addition of adsorbate species to Westone-L, whether cationic or anionic, led
to a narrowing of the observed “H doublet which eventually resulted in complete collapse
of the splittjng. After extensive experimentation, it was concluded that the window from
which information could be gained was too sensitive to the adsorbate species under
examination. This will be discussed in greater detail later, (chapter 8). With this
approach closed, interest in the interactions of polymers with clay in aqueous sﬁspension

led to the evaluation of the resident exchange cation as an in situ probe.
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4.7 The use of Nuclear Magnetic Resonance to Study the Exchangeable

Cations Associated with Clay.

The use of exchangeable cations as NMR probes to provide information on the
surface properties; of clays is a relatively new discipline and as a result few studies have
been carried out. The lack of data arises from the limitations in the technique itself such
as sensitivity and spectral resolution. The questions which need to be addressed are (i) is
it possible to collect enough signal in a reasonéble amount of time? and (ii) after the data
is acquired, are the peaks narrow enough to learn something about the system? With thé
advent of high magnetic fields however, the resolution and sensitivity of the nuclei under
examination have become less of a problem. With the exception of a study in 1976 on

' most publications concerning NMR of exchangeable cations

Li in hectorite,
assoéiated with clay date back to the late 1980’s. Much more attention has however
been centred on the NMR spectroscopy of cations associated with zeolites.’?'** The
reason why smectites have received less attention can be attributed to the fact that they
are usually aggregated into irregular tactoids and as a result there are many possible

states of hydration. Further, most clays contain paramagnetic impurities (a few % Fe,0s

for example) in their lattice which leads to broad NMR signals.

Since 1988 several exchangeable cations have been studied by NMR (®Na, *K,
"¥Cs, '"'Cd and '°Cd) in montmorillonite, hectorite and vermiculite.”>**'>-2* Most
studies have employed the technique of MAS NMR because this technique permits good
resolution and hence allows easy measurement of any chemical shift observed in the
signal. There are however two studies which have been carried out to analyse the

chemical environment of exchangeable cations without the use of MAS NMR.'>-"*

Tinet et al. 5 have used 'Cd NMR to study cadmium exchanged clays (hectorite and
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montmorillonite) in a-powder and hydrated gel form. It was noted on hydration of the
Cd-exchanged montmorillonite that the 3Cd NMR - signal was not a simple one site
signal. In fact the 'Cd signal was found to originate from two differing Cd
environments in the clay sample, namely the interaction of Cd with water and Cd with
clay. A similar phenomenon was encountered by Lambert ef al.'?® who examined the *K
NMR signal of powdered and hydrated (60 wt. % H,O and 40 wt. % dry clay) K-
montmorillonite. They observed the existence of two well defined signals in the *K
spectra recorded. These spectra consisted of a broad component which they state is
similar to the only component observed for air dried K™ exchanged clays and also a

narrow liquid-like component.

XRD studies carried out by Lambert ef al.'®® show that the dry clay samples are
interstratified with layer spacings of 10 A and 12.4 A which reflect weakly hydrated
excha-ngeable cations with low mobility. Consequently the broad signal observed in the
hydrated sample has been attributed to K" in the collapsed layers and to K" in interlayers

expanded to 12.4 A.

The narrow liquid like component is due to K in rapid motion which the authors

state may have two different origins:
1. K" in completely swollen interlayers (>14 A basal spacing).
2. K" on the external surface of the clay.

The authors also state that the presence of paramagnetic centres in the clay may be the

cause of some of the broadening seen in the *’K signals.
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" NMR analysis of the structural environments of Cs" in caesium exchanged clays
has thus far been limited to MAS NMR.'%'? In a recent study by Weiss et al.'”’ high
resolution variable temperature (VT) MAS NMR spectroscopy was used to study the
nature of the structural sites occupied by '*Cs adsorbed onto clay. *Cs NMR
experimenfs were carried out on samples of Cs-hectorite at different temperatures, from
+80°C to -100°C to show that Cs™ on hectorite occurs in several different structural
environments, depending on the hydration state of the clay. For this study, Weiss et
al'? used three distinct Cs-hectorite samples differing only in the way in which they
were prepared. As a result, different Cs” environments were seen on the clay depending

on the sample in question.

(1) 3Cs VT MAS NMR spectra of < 1um particle size hectorite in 0.1 and 1.0

127

mol L CsCl slurries were recorded. Weiss ef al.'?’ state that there are two Cs’

environments on hectorite undergoing rapid exchange which causes motional averaging
of the **Cs NMR signal and results in one peak for samples recorded at temperatures >
-40°C. As the temperature is decreased to below -40°C, motional averaging slows which

allows resolution of two peaks which represent the two Cs™ environments.

(2) °Cs NMR spectra of Cs-hectorite exposed to 100% relative humidity show a
§ingle line at temperatures in the range +80°C to -20°C. This single line is considered to
be due to a motionally averaged signal from all sites. Below -20°C, two unaveraged
signals appear which become better separated at decreasing temperature. Weiss ef al.'”’
attribute these two peaks to Cs” in the stern layer, near to basal O and Cs’ in the Gouy

layer surroundgd by hydration shell water. A third peak is also seen and can be attributed
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to unhydrated Cs" which is a result of drying the hectorite in the sample preparation

stages.

(3) *Cs NMR spectra were also recorded of Cs-hectorite heated to 500°C and
not allowed to rehydrate. These spectra show two peaks which do not change with
temperature. Weiss ef al.'”’ state that these peaks may be due to anhydrous Cs” with
two different oxygen coordinations which do not undergo exchange or motional
averaging because of the absence of water. In this study Weiss et al.'>” have shown that
Cs" may be present in many different structural environments in hectorite, depending on

preparation and hydration state of the sample.

It has been shown that NMR spectroscopy may be used as a powerful tool to
investigate the environment that exchangeable cations occur in. Careful choice of the
exchangeable cation to be studied and the use of a clay with a low Fe content (to avoid
interactions between relaxation mechanisms of the cation and paramagnetic centres)

should therefore result in a method to probe the interactions of cationic species with clay.

4.8 The Choice of an Exchangeable Cation for Use as an ‘In Situ’ Probe.

The charge on aluminosilicate sheets due to isomorphous substitution must be
balanced and usually occurs through interaction with metallic cations. The alkali metals
of group 1A are the major exchangeable cations examined in this study andv therefore will
be considered in greatest detail. The nuclear proi)erties of the alkali metals are outlined

in Table 1 below.

Francium is omitted from the table because it has no known stable isotope, the

most stable being “*’Fr which has a half life of 22 minutes.’® The alkali metals under
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consideration are therefore °Li, "Li, ZNa, **K, ¥Rb, ¥Rb and *3Cs. All these nuclei are
stable isotopes apart from *’Rb whose half life is 5x10" years but is considered stable on

an NMR time scale.

The majority of alkali metals have a spin quantum number of 3/2 however 5L,
Rb and **Cs have a spin number of 1, 5/2 and 7/2 respectively. The fact that all the
alkali metals havé a spin quantum number equal to or greater than 1 means that they all
possess a quadrupole ﬁloment and therefore their relaxation behaviour is influenced by
quadrupolar relaxation mechanisms. The quadrupole moments for ZNa, K, *K, *Rb
and ®Rb, are large and consequently their relaxation mechanism is dominated by
quadrupole effects. Conversely °Li, Li and **Cs have a low quadrupole moment and in
theory other relaxation mechanisms can compete with the quadrupole relaxation
mechanism. With the **Cs nuclus however, only the quadrupolar relaxation mechanism

has been found to be plausible, irrespective of the low quadrupole moment.'* '**

NMR linewidths of quadrupole nuclei are related to Q2 the electric quadrupolar

moment and to the spin of the nucleus I through a line width factor L, (Equation 4).'”

(21+3) 10% m?

N2
F=Crayy

Equation 4. Showing how the line width factor L is calculated using.the electric

quadrupole moment Q and spin quantum number I,

Therefore *Cs with a small electric quadrupole moment (Q = -3 x 10* .10%* m?)
and a large spin quanfum number (I = 7/2) has the smallest line width factor of any
quadrupole nuclei with L = 1.2 x 10° . 10 m*. Consequently '**Cs line widths are

narrow compared to those of other alkali cations such as Na (L = 1.3 x 10%. 10°° m*
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énd K (L = 3.2 x 103.10°® m*) which both have line widths in the order of a few Hz.
The line widths at half height for concentrated cation solutions of the nuclei %Rb and
’Rb are broad and are in the order of 150 and 132 Hz respectively.'”® As stated
previously, the line widths for both isotopes of Li are very narrow due to their dipolar or

spin-rotation relaxation mechanisms.

Of the eight isotopes considered, 'Li, ®Na, K and *’Cs nuclei have natural
abundances greater than 90%. The receptivities of 'Li, ?Na, *Rb and '**Cs relative to

that of °C, D°, are high.

It was decided that the ZNa and "*Cs nuclei were the best in situ probes for
investigation into the interactions of cationic species with clay minerals. These nuclei
were chosen above other alkali metals because, as stated above, both are sensitive nuclei
with relative receptivities D = 525 for *Na and 269 for '**Cs. Both have a high natural
abundance of 100% and both have sharp NMR signals. The chloride salts of Na* and Cs"
are also readily available and the cations easily exchange with exchangeable cations on

the clay resulting in a homionic cation exchanged clay.

It was later found that ®Na in the NMR probe used gave a strong background
signal which made Na NMR difficult but not impossible. Consequently, it was decided
to use "*Cs NMR as an in situ probe nuclus. An added attraction for using **Cs NMR
spectroscopy is that Cs” cations have a strong affinity with the clay surface and therefore

any observable interaction will be more pronounced with this cation.

Large quantities of KCI are required (typically 30 pounds per barrel which is
equivalent to 1.13 mol dm™) to promote drill hole stability when drilling an oil well. Ina

real drilling situation, clay lining the drill hole wall will exchange to a predominantly K*
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form. Therefore, the ideal nucleus for NMR analysis would be **K. Unfortunately, as
discussed earlier, K NMR is not sensitive enough vfor use in this study. One further
advantage of using **Cs NMR is that the Cs" cation is a good model for K*. This is
because Cs" has a small hydration shell which is comparable in size to that of K and like
K" interacts strongly with the clay surface and is normally preferentially adsorbed by clay

from solutions of other alkali metals.*

Certain points, such as the origin of the linewidth, need to be considered before
the *Cs nuclei can be utilised as an in situ probe. Work has been undertaken on *Cs
NMR by Boden et al.®' who have studied caesium pentadecafluorooctanoate
(CsPFO)/water liquid-crystal systems in a sample cell which allows temperature control
at the millikelvin level. They have stated that an ideal **Cs spectrum consists of seven

“equally spaced lines of relative intensities, 7:12:15:16:15:12:7 corresponding to
transi;ions between the spin states +7/2—+5/2, +5/2—+3/2, +3/2—+1/2, +1/2—-1/2,

-1/2—-3/2, -3/12—-5/2, -5/2—-7/2 respectively, (Figure 20a).

Boden et al.”' have shown that broadening of all transitions apart from the
central +1/2—-1/2 occurs when temperature gradients are present in the system, (Figure
20b). Broadening also occurs when the liquid crystal is not permitted to align in the

magnetic field.

The use of *Cs NMR to probe the interaction of cationic species with clay has
consequently been utilised in the present study and will be considered in greater detail

later, (see section 6.1.5).
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Figure 20. (a) “°Cs NMR spectra of a CsPFO/H.O sample in a constant
temperature water-flow system at 315.5 °K (b) *Cs NMR spectra of the same
sample in a standard air flow constant temperature system. The line broadening in
(b) is the result of a temperature gradient of ~ 30 mK cm™ along the length of the

sample, (after Boden et al.™’").

103



4.9 Nuclear Magnetic Relaxation

The "*Cs nucleus has a spin quantum number I = 7/2 and therefore this nucleus
has eight different energy levels associated with it. At thermal equilibrium, in a large
applied magnetic field, the spins are distributed among fhese different energy levels
according to a Boltzmann distribution. If this Boltzmann distribution of spins among the
different energy levels is then disturbed by an external process, such as moving the
sample in and out of the magnetic field, By, or irradiating the sample at the Larmor
frequency, w,, then the nuclear spin system will tend to restore a Boltzmann distribution
after a period of time due to relaxation. This relaxation process is characterised by a
specific time constant, 77, and is termed the spin lattice or longitudinal relaxation time.
T actually describes the return of the magnetisation, M, to its equilibrium value along Bo.
The value of T is therefore a measure of the efficiency of the coupling which restores
thermal equilibrium between the nuclear spin system and its surroundings, the lattice. A
spin-spin or transverse relaxation process will also be in operation which measures the
effect of spin-spin interactions in bringing the spin system into internal equilibrium. The
transverse relaxation time, 75, characterises the return to zero of any finite component of

the magnetisation which does not lie in the By direction after perturbation of the system.

In liquid samples,lt.he value of T can typically range from 10® to 10? seconds
while for solids, the upper limit can be much larger when the sample is pure. If T} is
small, relaxation is fast and a large linewidth is usually observed. Figure 21 shows a
schematic dependence of relaxation on the correlation time t.. 1. is defined as the time
taken on average for a molecule to diffuse a distance equal to its own dimension or rotate

through 1 radian."?> In the short correlation time region, Figure 21 shows that 71=75,
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this is usually the case for liquids. In this fast motion part of the curve, the correlation
time is much shorter than a Larmor period and o,’t.° << 1 and is termed the region of
extreme narrowing. As the motion slows down, 7 and 7> decrease until the value 00 T
~1 is reached where T3 pésses through a minimum, the value of which depends upon @,.
This MMﬁum corresponds to the region where the considered motion is most efficient in
establishing equilibrium with the lattice. When the motion is slow enough, 73 increases
as 7. increases however in this long correlation region, where @t >> 1, T, goes on
decreasing. 75 values in solids are often found in the long correlation region of the curve

and may have a value in the order of microseconds which leads to large linewidths.

Ty .Ta

1k
extreme

narrowing

0.1F

0.01

0.001

1 1 1 ] 1
10~ 10710 109 10~8 10~7

Te(s)
Figure 21. Schematic dependence of 7; and 73 on 1. Ordinate and abscissa values

are approximate.
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5. Experimental

5.1 Materials

5.1.1 Clay:

The clay used for the majority of experiments in this study was Westone-L
montmorillonite. Westone-L has a CEC of 81 milli-equivalents per 100 g (meq/100g) as
determined by English China Clays. X-ray Fluorescence (XRF) provided elemental
analysis of the clay, the 6xides of the major elements found are listed below for Cs’, Na*
and unexchanged montmorillonite, (Table 2). XRF analysis showed that this clay had a
low Fe,0s content, typically 0.7% by weight, (Table 2). Three other types of clay were
also used for analysis of the H NMR splitting and will be discussed later, (section

5.3.73).

Nature of oxide, % of total weight

Exchange CsO | Na;O | MgO | ALOs; | SiO, | K;O | CaO | TiO, | Fe;0;
form of clay

Unexchanged | 0.12 { 0.02 | 3.41 | 17.21 {69.36}| 0.07 | 1.80 | 0.24 | 0.75

3xCs-mont | 12.20 | 0.16 | 2.71 | 16.47 | 6142} 0.04 | 0.05 | 0.17 | 0.76

3xNa-mont | 0.00 | 2.50 | 2.68 | 16.71 [ 72.15{ 0.04 | 0.02 | 0.24 | 0.72

Table 2. XRF data showing the elemental composition of Cs’, Na* and

unexchanged montmorillonite. Only the major oxides are shown.
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5.1.2 Sedimentation/Purification Of Raw Montmorillonite.

Purification of the Westone-L was achieved by sedimentation which removes
impurities including quartz, iron oxide, mica and other non clay impurities, leaving an
essentially pure clay suépension. Sedimentation required the suspension of 500 g of raw
clay in 10 litres of deionised water. The resulting clay suspension was then stirred
thoroughly to evenly distribute all the mineral particles. The clay suspension was then
covered and left overnight (fe > 16 hours), after which the upper 10 cm of the suspension
was then siphoned 6ﬂ’ and collected. The volume of suspension removed from the
container was replaced with an equal volume of deionised water, stirred, and the whole
process repeated again up to 3 to 4 times storing the siphoned fraction each time. The
initial stock suspension was then discarded as it contained mainly impurities from the raw
clay. The purified clay fraction, which was nominally < 2 p particle size, contained
mainly Ca®" and Mg”" exchange cations. A < 0.3 pm clay fraction was also prepared
from the purified clay fraction. This involved centrifuging a sample of the purified clay in
a 30 ml centrifuge tube at 4500 rpm for 3.4 minutes and collecting the top 4 cm of the

clay suspension.

5.1.3 Preparation of Cation Exchanged Montmorillonite.

The purified clay fraction, prepared by sedimentation, was altered from a
predominantly Ca>* and Mg®* exchanged clay to one with 100% of the CEC satisfied by
another cation (Table 2). The five cation exchanged clays used in this study are Cs", K,
Na', Ca** and Mn”" and are all prepared in the same way, using the chloride salt of the

cation.
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The chloride salt of the appropriate cation was dissolved in aqueous solution and
added to the purified clay suspension at concentrations between 0.1 to 1.0 mol L™
depending upon the replaceability of the cations in question (see the replaceability series
of exchangeable cations, Chapter 2, section 2.2.1.5). Afier a suitable period of time (> 2
hours), the clay suspension was centrifuged and the supernatant discarded. A quantity of
fresh metal chloride solution equal in volume to the discarded supernatant and equal in
concentration to the previously added chloride solution was then added to the clay which
was subsequently resuspended by homogenisation and left to equilibrate. This process
was repeated three times in all, (subsequent XRF analysis confirmed that the clay was
saturated with the catioﬁ of interest). Excess ions which may be trapped between the
clay platelets were then removed by resuspending the ion exchanged clay centrifugate in
deionised water. The clay suspension was then centrifuged and the supernatant again
discarded. This was regarded as one wash and was repeated at least six times or until the
clay suspension had a conductivity of <30 uS. The washed clay was thén reconstituted
to give a suspension a:t a concentration of 50 gL' and was subsequently referred to as
3xZ-mont where Z represents the exchangeable cation and 3 represents the number of

times the clay came into contact with the exchangeable cation solution.

5.2 Adsorbates

5.2.1 Cationic Adsorbates.

Chloride salts of the cationic species Na’, K™ and tetramethylammonium, TMA",
were prepared at a concentration of 1.0 mol L™'. Aliquots of the prepared solutions were

then added to the cation exchanged clay of interest. Paraquat (methyl viologen) was also
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investigated by adding aliquots of a 0.1 mol L™ solution to the clay of interest. The

structure of paraquat is shown below, (Figure 22).

(=]
Cl

(<]
Cl
¢l
HC —i?l O O N—CH,

Figure 22. The Structure of paraquat.

Three éhemically similar cationic polymers FL15 (Mwt 5000), FL16 (Mwt 50
000) and FL17 (Mwt 100 000) were supplied by B.P. for investigation. These
polycations are 50% active (ie diluted with water by 50%) when supplied and they were
diluted a further 10 fold before being added to the clay of interest. These polymers are
synthesised by copolymerising dimethylamine and epichlorohydrin, the structure of

epichlorohydrin is shown below, (Figure 23).

C
I H> CH— CH,CI
0

Figure 23. The structure of epichlorohydrin

FL15, 16 and 17 all contain 9% nitrogen by weight, this was confirmed by

Kjeldahl analysis. Their general structure is shown below, (Figure 24).
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Figure 24. The monomer unit of the polycations FL15, 16, 17.

A polymer based on diallyldimethyl ammonium chloride known as Magnafloc
1697 was also investigated. This polycation is 50% active when supplied and was diluted
a further 10 fold before being added to the clay of interest. Kjeldahl analysis confirmed
that this polycation contained 8.5% nitrogen by weight. This polycation has a Mwt of

100 000. Its structure is shown below, (Figure 25).

_’_C% /CHZ_'_

CH—CH

(llH le n Cle

Figure 25. The monomer unit of Magnafloc 1697.

If the cationicity of the polymer is taken as the ratio of the cationic monomer to
nonionic monomer in the resulting polymer then FL15, 16 and 17 and Magnafloc 1697
are all 100% cationic. Table 3 shows the approximate dimensions of the cationic
polymers investigated in this thesis along with the number of cationic units in each

polymer chain.
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FL15 Mwt 5000 36 5.5 150

FL16 Mwt 50000 360 5.5 1512
FL17 Mwt 100 000 727 5.5 3024
Magnafloc 1697 Mwt,100 000 619 8.5 3813

Table 3. The number of cationic units per polymer chain and approximate

dimensions of the polycations investigated in this thesis.

5.2.2 Neutral Adsorbates.

The neutral polymer investigated was sppplied by BP Chemicals and was a
polyalkylene glycol named DCP101 which was copolymerised from ethylene and
propylene oxide and has a molecular weight of ~ 600. Aliquots of this polymer were
added undiluted to the clay suspension of interest. The structure of polyalkylene glycol

unfortunately cannot be illustrated due to company legislation.

5.2.3 Synthesis of a Deuterated Compound Chemically Similar to DCP101.

A deuterated compound, chemically similar to DCP101 was synthesised using the
method outlined below. This compound was synthesised in the hope that H NMR of
clay suspensions containing the synthesised compound could provide some insight into

how DCP101 interacts with clay

Dimethylmaleate (5.6 ml, 0.04 mol L") was added to toluene (50 ml) in a round
bottom flask (100 ml). The reaction was catalysed by addition of [RuCIH(PPhs)s] to the
flask, taking care to. purge the system of any air, which destroys the catalyst before
starting the reaction. Deuterium gas, synthesised by dropwise addition of a D,O/THF

solution onto Na metal was then passed through the reaction mixture. The reaction
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mixture turned from purple to brown on completion of the reaction. The reaction

followed the route outlined below, (Figure 26).

COOMe
|
MeOOC COOMe CHD
— + D, —» |
7/ \ CHD
H H |
COOMe

Figure 26. Reaction scheme showing the deuteration of dimethylmaleate.

The product of the reaction outlined above comprised of an 80:20 mixture of
dimethylsuccinate and dimethylfumarate respectively as determined by "H NMR. The
presence of dimethylfumarate in the product did not cause a problem and therefore the
next stage in the reaction mechanism was carried out after the product mixture had been

distilled and then purified using a silica column.

The deuterated dimethylsuccinate (2.7 g, 0.0185 mol L) was then dissolved in a
small quantity of dry THF (5 ml) and added to hexaethylene glycol (10.44 g, 0.370 mol
L™). HCI gas was then passed through the solution for 5-10 minutes and the reaction
mixture subsequently distilled. After the THF and MeOH had distilled off, the liquid
product was collected and will subsequently be referred to as the deuterated hexaethylene
glycol (HEG) compound. The reaction taking place is outlined below, Figure 27. 'H

NMR spectra were again recorded of the product.
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HEG
HO \/}LE/G\/\OH HO ~~A~~0H
MeO OMe

+ 2 MeOH

Figure 27. Reaction scheme showing the route taken to synthesise a deuterated

compound similar to DCP101. HEG refers to hexaethylene glycol.

5.2.4 Anionic Adsorbates.

The anionic polymer used in this study was supplied by Allied Colloids. The
polymer was a partially hydrolysed polyacrylamide (PHPA) which was 40% anionic and
was made up into a 1% solution before addition to clay. The structure of PHPA is

shown below, (Figure 28).

B I r Tr T
H H II{
CH2 (:: CH, ('IJ CH2 (|:
C C R

i O/ \NHz_ i O/ OHJ | J

Figure 28. The structure of partially hydrolysed polyacrylamide, PHPA.
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5.3 Analysis Techniques Used to Investigate the Interactions Taking

Place Between Polymers and Clay.

Several established clay analysis techniques were used along with multinuclear
NMR to investigate the interactions taking place between polymers and clay. The

analysis techniques used included:

Kjeldahl analysis of total N.... section 5.3.1
Carbon, Hydrogen and Nitrogen analysis (CHN).........ccecerueeee section 5.3.2
X-ray Fluorescence (XRF). section 5.3.4
X-ray Diffraction (XRD).. . section 5.3.5
Thermogravimetric analysis (TGA) section 5.3.6
Multinuclear Nuclear Magnetic Resonance analysis (NMR)... section 5.3.7
Zeta Potential . section 5.3.8
Particle Size........ cesssssnasesses section 5.3.9

_ The eXperimental procedures used for each analysis will now be discussed in

greater detail.

5.3.1 Kjeldahl Analysis of Various Exchange Forms of Westone-L Contacted

With Different N Containing Cationic Adsorbates.

The Kjeldahl technique for total N analysis was used to gain information about
the adsorption-characteﬁstics of several N containing cationic species. Samples were
prepared by introducing 10 ml of 50 gL'l 3xZ-mont (0.5 g clay) into a low density
polyethylene bottle together with a quantity of cationic species and sufficient deionised
water to give a total volume of 20 ml. This gave a final clay concentration of 25 gL
Each sample was then oscillated at 280 rpm at 28 °C in a New Brunswick gyrotary water
bath shaker (model G76D) for two hours. This method of mixing clay with adsorbate

was used in all other analyses and will be quoted in the following text. The suspensions

115



were then centrifuged at 20 000 rpm for 20 nﬁnutes and the supernatant decanted off.
The clay was then washed once which involved resuspension in 25 ml of deionised water
and then centrifuging down once more to remove the supernatant which contained any
unadsorbed species. The clay was then dried at 120°C, ground into a powder and stored
at 120°C. Weighed quantities of this clay were then taken and added to a digestion tube
containing 25 ml of concentrated H,SO, (low nitrogen) and two 5 g catalyst tablets
containing 94% K,SQ0;, 5.5% CuS0,4.5H,0 and 0.5% Se. The K,SO, in these tablets
accelerates the digestion by raising the boiling point of the H,SO,4, while the Cu and Se
act as catalysts for the reaction. The samples were then digested by heating the digestion
mixtures to 380°C for four hours in a Kjeldahl digester unit. During the digestion
process, the nitrogen containing compounds react to give ammonium sulphate, water and

carbon dioxide.

After digestion the samples were analysed for total nitrogen using a Gerhardt
Vapodest Kjeldahl Autoanalyser. This instrument automatically analyses for total
nitrogen by first making the digestion solution basic by adding 30 ml of 40% NaOH.
This converts all the NH," in solution to NH; which is then steam distilled and adsorbed
into a 4% boric acid solution. The ammonia-boric acid complex formed is a strong base
which is then titrated with 0.1 mol L™ HCI to determine the percent nitrogen by weight in

the sample.

To confirm that the Kjeldahl method for the determination of total nitrogen in
clay samples was both accurate and precise, a range of test samples were made up
consisting of a known quantity of tetramethylammonium exchanged montmorillonite

(TMA-mont) and a quantity of untreated Westone-L to give 1g in total of clay. The
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samples were then analysed for total nitrogen using the Kjeldahl technique and the results

recorded, (Table 4).

% N found in duplicate
Westone-L./g | TMA-mont/g 1 2 % N average

1.00 0.00 0.016 0.016 0.016
0.95 0.05 0.122 0.109 0.110
0.90 0.10 0.180 0.180 0.180
085 . 0.15 0.238 0.244 0.241
0.80 0.20 0.307 0311 0.309
0.60 0.40 0.511 0.551 0.551
0.40 0.60 0.818 0.817 0.818
0.20 0.80 1.057 1.043 1.050

0 1.00 1.308 1.292 1.300

Table 4. The % N detected by Kjeldahl analysis for the addition of increasing

quantities of TMA-mont to untreated Westone-L to give 1 g in total of clay.

A graph showing the quantity of TMA-mont in each sample versus the %N

detec’;ed was then plotted and is shown below (Figure 29).
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Figure 29. Graph showing the %N detected by Kjeldahl analysis for the addition
of increasing quantitiés of TMA-mont to untreated Westone-L to give 1g in total of

clay.
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Figure 29 shows a straight line which passes through the origin, confirming that
the precision of this technique is good. Untreated Westone-L has a quantity of nitrogen
0.016% associated with it, the quantity of nitrogen seen in 1g of TMA-mont is therefore
1.28%. The calculated value of percent nitrogen in fully exchanged TMA-mont is 1.28%

which shoWs that the experimental value obtained agreed well with the calculated value.

5.3.2 CHN Analysis of Different Cation Exchanged Forms of Westone-L

Contacted With DCP101,

CHN analysis was performed on different cation exchange clay samples contacted
with varying amounts of DCP101. Results from these analyses were used to construct
representative adsorption isotherms which may then provide information about the
affinity of DCP101 for the various types of exchanged clay under examination. The
Kjeldahl technique could not be utilised for this study because DCP101 does not contain
any N. The %C carbon values obtained from CHN analysis were used to calculate the
weight of DCP101 adsorbed on the various types of clay. This then allowed the
construction of representative adsorption isotherms for each form of cation exchanged

clay.

All samples were prepared by introducing 2 ml of 50 gL 3xZ-mont (0.1 g clay)
into a low density polyethylene bottle along with a quantity of DCP101 and sufficient
deionised water to give a total volume of 4 ml. Some 3xCs-mont samples however also
contained 0.025 mol L™ KCl along with the added DCP101. KCl was added to these
samples because this salt is used as an additive in all drilling muds containing DCP101
and therefore it was important to know what effect it had on the quantity of DCP101

adsorbed onto the selected clay. These samples were formulated by adding the desired
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quantity of KCl to the aliquot of deionised water which was added to each sample to give
a total volume of 4 ml and a final clay concentration of 25 gL', All samples were then
mixed in the usual way, centrifuged down and the supernatant discarded. Each sample
was then resuspended in 20 ml of deionised water and centrifuged down again before the
supernatant was discarded, this constituted 1 wash of the sample. All samples were then
dried in an oven at 120°C, then ground to a powder before being replaced in the oven.
After a further 4 hours of heating at 120°C, each sample was then removed from the
oven, quickly sealed and then sent off for CHN analysis by a Perkin Elmer 2400 CHN

Elemental Analyser.

5.3.3 The Use of XRF to Determine the Elemental Composition of Clays.

XRF was used to study the elemental composition of the different cation
exchanged clay forms of Westone-L. The X-ray spectrometer system used in all analyses
was the Philips PW 2400. The principal behind XRF involves bombarding the sample
with primary radiation which causes the ejection of core electrons. The vacancies in the
core orbitals are filled by electrons from intermediate levels and in doing so release the
excess energy gained in the form of secondary radiation, fluorescence. A characteristic
fluorescent radiation is emitted for each energy transition. The wavelength of the emitted
radiation is inversely proportional to the difference between the initial and final energy
level of the electron. The elements in samples under test therefore produce unique
fluorescence comprising of radiation at a number of specific wavelengths. These
wavelengths may be diffracted by directing the emitted beam onto a suitable crystal
which has lattice planes parallel to its surface. By changing the angle 6, the angle at
which the secondary radiation strikes the crystal, individual wavelengths may be detected

using a gas filled proportional detector for the longer wavelengths and a scintillation
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detector for short wavelengths (below 0.08 nm). The intensity of radiation at any given
wavelength is proporfional to the concentration of the element in the sample which is
responsible for that radiation. The amount of any given element present in a sample can

therefore be quantitativeiy calculated.

The elemental composition of several different cation exchange clay forms was
analysed by XRF. Each sample analysed was first ground into a powder and then dried
at 120°C. All samples were then sealed in an air tight vial and then dispatched for
analysis. XRF analysis required that exactly 1g of the dried powdered clay be taken and
mixed with exactly 10 g of powdered lithium-tetraborate. The mixed powders were then
placed into a platinum crqcible and heated in an oven at a temperature of 1250°C for six
minutes, after which time the powders had fused to form a melt which was then swirled
to aid mixing and replaced in the ovén for a further six minutes. This homogenous melt
was poured into a mould and left to solidify, after which time the resulting fused bead
was analysed by XRF using software which enabled the oxides of numerous elements to
be determined quantitatively. All clay samples were analysed using this oxide program
however it was necessary to make up a standard bead for the quantitative ahalysis of Cs"
in 3xCs-mont because this element was not dealt with in the oxide program. This bead
contained a quantity of dried unexchanged clay and exactly 10% Cs" by weight from the
addition of Cs,CO; fo give a total sample weight of 1g. This sample was then mixed
with lithium-tetraborate and again fused into a bead and analysed by XRF. Quantitative
analysis of caesium exchanged clay samples could then be carried out by comparison to

this standard bead.
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5.3.4 XRF Analysis of Polymer Treated 3xCs-mont

XRF analysis was carried out to see whether c;r not any Cs’ could be detected in
3xCs-mont contacted with FL17 at loadings exceeding the CEC of the clay. This
investigation therefore involved the addition of 4.80 x 102 mol L™ of N from FL17 to 25
ml of 3xCs-mont 50 gL™. The sample was then made up to a total volume of 50 ml with
deionised water to give a final clay concentration of 25 gL After mixing in the usual
way, the sample was centrifuged down and the supernatant .which contained the
displaced Cs" ions discarded. The polymer contacted clay was then washed five times
(or until the conductivity of the suspension was < 50 1S) with deionised water to remove
any remaining desorbed Cs’. Washing the clay sample involved resuspension in
deionised water then discarding the supernatant after centrifugation. The washed polymer
contacted clay was then dried in an oven at 120°C, ground into a powder and then
replaced in the dven until required. Exactly 1 g of the clay was then taken, mixed with

powdered lithium-tetraborate and again fused into a bead and then analysed by XRF.

5.3.5 XRD Analysis of Clay/Polycation Complexes.

XRD was used to determine whether or not adsorbed polymer resides between
the layers of the clay platelets or is it simply adsorbed onto the surface of the clay. These
analyses were carried out by measuring changes in the d-spacing of the first order basal
reflections (d 001 spacing) of all clay/polymer complexes. In addition all samples were
analysed at increasing temperatures to determine how stable the clay/polymer complexes
were at elevated temperatures. A Philips PW1050 X-ray diffraction instrument was used
for all analyses. The voltage and current used in all analyses was 40 kV and 20 mA

respectively. High voltage is required to accelerate electrons across the gap in the X-ray
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tube while the current determines the number of electrons that are available to be pulled
across the gap to strike the target. A cobalt tube was chosen for all analyses because it
has a wavelength of 1.79 A which is long compared to the more common copper tubes
(1.54 A). In clay minerals the low angle peaks are usually the most important and
consequently an increase in wavelength which shifts low angle peaks to slightly higher
values is extremely useful for clay mineral analysis. The cobalt Ko radiation then leaves
the X-ray tube thfough a window of beryllium, passes through the shutter and then
through a séries of slits which collimate, control and direct the beam towards the sample
which they penetrate. If the beam falls on a series of atom bearing planes in the sample,

each a distance d apart, at an angle 6, then for a sharp diffracted beam to be produced,
n.A=2d.sinb

where A is the wavelength of the rays and # is an integer. A sharp peak is therefore only
produced when the path lengths of diffracted rays differ by an exact multiple of the
wavelength. The reflected part of the beam then passes through another series of slits
before it reaches the detector. All XRD traces were recorded from 4° to 35° using an

angular increment of 0.04° every 2 seconds.

All samples were prepared by introducing 2 ml of 50 gL 3xZ-mont (0.1g clay)
into a low density polyethylene bottle along with a quantity of the polymeric species
~ under examination and suﬁicient deionised water to give a total volume of 4 ml. Some of
the clay samples contacted with the neutral polymer DCP101 also contained 0.025 mol
L' KCl. These samples were formulated by adding the desired quantity of KCI to the
aliquot of deionised water which was added to each sample to give a total sample volume

of 4 ml and therefore a final clay concentration of 25 gL™. All samples were then mixed
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in the usual way. After mixing the clay suspensions were then transferred using a plastic
dropping pipette onto glass slides where they were spread out evenly and left to air dry.
A number of clay samples contacted with DCP101 were also washed once before being
transferred onto a glass slide. Washing of a sample involved centrifuging down the
clay/polymér complex, discarding the supernatant and then resuspending the sample in 20
ml of deionised water after which each sample was again centrifuged down and the
supernatant discarded. Each sample was then resuspended in exactly 4 ml of deionised
water and subsequently transferred onto a glass slide for drying. The heating stage used
to support the glass slides in all XRD experiments required that each slide be cut to the
approximate dimensions of 10 x 30 x 1 mm. XRD traces were then recorded for each
sample at six different temperatures, these included ambient, 50, 100, 150, 200 and
250°C. After recording an XRD trace at a particular temperature, the temperature of the
heating stage and consequently the orientated clay film was increased to the desired
value. A time interval of 25 minutes was then allowed for the sample to gain equilibrium

at the raised temperature before the next XRD trace was recorded.

5.3.6 TG Analysis of Clay/Polymer Complexes.

Another technique used for the analysis of clay/polymer complexes was TGA.
This technique is useful for determining the quantity of water be it interlayer or lattice
OH which is lost from the clay at increasing temperatures. The quantity and thermal
stability of polymer adsorbed onto the clay may also be monitored by TGA. The
principal behind TG analysis is to monitor weight loss from a sample as the temperature

is increased at a linear rate.
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All samples were prepared by introducing 2 ml of 50 gL™ 3xZ-mont (0.1g clay)
into a low density polyéthylene bottle along with a quantity of the polymer under
examination and sufficient dgionised water to give a total volume of 4 ml. Some of the
clay samples contacted with' the neutral polymer DCP101 also contained 0.025 mol L!
KCl. Samples containing KCI were formulated by adding the desired quantity of KCI to
the aliquot of deionised watéer which was added to every sample to give a total sample
volume of 4 ml and therefore a final vclay concentration of 25 gL.". Each sémple was then
mixed in the usual way, centrifuged down and then the supernatant discarded. Each
clay/polymer complex was then reconstituted in deionised water, centriﬁlged down and
again the supernatant which contained any unadsorbed polymer was discarded. This
process constituted 1 wash of the sample. The washed clay samples were then dried at

120°C and subsequently ground into a powder before analysis by TG.

Thermogravimetric traces were obtained using a Mettler TG50 thermobalance
equipped with a TC10A processor. TG analysis required that 6-10 mg of each sample be
weighed into a ceramic cup, placed into the TG furnace at room temperature and purged
with dry N at a flow rate of 20 cm® min™ for 20 minutes or until constant sample weight
had been attained. The weight of each sample was noted before purging with N as the
weight loss from the sample during purging gave some indication of the ability of each
clay/polymer complex td adsorb water from the atmosphere. After purging, the samples
were analysed which involved ramping the temperature at 20°C min™ between 35°C and

800°C whilst recording the weight change of the sample.
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5.3.7 The Use of NMR Spectroscopy to Investigate Clay/Polymer Interactions

NMR spectroscopy was used to investigate the interactions taking place between
polymers and clay. Three distinct areas of investigation were carried out which involved

the use of NMR, these included:

o Investigation of the interactions taking place between cationic polymers
and clay.

e ?H NMR spectroscopy of D,O molecules associated with clay.

o Investigation of the interactions taking place between neutral polymers
and clay.

5.3.7.1 NMR Investigation into the Interactions Taking Place Between Cationic

Polymers and Clay.

5.3.7.2 "Cs and ®Na NMR Spectroscopy.

All samples were prepared by introducing 2 ml of 50 gL' Cs* or Na" exchanged
Westone-L (0.1g clay) into a low density polyethylene bottle along with a quantity of the
cationic species under examination and sufficient deionised wéter to give a total volume
of 4 ml. This gave a final clay concentration of 25 gL.". Each clay/polymer suspension
was then mixed in the usual way and then allowed to equilibrate overnight. 3 ml of each
clay suspension was then transferred into an 8 mm diameter NMR tube which in turn was
placed into a 10 mm diameter tube containing a quantity of deuterated acetone to lock

onto (Figure 30).
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— Deuterated Acetone

Clay Suspension

Figure 30. The coaxial tube arrangement used in this study.

All spectra were recorded on a Bruker WH400 NMR spectrometer (Bo = 9.4T) at
a frequency of 52.468 MHz for *Cs and 105.805 MHz for ®Na. In a typical
experiment, 800 transients were acquired in 1 K points, with a typical sweep width of 20
000 Hz, and were transformed with 16 K points. The pulse width used was 10 us, a line
broadening factor of 100 Hz was applied to each peak before the free induction decay
(FID) was transformed. Consequently all quoted linewidths have 100 Hz subtracted
from their value to account for this line broadening factor. These conditions were
optimised by acquiring spectra at different pulse and sweep width until reproducible
maximum peak integrations were obtained, this will be discussed in greater detail later,

(section 6.1.5.1).

The proportion of Cs" associated with the clay, which was detected by NMR, was
determined by reference to a 0.01 mol L™ CsCl solution saturated with CuSO,.5Hz0 to
broaden the peak and will subsequently be referred to as the broadened CsCl peak. The

added Cu®* was used to broaden the linewidth of the CsCl peak by providing a better
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. . 133 . . .
relaxation pathway for the ~Cs nucleus which resulted in a decrease in 7, and hence a

broader peak. This facilitated the measurement of peak area.

Experiments were then carried out to determine what effect if any that varying
the 3xCs-mont concentration had on the Cs” integral. The purpose of this experiment
was to show whether or not at higher clay concentrations some Cs" becomes trapped in
pores formed by flocculated platelets. It was thought that any trapped Cs” will no longer
be visible to NMR and therefore the Cs” integral will decrease. Four different 3xCs-mont
clay concentrations were made up and the Cs” integral measured for each sample by **Cs
NMR. The same **Cs NMR method and coaxial tube arrangement outlined above was

utilised.

It was also possible to integrate the 3xCs-mont plus cationic species peak with
respect to the broadened CsCl peak and thus estimate the quantity of Cs™ detected by
NMR in the clay suspensions. The same method can be applied for Na-exchanged clay
however the reference used then is 0.01 mol L™ NaCl again broadened with CuSO,4.5H,0
and referred to as the broadened NaCl peak. The NMR operating conditions used for
both broadened peaks, CsCl and NaCl, were identical to those used for clay samples
however a relaxation delay equal to 1 second was required to prevent saturation of the
signal. The linewidths of the "*Cs or ?Na peaks were also measured as a function of
added cationic species. It was also checked whether or not addition of polycation to

0.005 mol L CsCl made any contribution to the '**Cs linewidth.

Experiments were then carried out to determine whether or not at polymer
loadings equal to 100% of the clay’s CEC that all the charged groups on the cationic

polymer FL17 were satisfied by negative sites on the clay surface. This experiment
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involved taking 6 ml of 50 gL"! 3xCs-mont to which was added 1.152 x 10" mol L™ of N
from FL17 and enough deionised water to give a total suspension volume of 12 ml. The
quantity of polymer added to the clay was sufficient to displace all the Cs”. The clay
polymer suspension was then mixed in the usual way, after which 4 ml was removed and
stored before analysis by **Cs NMR. The remaining 8 ml of the suspension was then
centrifuged down and the liquid portion discarded. The clay was then resuspended in an
equal quantity of deionised water and the conductivity of the clay suspension measured.
This process of washing the clay was repeated until the conductivity of the clay
suspension was < 30 puS. This low conductivity shows that the vast majority of the
extraneous Cs' ions have been removed. 4 ml of this washed clay/polymer suspension
was then stored for analysis by *>Cs NMR. The remaining 4 ml of washed clay/polymer
suspension was then added to 4 ml of 3xCs-mont at a concentration of 25 gL.™" and mixed
in the usual way. 3Cs NMR experiments were performed on all three samples to
determine how much Cs™ was present in each one. This was carried out by utilising the

same method and coaxial tube arrangement outlined above.

5.3.7.3 °H NMR Spectroscopy of D:0 Molecules Associated With Clay.

Experiments were carried out to investigate what effect the addition of cationic,
anionic and neutral species to different clays had upon the residual quadrupolar splitting
associated with D,O molecules in clay suspension. The different types of natural clay
used in this study included Westone-L montmorillonite, Mineral Colloid bentonite, Texas
bentonite and Laponite which contained 0.75%, 3.92%, 3.40% and 0% Fe,0; by weight,

respectively, (Table 5).
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Nature of oxide, % of total weight

Type of clay | Na,O | MgO | ALO; | SiO, | KO | CaO | TiO, | Fe;O3

Westone-L 002 ) 341 11721169361 007 | 1.80 | 024 | 0.75
montmorillonite

Mineral Colloid | 2.20 | 2.13 | 17.74 | 66.16 | 0.14 | 0.82 | 0.10 | 3.92
bentonite

Texas bentonite | 2.55 | 1.66 | 16.86 [ 66.37 | 0.50 | 1.68 | 0.14 | 3.40

Table S. Elemental composition of the three natural clays used in this study.

Westone-L is found naturally in the Ca®* and Mg*" exchanged form while Mineral
Colloid and Texas bentonite occur naturally with Na*, Mg?, Ca** and a small proportion
of K* all present as exchange cations. The Mineral Colloid clay was purified and
exchanged with the cations of interest in exactly the same way as Westone-L, outlined
previously. Texas bentonite and Laponite (a synthetic clay) were dispersed at the desired |
concentration in dejonised water having undergone no purification or exchange

procedures. All natural clay samples were suspended in water at a concentration of 40
gL-l

NMR analysis required that 0.3 ml of D,O was added to 3 ml of the clay
suspension in a 10 mm diameter NMR tube which was shaken vigorously before analysis.
All spectra were recorded on a Bruker WH400 NMR spectrometer (By = 9.4T). In a
typical experiment, 8 transients were acquired in 2 K points, with a typical sweep width
of 1000 Hz and were transformed with 4 K points. The n/2 pulse width was 50 ps.
Measurement of 7 by the inversion recovery sequence (180°- t - 90° (FID) - Td), was

then performed on selected samples.
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On introduction into a magnetic field, clay platelets align with or perpendicular
to the field. The time taken for alignment may be several minutes, therefore data on the
speed at which platelets align was required. Alignment time was deduced by recording
spectra of the clay samples at increasing .residence times in the magnetic field and noting

the magnitude of the H doublet splitting.

5.3.7.3.1 The Effect of Added Salt on the ?H Splitting.

The effect of the extraneous ions on the magnitude of the “H was also
investigated. Here aliquots of NaCl (1.0 mol L) and Ca(NOs), (0.25 mol L") were
added to Na" and Ca”" exchanged montmorillonite. The samples were mixed in the usual

way and stored overnight before analysing by NMR.

5.3.7.3.2 The Effect of Added Polymer on the 24 splitting.

The effect of polymer on the magnitude of the 2H splitting was also studied. The
polymer investigated was 40% anionic PHPA. Samples were prepared containing 4 ml
Na" exchanged montmorillonite (40 gL™) and an aliquot of polymer. Prior to mixing,
PHPA was made up to a 1% w/v solution. The clay polymer suspensions were then
mixed in the usual way and stored overnight. H NMR was then carried out using the

conditions outlined above.
5.3.7.3.3 The Effect of the Synthesised, Deuterated HEG Compound on the *H
Splitting.

Different aliquots of the deuterated HEG compound, up to 10% v/v, were added
to 4 ml 3xNa-mont (40 gL™), mixed in the usual way and stored overnight. After

introduction of the clay/HEG suspension into a 10 mm NMR tube, thc 2D NMR
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spectrum was recorded. In a typical experiment, eight transients were acquired in 2 K

points, with a typical sweep width of 1000 Hz and were transformed with 4 K points.

5.3.7.4 The Use of NMR Spectroscopy to Investigate the Interactions Taking Place

Between DCP101 and Clay.

5.3.7.5 3Cs and *Na NMR

Usually when drilling an oil well, DCP101 is added to a drilling mud along with a
number of other additives. Two examples of such additives are KCl or polycations.
Three separate series of experiments have been carried out to investigate the interactions

of DCP101 with 3xCs-mont in the presence and absence of such additives.

1. Samples were made up using aliquots of undiluted DCP101 which were added
to 2 ml of 50 gL 3xCs-mont, these solutions were then made up to a total volume of 4
ml with deionised water, mixed in the usual way and stored overnight. '**Cs NMR
spectra were then recorded using the same coaxial tube arrangement and NMR operating
conditions used previously for the addition of cationic polymer to 3xCs-mont, see section
5.3.7.2. The "°Cs integral intensities from the 3xCs-mont plus DCP101 samples were
then compared with the broadened CsCl peak as described previously, any changes in the
33Cs linewidth were also recorded. These initial experiments were then repeated, this
time however the clay used was 3xNa-mont. The integral intensity of the *Na associated
with the clay was compared with that for broadened NaCl as described earlier in section

5.3.7.2.

2. Samples were then made up with differing volumes of FL15 added to 2 ml of

50 gL 3xCs-mont along with a fixed 3% v/v quantity of DCP101. Each sample was
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then made up to a total volume of 4 ml with deionised water, mixed in the usual way and
stored overnight. **Cs NMR spectra were then recorded using the same coaxial tube
arrangement and NMR operating conditions used previously for the addition of cationic
polymer to 3xCs-mont. The °Cs integral intensity from each sample was then
compared with the brpadened CsCl peak as described previously and the quantity of Cs”

seen by NMR calculated.

3. Further samples were made up containing different aliquots of 1 mol L™ KCl
added to 2 ml of 50 gL' 3xCs-mont. Each sample was then made up to a total volume
of 4 ml with deionised water. Two subsequent sets of samples containing the same
quantity of KCI and 3xCs-mont as above were made up, this time however 0.1% v/v of
DCP101 was added to each sample in one set and 0.01% v/v of DCP101 was added to
each sample in the other set. All samples were mixed in the usual way, stored overnight
and tl;en analysed by '>Cs NMR. The **Cs integral intensity from each sample was then
compared with the broadened CsCl peak as described previously and the quantity of Cs"

seen by NMR calculated.

5.3.7.6 '"HNMR

The 'H NMR linewidth of the water peak observed for 3xMn-mont clay
suspensions was utilised in order to gain information concerning the interactions of
DCP101 with clay. Initially a series of samples with different 3xMn-mont clay
concentrations spanning a range from 0.6 to 23 gL were made up. All the samples were
then mixed in the usual way, stored overnight and analysed after introduction into a 5
mm NMR tube. Thé 'H signal from the water protons in the sample was then recorded

on a Bruker WH400 NMR spectrometer (Bo = 9.4 T). In a typical experiment 8
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transients were acquired in 32 K points, with a typical sweep width of 10000 Hz and

were transformed with 32 K points.

Three further series of samples were made up spanning the same 3xMn-mont
concentratiqn range. This time however each series contained a different, fixed
concentration of added DCP101, the three concentrations were 10, 2 and 0.1% v/v. A
typical sample might therefore contain 1 ml of 3xMn-mont at a given concentration plus
2% v/v DCP101. A féurth series of samples was then made up again spanning the same
3xMn-mont clay concentration range, this time however 0.001% v/v 1,2-diaminoethane
was added to each sample. The water peak for all samples was then analysed by 'H
NMR and the spectra recorded as above. 3xMn-mont samples containing 1% v/v 1,2~
diaminoethane were also made up, at this concentration however severe clay flocculation

occurred which prevented analysis by NMR.

53.8 The Use of Zeta Potential to Study Clay/Polymer Suspensions.

The zeta potential for several clay polymer suspensions was measured using a
Malvern Zetasizer II instrument. Zeta potential studies involve measurement of the
potential drop which occurs across the stern layer of ions surrounding each clay particle,
see section 3.3.1 for more detail concerning the Stern model. The Malvern Zetasizer
makes use of a neon laser beam which is divided into two beams and focused to a
crossing point in the sample cell or electrophoresis chamber. This crossover region
defines a ‘probe volume’ from which data will be extracted. The sample cell has a
voltage applied across it which causes the charged particles to drift to one or other df the
electrodes. As the clay particles pass through the probe volume, they experience a

periodic illumination. Scattered light from this probe volume is then imaged by receiving
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optics onto the photo-cathode of the photomultiplier. The detected light with a given
frequency is then processed as individual photon detection pulses by a signal processor

and the zeta potential calculated.

All. samples were prepared by introducing 2 ml of 50 gL' 3xZ-mont (0.1 g clay)
into a low density polyethylene bottle along with a quantity of the polymer under
examination and sufficient deionised water to give a total volume of 4 ml. The samples
were then mixed in the usual way before analysis. Measurement of the zeta potential for
each clay/polymer suspension required that each sample be diluted considerably to allow
the laser beam to penetrate the sample. Typically 3-4 drops of the clay/polymer
suspension (25 gL.") were mixed into 50 ml of deionised water and then introduced into
the sample cell of the instrument. The instrument indicated whether or not the sample
had been diluted sufficiently before it allowed measurement of the zeta potential. The

zeta potential of several different clay/polymer suspensions were then recorded.

5.3.9 Measurement of Particle Size in Clay/Polymer Suspensions.

All particle size measurements were recorded using a Leeds and Northrup
Microtrac Paniéle Size Analyser. This instrument measures particle size by initially
directing a laser beam through a transparent sample cell containing a moving stream of
the clay particles under investigation. The clay particles were kept in continual motion
thrdugh the sample cell by use of a sample recirculator (pump). Each clay/polymer
suspensioﬁ therefore has to be diluted in the recirculating liquid, in this case water, before
analysis. Light rays from the laser beam which strike the moving clay particles are
forward scattered through angles which are inversely proportional to the size of the

particle. A photodetector array then measures the quantity of forward scattered light or
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flux at several pfedetermined angles. Electrical signals proportional to the measured light
flux values are then processed by a microcomputer system to form a multichannel
histogram of the particle size distribution. Before any clay/polymer suspensions were
analysed however, it was necessary to record a backgrdund signal for pure water which
was autorﬁatically subtracted from the sample measurement data. The particle size range

which could be measured by this instrument was from 0.12 to 704 microns.

All samples were prepared by introducing 2 ml of 50 gL 3xZ-mont (0.1 g clay)
into a low dénsity polyethylene bottle along with a quantity of the polymer under
examination and sufficient deionised water to give a total volume of 4 ml. The samples
were then mixed in the usual way before analysis. Measurement of particle size of the
clay/polymer suspensions required that these suspensions were diluted in the recirculating
water before analysis. The instrument then indicated whether the correct concentration of
clay/polymer suspension had been added to the recirculating volume before particle size

analysis could continue.
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CHAPTER 6

Investigation into the Interactions Taking Place Between Cationic

Species and Westone-L
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6. Investigation into the Interactions Taking Place Between

Cationic Species and Westone-L.

The observed interactions taking place between several different cationic species
and Westone-L montmorillonite will be recorded and discussed in this chapter.
Investigation of these clay/cationic species interactions required the use of several

different analysis techniques including:

Kjeldahl N analysis Section 6.1.1
XRF Section 6.1.2
XRD Section 6.1.3
TGA Section 6.1.4
NMR spectroscopy Section 6.1.5
Zeta potential and particle size analysis ....Section 6.1.6

The results obtained by each of these analysis techniques are outlined and discussed

below.

6.1 Results Obtained Using Different Analysis Techniques to Investigate

the Interactions of Several Cationic Species with Westone-L.

6.1.1 Kjeldahl Analysis of Westone-L. Contacted With Various N Containing

Cationic Species.

3xCs-mont, 3xNa-mont and 3xK-mont were contacted with several different
cationic nitrogen containing species. The observed percent N in each sample, determined

by Kjeldahl analysis, was then recorded (Table 6, Table 7).

Figure 31 and Figure 32 show the adsorption isotherms obtained for the addition

of FL15, FL17, Magnafloc 1697 and TMA" to 3xNa-mont, 3xCs-mont and 3xK-mont.
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The *Cs NMR spectra obtained for the isotherm points designated 1 to 4 in Figure 31
are shown in Figure 44. FL15, FL17 and Magnafloc 1697 all exhibited high affinity
adsorption isotherms on all three cation exchanged forms of Westone-L. The FL series
of polymers, however, showed the greatest affinity for the clay surface shown by the
initial steep rise in the isotherm curves. As the quantity of each polymer contacted with
the clay was increased, a plateau was eventually reached where the amount of polymer
adsorbed did not increase significantly. With the addition of FL17, FL15 and Magnafloc
1697 to 3xCs-mont, the onset of the plateau region occurred for the addition of between
2.30 and 2.88 x 107 mol L of N from the polymer. This quantity of added N was
similar to the CEC of the clay which was satisfied by the addition of 2.4 x 102 mol L™ of
N. Conversely with the addition of FL.17 and Magnafloc 1697 to 3xK-mont and 3xNa-
mont, the onset of the plateau region occurred at much higher loadings of polymer which
greatly exceeded the CEC of the clay. For example, with the addition of FL17 to 3xK-
mont and 3xNa-mont, the onset of the plateau region occurred for the addition of 3.84 x
102 mol L™ of N from the polymer. A less well pronounced plateau region was observed
upon addition of Magnaﬁoc 1697 to 3xK-mont and 3xNa-mont which occurred for the
addition of 4.50 x 102 mol L' of N from the polymer. The plateaux observed for the
addition of FL17 and Magnafloc 1697 to each cation exchanged clay form show that the
maximum amount of polymer adsorbed, Qum., increased with exchange cation as
Cs'<K'<Na". Quax was equal to 113 (Cs"), 144 (K*) and 171 (Na") mg g for the
addition of FL17 to the three types of cation exchanged clay while Qp.x for the addition
of Magnafloc 1697 was equal to 74, 112 and 177 mg g” respectively. With the addition
of FL15 to 3xCs-mont, Q. was equal to 109 mg g”'. The TMA" ion exhibited a low
affinity adsorption isotherm when added to 3xCs-mont. Q.. for the addition of this ion

to 3xCs-mont was equal to 46 mg g™ in the region studied.
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Sample Mol L' N added | % N detected Amount
' to clay by Kjeldahl | adsorbed mg g’
3xCs-mont + FL15
4.80x 107 0.324 24
9.60x 107 0.575 44
1.44 x 107 0.814 63
1.92 x 107 0.989 78
2.40x 10 1.179 94
2.88x 107 1.257 101
3.84x 102 1.281 103
4.80 x 107 1.350 109
3xCs-mont + FL17
: 4.80x 107 0.455 34
9.60x 107 0.671 51
1.44 x 107 0.926 72
1.92 x 107 1.160 92
2.40x 107 1.276 102
2.88x 107 1.326 107
3.84x 102 1.370 111
4.80 x 102 1.398 113
3xNa-mont + FL17
4 4.80 x 10° 0.302 22
9.60 x 107 0.590 45
1.44x 10% 0.925 72
1.92 x 107 1.298 104
2.40x 102 1.368 111
2.88 x 107 1.559 128
3.84x 107 1.875 158
4.80x 102 1.916 162
5.76 x 107 1.927 163
6.72 x 102 2.012 171
3xK-mont + FL17
4.80x 10° 0.224 17
9.60 x 107 0.503 38
1.44 x 1072 0.700 54
1.92 x 107 0.864 67
2.40 x 107 1.048 83
2.88x 10 1.249 100
3.84 x 107 1.598 132
4.80x 102 1.691 141
5.76 x 10 1.619 134
6.72 x 107 1.683 140

Table 6. The quantity of N detected by Kjeldahl analysis for the addition of FL15

and FL17 to 3xZ-mont.
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Sample Mol L' N added | % N detected Amount
to clay by Kjeldahl adsorbed mg g'l
3xCs-mont + 1697 453x103 0.192 18
- 9.06 x 107 0.322 30
1.36 x 10 0.476 45
1.81 x 102 0.495 47
227 x 107 0.565 54
2.72 x 107 0.764 74
3.63 x 10 0.618 59
4.53 x 107 0.692 66
6.35x 10 0.715 69
7.30x 107 0.769 74
3xNa-mont + 1697 4.53x10° 0.233 21
9.06 x 107 0.410 38
1.36 x 10 0.603 57
2.27x10* 0.932 92
2.72 x 102 1.119 112
3.63 x 107 1.356 139
453 x10? 1.519 158
5.44 x 107 1.613 170
6.35x 102 1.669 177
3xK-mont + 1697 453x10° 0.262 24
9.06 x 10° 0.322 30
1.36 x 102 0.438 41
1.81x 102 0.646 62
2.27 x 107 0.671 64
2.72 x 1072 0.816 79
3.63 x 1072 0.981 97
4.53 x 1072 1.061 106
5.44 x 10 1.123 112
6.35 x 107 1.099 110
3xCs-mont + TMACI 4.80 x 10° 0.188 10
: 9.60 x 107 0.306 16
1.92 x 10 0.430 23
2.40 x 10 0.517 27
2.88 x 10 0.518 28
3.36 x 1072 0.563 30
3.84 x 107 0.630 33
4.80 x 107 0.673 36
5.76 x 10 0.736 39
6.72 x 107 0.793 42
7.68 x 10 0.843 46

Table 7. The quantity of N detected by Kjeldahl analysis for the addition of
Magnafloc 1697 and TMA" to 3xZ-mont.
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6.1.2 XRF Determination of the Elemental composition of Different Cation
Exchanged Clay Forms.
The elemental composition of several different cation exchanged clay forms was

analysed by XRF and the oxides of the major elements present are listed below, (Table

8). The elemental composition of a polymer treated, washed 3xCs-mont sample is also

shown.
% Oxide found in different cation exchanged clays
Oxide | Unexchanged 3xNa- 3xK- 3xMn- 3xCs- 3xCs-mont
mont mont mont mont mont A +FL17
CsO 0.13 0.00 0.00 0.00 13.23 © 231
Na,O 0.02 2.64 0.05 0.01 0.05 0.02
MgO 3.66 2.83 3.19 3.18 2.85 3.16
AlLO; 18.49 17.09 18.53 18.49 16.58 18.50
Si0, 74.53 76.26 72.87 73.63 66.08 74.83
K;O 0.07 0.04 4.39 0.04 0.04 0.05
CaO 1.90 0.02 0.01 0.02 0.04 0.03
Mn;0, 0.01 0.02 0.02 3.45 0.00 0.00
TiO, 0.25 0.25 0.26 0.26 0.20 0.24
Fe,0; 0.81 0.76 0.81 0.81 0.57 0.71
%’;‘ie 100 100 100 100 100 100

Table 8. The elemental composition of several different cation exchanged clay

samples, calculated on a 1000°C basis.

The sedimented, unexchanged Westone-L was predominantly in the Ca* and
Mg*" exchanged form. By contacting this clay with a solution of metal chloride, the
exchange cations were replaced by the cation of interest. The efficiency of this
replacement process was monitored using XRF. The results shown in Table 8 show that

the exchange process was very efficient. From the results obtained by XRF, it was then
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possible to calculate what percentage of the clay’s CEC was satisfied by the exchange

cation of interest (Table 9).

109 103 I 102 |

99

% CEC satisfied

Table 9. The percent of the CEC satisfied by the various exchange cations.

Table 9 shows that the cation exchange capacity of Westone-L was completely

satisfied by each of the exchange cations contacted with the clay.

6.1.3 XRD Analysis of Clay/Polycation Complexes.

XRD was used to analyse several clay samples contacted with different
polycations to establish whether or not polycation was adsorbed exclusively on the
surface of the clay or whether some resided between the clay platelets in the interlayer.
The presence or absence of polymer in the interlayer may be determined by measuring
changes in the d-spacing of the first order basal reflections (d 001 spacing) for each
sample, (Table 10).

At room temperature, no difference in the basal spacing was observed between
different cation exchanged clay with no added polymer and the same cation exchanged
clays with low loadings of FL17 and Magnafloc 1697. The basal spacings observed for
these low loadings of polymer exhibited values between 12.7 and 13.0 A, depending on
the type of cation exchanged form investigated. These observed basal spacings at room
temperature therefore appear to be similar to the d spacings observed for the presence of
one water layer between the aluminosilicate layers. With thermal treatment at 50°C for

25 minutes however, two separate d 001 spacings were observed for 3xNa-mont
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contacted with 4.80 x 10 mol L N from either of the polymers FL17 or Magnafloc

1697.

Observed d-spacing for the first order basal reflections,

Ambient | 50°C | 100°C | 150°C | 200°C | 250°C
3xCs-mont 12.7 11.8 12.0 10.7 10.3 10.1

3xCs-mont + FL17 :
480x10° mol L' N 12.7 11.8 11.4 11.3 11.3 11.3

3.84x 102 mol L' N 14.8 14.7 14.6 14.6 14.3 12.7
3xCs-mont + 1697

4.80x10° mol L' N 12.6 11.5 11.4 11.5 11.5 11.5
3.84x10%2mol L' N 13.3 12.8 12.7 12.6 12.6 12.3
3xNa-mont 13.0 12.5 10.3 10.3 10.3 10.2

3xNa-mont + FL17
480x10°molL" N 13.0 14.6 14.7 14.6 11.5 11.5
11.4 10.6 10.5

959x10°mol L' N 14.8 14.6 14.8 14.6 10.8 10.7
1.92x10°mol L' N 14.8 14.8 14.7 14.7 14.7 13.3
3.84x10°mol L' N 16.0 15.8 15.8 15.7 14.6 13.5
3xNa-mont + 1697

480x10°mol L” N 12.9 15.0 15.4 15.3 15.0 14.6
10.6 10.4 10.3 10.3 10.3

9.59x10° mol L' N 15.1 12.6 15.1 15.3 15.1 14.8
3.84x 102 mol L' N DISORDERED 14.8
3xK-mont 1 121 10.7 10.6 10.5 10.5 10.5
3xK-mont + FL17

480x10°mol L' N 12.8 14.5 14.5 14.3 10.5 10.5

10.7 10.7 10.6

3.84x102mol L' N 15.0 14.9 14.8 14.8 14.6 13.0
3xK-mont + 1697

480x10° mol L' N 12.6 10.7 10.7 10.5 10.5 10.4
3.84x 107 mol L' N DISORDERED 15.8

Table 10. The observed d-spacing for the first order basal reflections of several

clay/polycation complexes.

Figure 33 and Figure 34 illustrate this point showing that the adsorbed polymer was
segregated in different interlayers at low loadings which only becomes apparent at

temperatures above 50°C.

145



4000 -

b c
3500 \
- 30007 i 250Deg C
7]
w
“ - »
= h ‘
O 2000 - ot
E. \ ‘ 150
[72] i
£ 1500 - N 100
=
= 1000 50
500
26

0 T T T T T T T T T T T T T T T
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Degrees 20

Figure 33. XRD traces showing the change in the d 001 spacing with increasing
temperature for 3xNa-mont contacted with 4.80 x 10° mol L' N from FL17. The
peaks a, b and ¢ had spacings of 14.6, 13.0 and 11.5 A respectively.
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Figure 34. XRD traces showing the change in d 001 spacing with increasing
temperature for 3xNa-mont contacted with 4.80 x 10~ mol L N from Magnafloc
1697. The peaks a, b and ¢ had spacings of 14.6, 12.9 and 10.3 A respectively.
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The appearance of two different d 001 spacings at elevated temperatures
becomes apparént because thermal treatment at 50°C for 25 minutes was sufficient to
almost completely dehydrate the water-filled layers resulting in their collapse.”
Conversely the polymer-filled layers required higher temperatures to denature the
polymer and consequently collapse of these layers did not occur at this low temperature.
With the addition of 4.80 x 10” mol L™ N from FL17 to 3xNa-mont, collapse of the
polymer-filled layers did however occur between 150 and 200°C, shown by the
disappearance of peak a, Figure 33. Conversely, with addition of the same quantity of
Magnafloc 1697 to 3xNa-mont, no collapse of the polymer-filled layers and therefore no
denaturing of the polymer was observed even up to temperatures of 250°C. This was
shown to be true by the existence of peak a in Figure 34, suggesting therefore that

Magnafloc 1697 is thermally more stable than FL17.

Figure 35 shows that on contacting 3xNa-mont with higher loadings of FL17,
increased d 001 spacings were observed. In féct with the addition of 3.84 x 107 mol L
N from FL17, a basal spacing of 16.0 A was recorded at room temperature which is
consistent with the presence of one layer of polymer between the clay layers shown by
peak a, Figure 35. The polymer again denatured slightly at temperatures above 150°C,
however the layers do not collapse completely even at 250°C shown by the basal spacing
of 13.5 A observed for peak b, Figure 35. Figure 36 shows the XRD traces observed
for the addition of 3.84 x 10 mol L N from Magnafloc 1697 to 3xNa-mont. All the
traces show that this system was less well ordered, indicated by the broad featureless
peaks. Figure 36 also shows that the polymer does not seem to denature markedly below

250°C, shown by peak a which has a d-spacing of 14.8 A.
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Figure 35. XRD traces showing the change in d 001 spacing with increasing
temperature for 3xNa-mont contacted with 3.84 x 102 mol L N from FL17. The
peaks a and b had spacings of 16.0 and 13.5 A respectively.
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Figure 36. XRD traces showing the change in d 001 spacing with increasing
temperature for 3xNa-mont contacted with 3.84 x 10% mol L™ N from Magnafloc
1697. Peak a had a basal spacing of 14.8 A.
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Figure 37 shows that upon contacting 3xCs-mont with low loadings of FL17, it was not
obvious that any polymér resided between the clay layers. This was indicated by peak a,
Figure 37 which shows a small basal spacing of 12.7 A recorded for the addition of 4.80
x 10® mol L™ N from FL17. Further, there was also a partial collapse of the spacing at
temperaturés above 50°C to 11.5 A which is also the basal spacing observed for
temperatures as high as 250°C. With higher loadings however (3.84 x 10”2 mol L N),
FL17 caused an increase in basal spacing to 14.8 A shown by peak a, Figure 38,
indicating that some polymer was indeed present between the clay layers. FL17 again
denatured slightly at temperatures above 150°C, however the layers do not collapse
completely even at 250°C shown by the basal spacing of 12.7 A observed for peak b,
Figure 38. Similar results were obtained for the addition of Magnafloc 1697 to 3xCs-
mont. This time however, at higher polymer loadings, the observed basal spacing
assumed lower values than those recorded for addition of the same quantity of FL17 to
3xCs-mont, indicating that less polymer was adsorbed in the interlayer. With the
addition of low loadings of FL.17 to 3xK-mont, similar diffraction traces to those seen for
the addition of the same type and quantity of polymer to 3xNa-mont were observed.
For example, at these low loadings the polymer was again segregated in different
interlayers which resulted in the observation of two different basal spacings at elevated
temperatures. One basal spacing relating to the dehydrated collapsed layers which were
water-filled at room temperature and the other relating to polymer between the layers
which was more stable at elevated temperatures. The observed basal spacing for the
addition of low loadings of Magnafloc 1697 to 3xK-mont however indicated that no
significant quantity of polymer was adsorbed between the clay layers which, as
mentioned previously, was also the case for addition of low loadings of polymer to 3xCs-

mont.
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Figure 37. XRD traces showing the change in d 001 spacing with increasing
temperature for 3xCs-mont contacted with 4.80 x 10° mol L N from FL17. The
peaks a and b have values of 12.7 and 11.3 A respectively.

b
10000 -
a
9000 -
8000 250Deg C
Pt ™ N S o
Tw 7000 A
g 200
g 6000 - T M A
(=]
O 5000 150
T Nt A P M bbbt P ettt e e b\ e it
iy
2 4000 4
=
g 100
= 3000 -
2000 - 50
1000
26
o
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Degrees 20

Figure 38. XRD traces showing the change in d 001 spacing with increasing
temperature for 3xCs-mont contacted with 3.84 x 102 mol L' N from FL17. The
peaks a and b correspond to a basal spacing of 14.8 and 12.7 A respectively.
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Again at higher loadings, the basal spacings observed for the addition of FL17 and
Magnafloc 1697 to 3xK-mont indicated that both these polymers were adsorbed between

the clay layers.

The XRD traces recorded for the addition of FL17 and Magnafloc 1697 to 3xNa-
mont indicated that these systems were well ordered. The traces observed for the
addition of polymer to 3xCs-mont and 3xK-mont however generally reflected less well

ordered systems.

In summary, fhe XRD traces showed that at low polymer loadings (4.80 x 10°
mol L™ N), FL17 penetrated the interlayer of 3xNa-mont and 3xK-mont but not 3xCs-
mont. Magnafloc 1697 on the other hand could only be detected in 3xNa-mont at such
low loadings. In contrast, at high polymer loadings (3.84 x 102 mol L™ N), both FL17
and Magnafloc 1697 were found in the interlayers of all the cation exchanged clays

studied. |

6.1.4 TG Analysis of Clay/Polycation Complexes.

TG analysis was performed on 3xNa-mont and 3xCs-mont contacted with
different quantities of FL17 or Magnafloc 1697. These analyses were carried out in
order to corroborate results obtained by Kjeldahl analysis and to establish the stability of
the clay/polymer complexes formed which has already been briefly addressed by using

variable temperature XRD.

Figure 39 illustrates the derivative thermograms observed for the addition of
increasing volumes of FL17 to 3xCs-mont. The relatively sharp peak centred at a
temperature of 90°C was due to loss of interlayer water associated with the clay. All of

the interlzﬁyer water was lost from the clay at temperatures approaching 150°C.
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Figure 39. TGA traces recorded for the addition of increasing volumes of FL17 to
3xCs-mont. The numbered traces (1)-(5) relate to the amount of polycation offered
to the clay which was equal to 4.80 x 107, 9.60 x 10>, 1.44 x 102, 1.92 x 102 and

3.84 x 102 mol L™ N respectively.
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Figure 40. TGA traces recorded for the addition of increasing volumes of
Magnafloc 1697 to 3xNa-mont. The numbered traces (1)-(5) relate to the amount of
polycation offered to the clay which was equal to 4.80 x 107, 9.60 x 10>, 1.44 x 107,

1.92 x 102 and 3.84 x 10% mol L™* N respectively.
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As the amount of FL17 added to the clay was increased, the intensity of the peaks
observed at approximately 275 and 410°C increased. These two peaks were due to the
breakdown of polycation at these temperatures. The major loss of polymer however
occurred around 275°C shown by the intensity of this peak in comparison to the peak
observed at 410°C. This is in agreement with XRD data which also showed loss of
polymer from the interlayer of clay at temperatures approaching 250°C. The broad peak
observed between 590 and 620°C was due to the loss of structural hydroxyl groups from
the clay.

Figure 40 illustrates the TGA traces obtained for the addition of increasing
volumes of Magnafloc 1697 to 3xNa-mont. Here again, the peak centred at 90°C was
due to loss of interlayer water. An increase in intensity for the peak at 445 to 455°C
was observed as the amount of Magnafloc 1697 added to the clay was increased. This
peak was therefore due to the breakdown of polycation at this temperature. Finally the
broad peak observed between 590 and 630°C was again due to the loss of structural

hydroxyl groups from the clay.

Figure 39 and Figure 40 also indicate that Magnafloc 1697 was thermally more
stable than FL17, shown by the major desorption peaks at 455 and 275°C respectively.
This thermogravimetric data was in agreement with XRD results which also indicate that
Magnafloc 1697 is thermélly more stable than FL17, shown by the collapse of basal

spacings for FL17 treated clay at lower temperatures than for Magnafloc 1697.

Table 11 shows the TGA results obtained for the addition of FL17 and
Magnafloc 1697 to 3xNa-mont and 3xCs-mont. The sample weight before and after
purging with dry N were recorded in order to gain some idea of the quantity of

physisorbed water associated with the clay.
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Mol L' N added | Wtbefore | Wtafter | Difference | % Wt loss from
purging /g | purging/g /g 160 to 520 °C
3xNa-mont 9.589 9.335 0.254 3.12
3xNa-mont + FL17
960x10. | 9740 9.427 0313 3.27
288x10° 9.606 9.269 0337 3.66
479x10° 8.800 8.215 0.585 365
9.60x 10" 8.248 7.970 0.278 478
144% 10" 8,900 8.603 0.297 5.52
1.92x10" 10.590 10.322 0.268 6.92
384x10° 8.845 8.6510 0.194 9.62
3xCs-mont 9.280 8.946 0.334 2.13
3xCs-mont + FL17
9.60x 10 8.410 8.087 0323 2.56
288 x 10'2 7.860 7.607 0.253 3.11
479 x10° 7.160 6.867 0.293 3.29
9.60 x 10 8.220 7.955 0.265 453
144% 10" 8.640 8.334 0.306 6.24
192x10° 8.825 8.504 0321 7.78
3.84x10° 8.930 8.689 0.241 9.30
3xNa-mont + 1697
9.05x 10" 7.964 7.818 © 0.146 2.88
272 x 10:2 7.035 6.924 0.111 330
453 x 10 9.035 8.793 0.242 3.27
9.06x 10" 8.390 8.132 0.258 3.93
1.36 x 10:2 8.254 8.046 0.208 430
2.27x 10 7.976 7.733 0.243 6.21
272% 10:2 10,00 _9.705 0.250 10.07
3.63 x 10 9.673 9.460 0.213 11.11
3xCs-mont + }1697
9.05x 10" 6.507 6.365 0.142 2.63
272x10° 7.232 6.989 0.243 2.96
453 x10° 7107 |. 6888 0.219 3.03
9.06 x 10" 7.910 7.693 0.217 3.51
1.36 x 10 7.900 7.697 0.203 3,98
1.81x 10:2 8.210 7.942 0.268 4.76
272% 10 8.205 7.955 0.250 5.98
3.63 x 10 9.815 9.573 0.242 5.89

Table 11. The weight loss from the sample between 160?C and 520°C, this relates

to the denaturing of polymer adsorbed onto the clay.
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No signiﬁcant trends in the quantity of physisorbed water were however observed upon
addition of either polycation to either cation exchanged clay. The percentage weight
losses recorded in Table 11 for the region 160 to 520°C were entirely due to loss of
polymer from the clay. Table 11 also shows that as the amount of polycation offered to
the clay was increased, the percentage polymer weight loss from the clay also increased
.as would be expecfed. TGA results indicate from percentage weight loss data that
polycation adsorption on 3xCs-mont had some dependence on the structure of the
polymer. This wés noted because upon addition of FL17 to 3xCs-mont, the maximum
percentage weight loss from the clay in the temperature range 160 to 520°C was 9.30%.
Conversely, for the addition of a similar quantity of Magnafloc1697 to 3xCs-mont, only
5.89% weight loss was observed in the same temperature range. This indicated that
more FL17 was adsorbed onto 3xCs-mont in the range of added polymer studied which

is in agreement with the adsorption isotherm data.

Conversely the percentage weight losses observed for the addition of either
polymer to 3xNa-mont were fairly similar, indicating that like quantities of either polymer
were adsorbed onto this clay. This is again in agreement with the adsorption isotherm
data. Finally the broad peak observed between 590 and 630°C was again due to the loss

of structural hydroxyl groups from the clay.

Figure 41 shows the amount of polymer detected by Kjeldahl, mg(g clay)’,
versus the % weight loss determined by TGA for the addition of FL17 to both 3xNa-
mont and 3xCs-mont. The straight lines observed suggest that thermal treatment of this
polymer proceeds via the same breakdown products irrespective of polymer loading.

TGA % weight loss results may therefore be used to estimate the quantity of FL17
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adsorbed on montmorillonite by extrapolating a line back to the x axis and noting its

intersection.

Figure 42 shows the amount of polymer detected by Kjeldahl, mg(g clay)”,
versus the % weight loss determined by TGA for the addition of Magnafloc 1697 to both
3xNa-mont and 3$<Cs-mont% The addition of this polymer to both cation exchanged clays
resulted in curves which suggest that the thermal breakdown products of this polymer
varied with increasing polymer adsorption. Consequently the TGA % weight loss results

may not be used to estimate the quantity of Magnafloc 1697 adsorbed.
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6.1.5 The Use of NMR Spectroscopy

6.1.5.1 Optimisation of NMR Operating Conditions for ***Cs and ?Na NMR.

Optimising the NMR operating conditions proved to be time consuming because
quantitativé analysis required that the intensity of the signal from 3xCs-mont was ratioed
to that for the broaciened CsCl (0.01 mol L™ CsCl solution saturated with CuSO4.5H,0).
Comparison of the integrated peak area for 3xCs-mont with that for the broadened CsCl
initially showed a fluctuating ratio which was found to depend strongly on four operating
parameters. These parameters were the number of acquisition points, relaxation delay,
pulse width and sweep width. Each parameter was investigated systematically by fixing
all other parameters to deduce exactly what effect it had on the intensity of the NMR

signal.

It was found that the number of acquisition points did not. adversely effect the
ratio of the integral intensity of the 3xCs-mont with respect to the broadened CsCl
provided there were eﬁough acquisition points to encompass all of the FID signal. It was
therefore deemed acceptable to alter the number of acquisition points between

comparative samples if required.

The signals from the broadened CsCl and NaCl samples both required a
relaxation aelay = 1s to avoid saturation between pulsing. The cation exchanged clay
samples, 3xCs-mont and 3xNa-mont, did not require a relaxation delay and therefore
none was applied. When paraquat or the cationic polymers FL15, 16 and 17 wére added
to the clay samples Cs* or Na" was displaced from the clay depending upon the particular
cation exchanged form used. Consequently as greater quantities of these cationic species

were added, more exchangeable cation was displaced from the clay surface into solution
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and the signal from the probe cation became more liquid-like. A relaxation delay = 1s
was therefore required when large quantities of exchangeable cation were displaced from

the clay.

The pulse width used when acquiring a spectrum had a large influence on the
intensity of the observed .133CS signal. It was found in numerous experiments that
decreasing the applied pulsé width resulted in an increase in signal intensity. In fact when
the pulse width was systematically decreased from 40 ps to 5 ps, the integral intensity of
the 3xCs-mont peak, with.respect to the broadened CsCl peak, increased more than four
fold. A further experiment was carried out where the delay time, normally fixed by the
sweep width, was varied using a constant maximum sweep width of 150 KHz. This
experiment showed conclusively that an increase in delay time at a constant sweep width
resulted in a decrease in the integral intensity of the 3xCs-mont with respect to the
broad-ened CsCl signal. From the evidence outlined above, it may be stated that an
enhanced signal was seen from the 3xCs-mont when the pulse width and delay time were
decreased. The obvious conclusion from this was that the Cs* signal from the clay
decayed rapidly after pulsing. Therefore the time taken between pulsing the sample and
recording the free induction decay (FID) was critical to ensure that no signal was lost.
The two parametérs delay time and pulse width are responsible for this time delay.
Consequently expe;‘iments were carried out to estimate the maximum time span allowable
between pulsing the sample and recording the FID to minimise signal loss from the
sample. These experiments involved the application of different pulse widths to the clay
sample for two different sweep widths, 20 KHz and 50 KHz, respectively. From these

data it was deduced that if the spectra were recorded no longer than 30 us after pulsing,

then no signal was lost. In the studies reported here, the sweep width was set to 20000
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Hz, consequently the delay time was automatically set to 12 ps. The pulse width used in
all experiments was equal to 10 ps therefore the delay time plus pulse width had a value

which was comfortably less than the experimentally determined 30 ps.

A further source of error in the value of the integral intensities may have arisen
from the sample settling out in the NMR tube. By recording NMR spectra of the same
sample for increasing residence times in the magnet, it was shown that the integral
intensity of the 3xCs-mont peak, with respect to the broadened CsCl peak, remained
constant for at least 20 minutes. Therefore on the time scale of the NMR experiments

used in this analysis, no loss of signal due to sample flocculation was observed.

6.1.5.2 **Cs NMR.

Using the optimised NMR operating conditions, comparison of the integrated

areas of the peaks for 3xCs-mont at a concentration of 25 gL and broadened CsCl
indicated that 0.004 mol L Cs’ associated with the clay was seen by NMR. This

quantity of caesium was equal to 20% of the total Cs' known to be associated with the
clay (XRF analysis, section 6.1.2). It was also noted that the same 3xCs-mont sample

had a large linewidth equal to approximately 1500 Hz.

T, for a 0.01 mol L™ CsCl solution was approximately 11 seconds while 7; for
Cs" associated with 3xCs-mont had a value in the order of 0.4 seconds. The equation

linking the linewidth and 73 is shown below, (Equation 5)
Linewidth = 1/n7,

Equation 5. The relationship between linewidth and 75.
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Later, in section 6.2, the linewidth of Cs” associated with clay has been estimated to be
approximately 150 Hz, giving a corresponding 7> value of approximately 2 milliseconds,
showing that 7; is much greater than 75. Consequently, when considering the graph
relating 77 and 75 with 7., it is proposed that both 7} and 7> lie in the long correlation

region of the graph where o,2t.> >> 1, (Figure 51, section 4.9).

6.1.5.2.1 Effect of the 3xCs-mont Clay Concentration on the "*Cs Integral.

The effect of increasing the concentration of 3xCs-mont in suspension on the
133Cs integral was analysed and the resulting graph was plotted, (Figure 43). This
experiment was crucial because it is not unrealistic to assume that some Cs’ may become
trapped in pores formed by flocculated clay platelets at higher clay concentrations. If
there was some trapped Cs’, it will not be visible to NMR and therefore any results

obtained would not be accurate.

1.2 4

133Cs Integral

0 10 20 30 40 50

3xCs-mont Concentration gL’

Figure 43. Graph showing the relationship between 3xCs-mont concentration and

the resulting '*>Cs Integral.
Measurement of the **Cs integral at decreasing clay concentrations should show a
straight line passing through the origin if there is no trapped Cs’. The graph does in fact

show a linear relationship between the 'Cs integral and the 3xCs-mont clay
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concentration. Consequently, any aggregation effects that may occur upon increasing the

clay concentration do not effect the amount of Cs” visible to NMR.

6.1.5.2.2 The Change in "Cs Linewidth and Concentration of Cs* Detected Upon
Addition of Increasing Amounts of Cationic Species to 3xCs-mont.

Samples were prepared containing a fixed quantity of 3xCs-mont and the cationic
species of interest, added to the clay over a range of concentrations from 0 to 0.05 mol
L. The concentration range relates to the number of cationic centres, not the species in
which they occurred. The cationic species chosen for this work were Na', K, TMA",
paraquat and the four cationic polymers FL15, FL16, FL17 and Magnafloc 1697. 3Cs
NMR spectra were then recorded for each sample, noting the resulting linewidth and
concentration of Cs™ detected by NMR after addition of cationic species to the clay,
(Table 12, Table 13). The quantity of Cs" detected by NMR, after addition of cationic
species was measured in the same way as described above /e by comparison of the peak
integrals for the treated 3xCs-mont with the broadened CsCl. Experimental results show
that the linewidth of 3xCs-mont with no added cationic species was about 1500 Hz,
(spectrum (1), Figure 44). This large linewidth was then used to probe the interactions
taking plaqe between cationic species and the clay surface. This was made possible
because as cationic species were added to 3xCs-mont, a quantity of the exchangeable
Cs’, which depended upon the added cation, was displaced from the surface of the clay
into the bulk solution. This resulted in a decrease in the **Cs linewidth. Figure 44
shows some typical **Cs NMR spectra recorded for the addition of increasing amounts
of the polycation FL17 to 3xCs-mont. The changes in the **Cs NMR linewidth and
integral with the addition of increasing concentrations of different cationic species to

3xCs-mont are shown graphically in Figure 45 and Figure 46.
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(1) 3xCs-mont.

g

(2) 3xCs-mont + 4.80 x 10° mol L' N

M\,\/&\«J\f\/\/\/\,\,«d\w\/"

(3) 3xCs-mont + 1.44 x 10> mol L N.

]

(4) 3xCs-mont + 3.84 x 10> mol L™ N,

I

N

L“"’”‘”“\.

10000 0 -5000 Hz
Figure 44, Typical *Cs NMR spectra obtained for the addition of increasing

amounts of FL17 to 3xCs-mont.
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Classification of cationic centre added to 3xCs-mont
: K Na*
Concentration | Linewidth | Cs'/mol L' | Linewidth | Cs'/mol L
of cationic /Hz , /Hz
centres added :

0.00 1500 40x10° 1500 40x103
9.60 x 10™ 1140 4.4%x 107
2.40x10° 930 47x10° 1356 52x10°
4.80x10° 846 45x10°% 1242 54x10°
9.60 x 102 867 57x10° 993 54x10°
1.44 x 10 757 48x10°
1.92 x 107 720 6.0x 10° 950 56x10°
2.40x 107 843 52x10°
2.88 x 107 544 6.7x10° 866 5.1x10°%
3.84x 1072 . 447 6.2x10° 615 56x10°
4.80x 107 437 7.0x 103 486 5.8x 103

TMA® Paraquat

0.00 1500 40x10° 1500 40x10°
9.60 x 10™ 1441 49x10° 1271 59x%10°
1.92x 103 1313 4.7x 107 1014 49x10°
2.88x 107 1271 5.6x10° 804 49x10°
480x10° 1057 5.6x107° 578 6.4x103
6.71 x 107 971 - 6.6x107 389 83x103
9.60 x 107 650 7.4% 103 202 1.18x 10?
1.20 x 102 436 8.2x10° 132 1.44x 107
1.44 x 10 85 1.76 x 102
1.63 x 10 394 9.5x 107
1.92 x 10? 346 95x103 59 2.12x 1072
2.88 x 10 260 1.13x 102 27 2.30x 102
3.84x 102 209 1.31 x 107 27 2.29x 1072

Table 12. The effect on the *’Cs linewidth and quantity of Cs* displaced from

3xCs-mont upon addition of increasing concentrations of cationic species.
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Classification of cationic centre added to 3xCs-mont
FL15 FL16
Concentration | Linewidth Cs*/mol L! Linewidth Cs'/mol L!
of cationic /Hz /Hz
centres added :
0.00 1500 4.0x10° 1500 4.0x10°
4.80x 10™ 1392 1450
9.60 x 10™ 1232 1118 48x10°
1.44x 107 994 420
1.92x 10° 610 6.0x 10” 217 6.0 x 10~
2.40x 10° 336 6.0x 10” 217 5.9x10°
2.68 x 10° ' 138 6.9x 10
2.88 x 10° 238 6.7 x 10° 138 7.4x 10°
3.84x 10° 217 7.3 x10° 122 8.1x10°
5.75x 10 125 8.7x 10” 91 9.1x107
7.67 x 10° 112 1.05 x 10 80 9.1x 10
9.60 x 10” 91 1.24 x 107 70 1.02x 10™
1.15x 10 73 1.37x 10 49 1.40x 10™
1.44 x 10~ 67 1.52 x 10™ 38 1.53 x 10™
1.92 x 10 44 1.93 x 10 23 1.96 x 10™
2.88 x 107 17 1.96 x 10 12 1.98 x 10™
3.84 x 10” 15 1.98 x 10 12 2.00x 10™
FL17 Magnafloc 1697
0.00 1500 40x 107 1500 40x10°
4.80x 10 1372 48x10”
9.60x 10™ 980 5.1x107 1357
1.15x10° 560
1.34x 10° 269
1.44x 10° 273
1.92x 10” 196 475
2.40x 10” 138 6.1x10°
268 x10° 138 6.8 x 10°
2.88 x 10° 138 7.8x 10° 246
3.84x 10° 112 8.4 x 10° 137 6.8 x 10~
5.75x 107 99 1.05 x 10
6.72 x 10” 146 93x10”
7.67x10° 91 1.10 x 107
9.60x 10~ 80 1.35x 10* 112 1.00x 10™
1.15x 107 59 1.52 x 10
1.44 x 10~ 44 1.54 x 107 89 1.20x 10~
1.92 x 10™ 12 1.92 x 10 80 1.55x 10™
2.88 x 10™ 12 1.96 x 10™ 74 1.60 x 10~
3.84 x 10 12 2.00 x 10~ 64 1.60 x 10™

Table 13. The effect on the "*Cs linewidth and quantity of Cs"* displaced from

3xCs-mont upon addition of increasing amounts of polycation.
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Experiments were also carried out to determine whether or not the addition of
polycation to a solution of CsCl haﬁ any effect on the linewidth of the "**Cs signal. The
linewidth of a 0.005 mol L™ CsCl solution was measured and found to be equal to 5.3
Hz. This concentration of CsCl solution was chosen for investigation as it was
approximately equal to the concentration of Cs” detected by NMR on 3xCs-mont. On
addition of increasing volumes of the polycations FL15, 16 and 17 to the CsCl solution,
the linewidth gradually increased until a maximum value of approximately 12 Hz was
observed for the addition of 2.40 x 10% mol L™ of N*. Tt was therefore concluded that
addition of polymer to CsCl had a negligible broadening effect when compared to the

133Cs linewidth in the presence of clay (1500 Hz).

Figure 45 shows that the **Cs linewidth decreased steadily with the addition of
increasing amounts of NaCl to 3xCs-mont. From this figure it is also apparent that Na”
cations are poor at displacing Cs” from the clay, shown by the large **Cs linewidth of
615 Hz even after 3.84 x 107 mol L of Na” had been offered. Conversely, the addition
of K" to 3xCs-mont caused an initial rapid reduction in linewidth suggesting that some
exchange sites on the clay are particularly favoured by K*. Addition of further volumes
of KCl to 3xCs-mont revealed a slope approaching that observed for the addition of Na'.
When 3.84 x 102 mol L™ of K* were offered to 3xCs-mont, the minimum linewidth
observed was 447 Hz. The reduction in linewidth from 1500 Hz to 209 Hz upon offering
3.84 x 10”mol L™ of TMA" showed that this cation was more effective than Na* and K*
at displacing Cs™ from 3xCs-mont. Addition of paraquat to 3xCs-mont resulted in a
rapid decrease in linewidth of the '**Cs peak from 1500 to 27 Hz upon offering 3.84 x

102 mol L of N*. Figure 45 also shows a rapid decrease in the linewidth of the **Cs

peak upon addition of increasing amounts of FL15 or FL17 to 3xCs-mont.

168



"JUOW—SHXE 0} seo|oeds
oluojleo jo uonippe uodn YipiMeul| SO, 6yl ul esestosq Gy e.nb14

,_7 low / sejusd dlUO[led JO UOLEIIUGIUOD

ov0'0 ceo’o ¥20°0 9100 800°0 0000
L _ | 0
*— —
S = ‘mear — IA
- Na
- § % L 00¢
- u
) D '
w
V ”
L] |- oo9
N
* @
@
v ~ 006
*
*
L1174 + JUOW-SOXE v
G174 + WWoW-SOXE m 0021
L69] + 1UOW-SOXE @ .
|ienbeied + juowi-sOXg x
+VAL + WUoW-sOXE O
s+ JUOW=-SDXE & :
+EN + JUOW—SOXE o 00S1i

ZH / YIPIMaUIT SOg,

169



With both these polycations, the linewidth decreased from 1500 Hz to-
approximately 12 Hz upon offering 3.84 x 102 mol L of N* to 3xCs-mont, (spectrum 4,
Figure 44). Magnafloc 1697 was not as effective as FL15 and FL17 at displacing Cs”
from the clay and therefore the minimum linewidth observed for the addition of 3.84 x

102 mol L™ of N* was 64 Hz.

Figure 46 shbws that a small yet measurable quantity of Cs* was displaced from
the 3xCs-mont following addition of the cations K" and Na* whereas a greater proportion
of the Cs™ was displaced from the clay by the addition of TMA®. The steep rise in the
curve for the addition of paraquat to 3xCs-mont showed that this cationic species had a
greater affinity for the clay than K, Na" or TMA'. As the quantity of paraquat available
to the 3xCs-mont waé increased, a plateau was reached where the quantity of Cs
displaced from the clay remained constant. The onset of the plateau region occurred for
the addition of 2.40 x 102 mol L™ of N* to the clay while the quantity of Cs* displaced
from 3xCs-mont in this plateau region was equal to 2.30 x 10% mol L. Figure 46 shows
that the addition of FL15 and FL17 to 3xCs-mont resulted in the efficient displacement
of Csffrom 3xCs-mont. The initial steep rise in the curves reflects the high affinity of
FL15 and 17 for the clay surface. As with paraquat, a plateau was reached for both
FL15 and FL17 where no more Cs* was displaced from the clay. With both these
polymers, the onset of the plateau region occurred for the addition of 1.92 x 102 mol L
of N" to 3xCs-mont while the quantity of Cs" displaced from the clay in this region was
equal to 2.00 x 102 mol L™, The points 1 - 4 on the curve for the addition of FL17 to
3xCs-mont correspond to ‘the representative >>Cs NMR spectra obtained, (Figure 44).

A third cationic polymer of different structure, Magnafloc 1697, was also studied.
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Figure 46 shows that Magnafloc 1697 displaced less Cs™ from the clay, suggesting that it
had a lower affinity for the clay surface than either FL15 or FL17. A plateau region was
again reached for thevaddition of 1.92 x 107 mol L of N* to 3xCs-mont this time
however the quantity of Cs* detected by NMR in the plateau region was only equal to

1.60 x 102 mol L.

6.1.5.2.3 Cs NMR Analysis to Determine Whether or Not all the Cationic Groups on
FL17 Were Satisfied by Negative Sites at the Clay Surface at loadings equal to 100%

of the CEC.
Three different clay/polymer suspensions were made up for analysis, these were;

1. 3xCs-mont to which was added sufficient polymer to displace all the Cs"
from the clay.

2. Identical to sample 1 except that all the displaced Cs" ions were washed
~ from the suspension.

3. Equal aliquots of suspension 2 and fresh 3xCs-mont to give a final clay
concentration of 25 gL,

Comparison of the **Cs integral for suspénsion 1 with that for broadened CsCl
showed that 2.00 x 102 mol L™ of Cs* were displaced from the clay by FL17 (ie the
plateau value seen in Figure 46) . This quantity of Cs™ equates to approximately 100% of
the total Cs" associated with the clay and is consistent with previous results. In contrast
only a negligible amount of Cs" (2.0 x 10 mol L™") was seen in suspension 2 which had
been washed to remove all the extraneous Cs* ions displaced by FL17. Comparison of
the Cs" integral obtained for suspension 3 with that for broadened CsCl, suggested that
0.007 mol L™! of Cs" were seen by NMR. Given that 0.004 mol L™ of Cs* were visible by
NMR in untreated 3xCs-mont, this suggests that an extra 0.003 mol L of Cs" were
displaced from the 3xC$-mont by polymer on the washed treated clay. This is clear

evidence that at polymer loadings equal to 100% of the CEC that not all the cationic
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groups on the polymer were satisfied by negative sites on the clay surface. To account
for this extra 0.003 mol L™ of Cs’, polymer on the washed treated clay sample, sample 2,

must have polycation segments which are not satisfied at the surface of the clay.

6.1.5.3 *>Na NMR.

The optimised NMR operating conditions determined for 3xCs-mont were
examined for use with 3xNa-mont and were found to be equally acceptable. This was
deduced because the integral intensity for the 3xNa-mont peak compared with that for

broadened NaCl was optimised under the same operating conditions.

ZNa NMR proved more difficult than **Cs NMR due to interference from a
broad signal arising from ?Na in the NMR probe. All ®Na spectra consisted of a
relatively sharp signal from the sample, superimposed upon a broad probe signal. After
baseline correc’;ion using the spline method, it was possible to compare the integral
intensities of the 3xNa-mont peaks with that for broadened NaCl and therefore determine
the concentration of Na™ detected by NMR, (Table 14). It was also possible to measure
the ZNa linewidth of the sample peaks which are also recorded in Table 14. Figure 47
illustrates the difference between the *Na spectra obtained for sample and probe
together, spectrum 1, and for the sample with the probe signal removed, spectrum 2.
Comparison of the integrated areas of the peaks for 3xNa-mont and broadened NaCl
indicated that 6.80 x 10° mol L™ Na" associated with the clay was seen by NMR. This
quantity of Na™ was equal to 35% of the total Na* known to be associated with the clay
(see XRF analysis, section 6.1.2). FL17 was the only cationic species added to 3xNa-
mont whiéh was analysed by NMR. Figure 48 shows that the linewidth of 3xNa-mont

was a fraction of that observed for 3xCs-mont and had a value of about 154 Hz.
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(1) *Na Signals from the sample and the probe.

| ) i ' ] ' i ' | ' | ' I ' i ' |
800 .2 702 .2 622.3 $23.2 +23.93 388.3 238.2 - 122.2 2.2
epn

(2) *Na signal from the sample after subtraction of the »Na signal from the probe.

T f I 3| I T I I
395.92 392.9 392 2 387,89 385 .02 38Z2.5 382.2 377.5
[y}

Figure 47. Representative ~’Na spectra for the addition of 3.84 x 102 mol L N*

from FL17.
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FL17
Concentration of cationic | Linewidth / Hz Na'/mol L
centres added

0 154 6.80x 10°
1.92 x 107 122 6.70 x 10°
4.80x 102 90 6.90x 10°
6.72 x 107 74 7.60 x 10°
9.59x 1073 59 1.08 x 102
1.15x 107 48 1.31x 107
1.44 x 107 43 1.36x 10?
1.68 x 107 35 1.68 x 107
1.92 x 102 27 2.10x 10?2
2.88 x 107 17 2.10x 107
3.84 x 107 17 2.10x 107

Table 14. The effect on the Z’Na linewidth and concentration of Na* detected by

NMR upon addition of FL17 to 3xNa-mont.

The addition of increasing volumes of FL17 to the 3xNa-mont caused a progressive
decrease in linewidth from 154 Hz to 17 Hz following the addition of 3.84 x 10 mol L™

of N.

Figure 49 shows that the addition of small quantities of FL17 to 3xNa-mont
resulted in virtually no increase in the quantity of Na* detected by NMR. This is in direct
contrast to results obtained for the addition of FL17 to 3xCs-mont which showed an
initial steep rise in the curve relating to the displacement of large quantities of Cs" even at
low loadings of polymer. As the quantity of FL17 available to .the 3xNa-mont was
increased, the curve rose steeply until a plateau was reached where the quantity of Na
displaced remained constant. As with the addition of FL17 to 3xCs-mont, this plateau
began after the addition of 1.92 x 10% mol L' of N*. The maﬁmum quantity of Na"
displaced from the clay, denoted by the plateau was equal to 2.10 x 10% mol L™ and is in

agreement with the total quantity of Na" associated with the clay.
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6.1.6 The Use of Particle Size Analysis and Zeta Potential to Study Clay Polymer

Suspensions.

Particle size and zeta potential measurements of several clay/polymer suspensions
were recorded in order to provide complimentary information about the state of
flocculation and surface charge of clay particles in suspensions containing polymer.
Figure 50 illustrates the raw particle size data recorded using the Microtrac Particle Size
Analyser for the additionk of increasing amounts of Magnafloc 1697 to 3xCs-mont. From
this figure it may be seen that the average particle size of 3xCs-mont was about 1.6
microns. Figure 50 shows that when Magnafloc 1697 was added to 3xCs-mont the peak
at 1.6 microns representing polymer free particles decreased gradually in intensity.
Simultaneously, a peak depicting particles of larger size increased in intensity. This
larger particle size peak was due to flocculation of the clay by the polymer, resulting in
flocs with an average size of about 10 microns. The peak at 1.6 microns was present
throughout the range of polycation additions and in fact after passing through a minimum
for the addition of 4.53 x 10™ mol L™ N™ from Magnafloc 1697, it increased in intensity
to values approaching those observed at the outset of the experiment. This suggests that
as the experiment proceeded, the Magnafloc 1697 initially caused ‘ﬂocculation.
- Subsequent build up of positive charge on the clay platelets due to the adsorbed polymer

then caused repulsion of the platelets and a decrease in particle size.

Figure 51 .and Figure 52 illustrate the particle size data recorded for the addition
of FL15 to 3xNa-mont and 3xCs-mont respectively. The average particle size for both
cation exchanged clays without added polymer was again 1.6 microns. Figure 51 shows
that upon addition of FL15 to 3xNa-mont, the intensity of the peak at 1.6 microns,

relating to bare clay particles, decreased markedly. This peak in fact showed zero
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intensity upon addition of 1.44 x 10? mol L' N from FL15 and did not reappear
throughout the course of the experiment. As this peak decreased, maxima showing
increased particle size, relating to flocculated clay platelets increased in intensity. These
peaks indicate that the average size of the clay/polymer floccules formed spanned a range
from 13 t°;40 microns, (Figure 51). Figure 52 shows that when FL15 was added to
3xCs-mont, the peak at 1.6 microns, corresponding to the bare clay platelets, decreased
gradually as was observed for the addition of Magnafloc 1697 to the same cation
exchanged clay. Further, as with the addition of Magnafloc 1697 to 3xCs-mont, this
peak decreased in intensity to a minimum upon addition of 1.05 x 10% mol L™ N* from
FL15 and then increased in intensity. This suggests that the FL15 initially flocculates the
3xCs-mont platelets and then causes them to redisperse due to a build up of positive

charge upon the surface of the clay.

\

Percent of particles of one size
&
L

P S13
s10

Increasing amount of
polymer offered

148

Particle size / microns

Figure 50. The change in particle size upon addition of increasing amounts of

Magnafloc 1697 to 3xCs-mont.
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