N A

DEDICATION

To my mother, Alice who taught me to live with an eternal courage.



Do not believe in anything,

simply because you have heard of it.

Do not believe in tradition,

because they have been handed down for many generations.
Do not believe in anything,

because it is spoken and rumoured by many.

Do not believe in anything,

simply because it is found written in your religious books.
Do not believe in anything

merely on the authority of your teachers and elders.

But after observation and analysis,
if you find that anything agrees with reason and is
conductive to the good and benefit of one and all then accept
it and live up to it.

Budda
(Anguttara Nikaya)



STUDIES OF CLAY-POLYMER INTERACTIONS

A thesis submitted by

Henegama Liyanage Mallika Hatharasinghe

to the University of London, in the Faculty of Science
in partial fulfilment of the requirements for

the degree of Doctor of Philosophy

Department of Physics and Astronomy,

University College London March 2001



ProQuest Number: U643555

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U643555
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ABSTRACT

The clay-polymer interactions have been investigated by experiments on a four-
component system consisting of #-butylammonium vermiculite clay, n-butylammonium
chloride, polyethylene oxide (PEO) and water. The inter-platelet distance, d was studied
by neutron diffraction as a function of the clay volume fraction r, the salt concentration
¢ and the molecular weight M,, and volume fraction of the PEO v in the system. The
most conspicuous results is that PEO addition only brings about a contraction in the d
spacing when the mean end-to-end distance / of PEO is greater than or equal to dg, (d
spacing in the clay-salt-water system). The structure of the gel phase was studied using
H/D isotope substitution of polymer. The results indicate that a significant part of the
polymer chains are directly bound to the clay surfaces. With 7, ¢, v constant, d is
independent of M,,, ruling out the depletion mechanism. The results fitted well to a

model of bridging flocculation.

The strength of the bridging force was determined by mapping d vs. v data onto
previously determined d vs. p (uniaxial stress) data obtained for the same clay-salt-water
system without added polymer. The drawing force depends on knowing v inside the gel,
which was determined to be 45% of added PEO by refractometry and chemical
analyses. Using this value gave a drawing force per bridge of 0.6pN and this finding

represents a new challenge in colloid and polymer science.

Previous studies of the three-component system showed that a phase transition
from gel to tactoid occurred as the temperature increases. In our studies a gel to tactoid
transition was found to occur when the temperature was decreased through the freezing
point of solution. These both upper and lower phase transitions have been studied as a
function of M, v and ¢ by diffraction techniques and interestingly they were found to
be completely reversible and sharp even with added polymer. Neither the transition
temperature nor the d spacing of the clay tactoid phase was affected by the addition of
PEO.
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Chapter 1

Introduction

1.1  Polymers in Colloidal Systems

The work described in this thesis is concerned with the polymeric stabilisation
of colloidal systems, that is, investigating the mechanism by which polymer molecules
and colloidal particles interact with each other. Dispersion of the particles is important
in industries such as ceramic, mineral processing, pharmaceutical and food industries
while the aggregation of particles is relevant mainly to solid/liquid separation where
flocs are used for the removal of unwanted particles [1]. Vital to optimising the
effectiveness and the efficiency of polymers as dispersants or flocculants, is knowledge
of the underlying mechanism(s). As a result of many experimental and theoretical
studies carried out over the past decades, many mechanisms of polymer adsorption or
depletion have come to light, yet difficulties still exist in matching experimental results
with the existing theories. In fact the statement by Silberberg that “progress in our
understanding of polymer-colloid system is at present limited more by experimental

than by theoretical techniques” [2] is still somewhat valid even after three decades.

1.2 A Model Clay Colloid System

1.2.1 Experimental Accessibility

Experimental determinations of the nature (structure, distribution, etc.) of the
polymers around colloidal particles in a dispersion are plentiful. Neutron diffraction
techniques are the most powerful method amongst others. However, we are often faced
with the situation where the most important microscopic information about the system
is obscured due to effects of inappropriate sample geometry e.g. angular polydispersity.

Fig 1.1 illustrates the situation usually encountered in clay science [3].

12
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ascertained quantitatively, so only the qualitative trends may be taken as established.
However, for the vermiculite clays, the whole system is like region D of Fig 1.1. The
three-component clay-salt-water system composed of n-butylammonium vermiculite, n-
butylammonium chloride, and water can be considered as an ideal model system in
colloid science. It consists of regularly spaced and negatively charged flat platelets and
expands along the axis perpendicular to the layers in an electrolyte solution, with nearly
perfect orientational order [4]. In this case, which is the case considered in this thesis,
the plates are stacked in a one-dimensional array. This one-dimensional nature of the
system simplifies structural and physical analysis considerably and makes investigations
of many important problems in colloidal science possible. Therefore, a -neutral
homopolymer, polyethylene oxide (PEO) was added to this particularly well defined
three-component system consisting of #s-butylammonium vermiculite, »n-
butylammonium chloride and water in order to investigate the interactions between

polymers and charged particles in aqueous media.

The importance and potential of the four-component clay-salt-polymer-water
system could hardly be overstated, being the central problem of soil science. In his
review in 1979 on clay-polymer complexes, Theng has pointed out the lack of
experimental work on this system rather than theoretical inadequacies [5]. Although in
the last two decades, there has been significant progress in clay science there is still a
need for systematic research to be carried out in order to understand the system in a
better way. The sharp characteristics of the model colloid system composed of n-
butylammonium vermiculite, #- butylammonium chloride and water offers a special
opportunity for unravelling the possible mechanisms of interactions between polymers

and plate-like charged particles.

In the early 1960s, for the first time, Walker reported the raw swelling
phenomenon for n-butylammonium vermiculite soaked in dilute z-butylammonium
chloride salt solutions [4]. The adsorption of large amounts of water by the vermiculite
leads to a phase transition from a hard crystalline material to a soft colloidally swollen
gel with a regular interlayer spacing (d spacing). The extent of swelling depends on the
salt concentration of the solution. Further to these two phases, the crystalline and
coherent gel phases, Smalley et al. discovered a third phase called a tactoid phase in

which clumps of layers with crystalline interlayer spacings are separated by large

14



irregular aqueous regions [6]. Since the first studies by Walker, this system has been the
object of many investigations, including the effect of salt concentration ¢ and
temperature T [7], hydrostatic pressure P [6], uniaxial stress along the swelling axis p
[8] and sol concentration r [9]. Furthermore the intermediate-range structure and
counter-ion distribution of the interlayer solution between the clay platelets have been

studied by neutron scattering [10].

The corresponding four-component system with an added polymer has less well
investigated. Only recently, the effect of adding polyvinyl methyl ether (PVME) and
polyethylene oxide (PEO) to the n-butylammonium vermiculite system has been
investigated by small-angle neutron diffraction [11]. PEO seems an obvious candidate
for adding polymer to the clay-salt-water system for two reasons. First, PEO is a
commercial polymer, which has been used as a dispersing agent for latex [12] and as a
flocculant for clay [13]. Second, the PEO-salt-water system is one of the best-

characterised polymer-salt-water systems [14-16].

1.2.2 Many Variable Problem

Adding polymers to a well-characterised clay colloid is potentially interesting
both from the point of view of clay science and that of polymer science, but care is
needed because the problem is a many variable one. The three component .clay-salt-
water system has already been studied as a function of the set of variables {r, ¢, T, P, p}
defined above. Adding a polymer to this system adds three new variables to be
considered, the chemical nature of the polymer x, the molecular weight of the polymer
M,, and the volume fraction of the polymer in the condensed matter system v. The
variable x represents the composition of the side groups, the block structure, the
stereoregularity and other features of the polymer. The molecular weight of the polymer
M, represents the number average or weight average molecular weight of the polymer
and its polydispersity. The variable v is defined as the ratio of the polymer volume to
the total volume occupied by the polymer, clay, salt and water. There are therefore a
total number of eight variables to be considered, creating an enormous phase space to be

investigated.
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1.3  Thesis Content and Layout

This thesis is centred on a quantitative determination of the strength and
mechanism of polymer bridging flocculation between plate-like charged colloidal
particles. The model system used in these studies consists of n-butylammonium
vermiculite clay gels, which have a regular separation between the negatively charged
clay layers (d spacing). These macroscopically swollen vermiculites have many
advantages for studying the interaction between polymers and charged surfaces due to
the following facts. The internal surface area is very large (typically 1000m’g™?) so a
substantial fraction of the system consists of clay-liquid interfaces. The crystals used
were macroscopic (typically mm®) and the charged layers are highly oriented. It is
therefore possible to align the sample with respect to a beam of radiation and a detector
to measure the scattering density as a function of the perpendicular distance from the
clay surface (aligning the sample so that the scattering vector is perpendicular to the
clay surface). In this orientation information on the structure parallel to the clay layer is
lost, but the most important feature is the detailed structure in the direction

perpendicular to the clay surface.

In the work presented here, attempts were made to study the effect of added
polymer on the d spacing of the clay colloid system systematically in terms of M,, v, T,
r and c. All other variables were kept constant as follows. First, attention was restricted
to the unstressed systems, namely all experiments were carried out at P = latm, and p =
0: the gels were allowed to swell freely to equilibrate at atmospheric pressure. The
polymer used in these studies was restricted to polyethylene oxide (PEO) to eliminate
the variable x. Most of experiments were performed with » = 0.01 (the initial crystalline
phase of the clay occupied 1% of the volume in the condensed matter system) and only
a few experiments were carried out at the higher sol concentrations, » = 0.1 and » = 0.3.
The variables M, v, and ¢ ranged from 1x10°-2x10%, 0 - 20%, and 0.01-0.1moldm™
respectively. The aim of the work was to determine possible mechanisms of the

interaction between the clay platelets and the neutral polymer.
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The initial d spacings were maintained at three different values by controlling
the concentration of the soaking solution at three values, ¢ = 0.01, 0.03 and 0.1moldm™.
Then the variation of the d spacing was determined as a function of polymer volume
fraction, adding PEO with different molecular weights. The three-component clay-salt-
water system exhibits interesting features in its phase behaviour with respect to
temperature, so temperature induced phase transitions of the four-component system
were studied at each concentration point. These systematic studies were carried out
mainly using small-angle neutron scattering technique (SANS). Analyses of polymer
concentration were performed using simple titrations and gel permeation
chromatography followed by refractive index measurements. In the phase transition
studies, some x-ray experiments were performed in order to extract more details on the
features of the tactoid phase of the clay. Finally, the structure of the polymer in the
interlayer region was investigated using wide-angle neutron scattering on the

diffractometers D16 (ILL) and LAD (ISIS).

The thesis is laid out as follows. Chapters 2 and 3 contain the background
material. Chapter 2 presents a brief review of colloid-polymer interactions, vermiculite
clays and polyethylene oxide solutions. Chapter 3 contains the theory involved in the
diffraction techniques used here (x-rays and neutrons). Chapters 4-6 describe all the
experimental work done in three different categories, with the results obtained followed
by a discussion of the result in each case. Chapter 4 presents the study on the effect of
added PEO on the d spacing of the clay gel and the determination of the polymer
concentrations in the interlayer region and the supernatant fluid carried out with the aim
of clarifying the mechanism of polymer adsorption. In the results and discussion section
in this chapter, a model for polymer bridging flocculation between charged clay
platelets is proposed. Moreover, the strength of a bridge between the clay platelets is
calculated by mapping data on the d spacing as a function of volume fraction of added
PEO to uniaxial pressure data. Chapter 5 describes the experiments used to investigate
the interlayer structure by wide-angle neutron scattering with H/D substitution of the
polymer and gives results on the structure of the polymer in a confined geometry.
Chapter 6 contains the study of the temperature-induced phase behaviour of the four-
component clay-salt-polymer-water system, giving the rather surprising result that the
phase transition temperature and the d spacing of the tactoid phase are not affected by

added polymer. Finally, Chapter 7 gives the conclusions.
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Chapter 2

Polymer-Colloid Interactions

2.1 Introduction

2.1.1 Interactions and Stability in Colloidal Systems

A great many systems in which particles possess at least one dimension in the
size range 1 to 1000nm are categorised in a group called colloids. Colloidal systems
play a vital role in our everyday life: from natural colloidal systems such as blood, to
man-made ones including food emulsions, polymeric dispersions, and agricultural and
industrial emulsions and dispersions. Considering this prominent role of colloid science
in modern-day life, it is important to achieve an extensive understanding of how to

control the stability of colloidal systems.

One finds that it is possible to categorise colloidal systems into two groups:
lyophobic and lyophilic colloids [1]. The former shows weak, or no, affinity between
the particles and the dispersion medium and the latter is a group, which shows “solvent-
loving” character. When the dispersion medium is water then the terms hydrophobic
- and hydrophilic may be used, though the former terms are more common. A parallel
classification is given by Kruyt [2] as reversible and irreversible. An irreversible colloid
having been coagulated or flocculated will not spontaneously re-disperse when it is
again placed in contact with the solvent. In this sense it is obvious that the lyophobic

colloids can be placed in the same group as irreversible colloids.

A colloidal dispersion in which the dispersed phase remains essentially as
discrete, single particles on a long time scale (months or years) is said to be stable in
either a kinetic or a thermodynamic sense. The issue of thermodynamic stability is an
important one. According to conventional wisdom, lyophilic colloids form
spontaneously upon the addition of solvent to the dry disperse phase, indicating a
negative free energy of formation. Lyophobic colloids do not form spontaneously and

are regarded as thermodynamically unstable [3]. A lyophobic colloid may be stable in a
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kinetic sense however, and flocculation may be immeasurably slow in the absence of
added electrolyte [4]. If a lyophobic colloid is thermodynamically unstable by definition
then the fact that various clay mineral systems do spontaneously form colloidal system
under certain circumstances seems to imply lyophilic behaviour. This is an important
question, which has been addressed by a few scientists over many years now [5-7].
However, this task is far beyond the aim of this thesis, which will only consider the

mechanisms of polymer-colloid interactions.

An appropriate change in a system such as in the salt concentration of the
dispersion medium, the temperature etc. can drive a colloidal system to become unstable
and the system become coagulated or flocculated. Sometimes the terms, coagulation
and flocculation are used synonymously, but in this thesis the difference between the
two terms will be distinguished as follows. The term flocculation represents a process
where an aggregate with loosely bound particles results from an addition of a polymer
into the colloid system and the flocculation process is said to be reversible. Whereas, in
coagulation, the process is irreversible and particles are bound strongly together;
coagulation can mainly occur by addition of an electrolyte to an electrostatically stable
system. Currently, there exist two general ways by which colloid stability can be
imparted: electrostatic and polymeric stabilisation [8]. In aqueous systems without
dissolved polymer, van der Waals and electrostatic interactions generally determine the
inter-particle potential. Both arise from electromagnetic phenomena, the former from
correlations in the fluctuation induced by dielectric differences between the particles
and the fluid, and the latter from fields due to the surface charges acquired by most
particles in polar liquids such as water. More details on electrostatic stabilisation can be
found in any standard colloid science book. Here only the polymeric stabilisation, or
more to the point interactions between polymers and colloidal particles in an aqueous
medium will be discussed. It should be noted that several reasons exist for using
polymeric, instead of electrostatic, stabilisation. In some aqueous systems,
electroviscous effects and the accompanying sensitivity to electrolyte concentration may
be undesirable. In addition polymer stabilisation can be more robust than the
electrostatic mode, providing stability for a longer time at higher solids concentrations.
When flocculation or phase separation does occur in a polymer-stabilised system, it is

normally reversible.
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2.1.2 Addition of Polymers

The reasons for adding polymers to a colloid dispersion are several. The earliest
known role, as a stabiliser, aids or preserves the dispersion from aggregating [9]. This
method of stabilisation, known as steric stabilisation after Heller and co-workers [10],
hinders aggregation by providing a physical (steric) barrier between the particles, which
prevents them from approaching each other sufficiently closely to allow the short range
attractive interactions to dominate. Under certain circumstances, however, high
molecular weight polymers can cause flocculation of the particles either by adsorbing
onto adjacent particles and drawing them together, a phenomenon known as polymer
- bridging flocculation, or by being excluded from the region between the particles and
thus exerting an osmotic pressure, a phenomenon known as depletion flocculation [9].
Nowadays, such phenomena, controlling the aggregation and stabilization of colloidal
dispersions by either natural or synthetic polymers are exploited in a diverse range of

industrial products.

In many respects, the polymer adsorption differs drastically from adsorption of
small molecules. This is due to the large number of configurations that a macromolecule
can assume, both in the bulk solution and at the interface. Polymers can be readily
adsorbed onto particle surfaces from aqueous solution. The only requirement is that
there should be an overall reduction in free energy as a result of polymer adsorption. In
solution, linear polymers adopt a random coil configuration and adsorption at a surface
implies some loss of configurational entropy. For flexible polymers, the entropy loss per
molecule upon adsorption is greater than for small molecules or for stiff polymer
chains. On the other hand, the number of desorbed solvent molecules is much larger
when one polymer molecule adsorbs on the surface. The translational entropy so gained

by the solvent molecules provides a driving force for polymer adsorption.

2.1.3 Mechanisms Involved in Polymer Adsorption

In general, interactions between polymers and colloidal particles are divided into
four categories according to the main two sites for polymers in the dispersion [8]. These

two main sites are;
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(a) adsorbed onto the surface of particles and

(b) as free chains in the bulk solution.

Polymers at site (a) cause either a steric stabilisation, where the polymers are adsorbed
onto individual particles, or bridging flocculation, where a polymer molecule adsorbs
onto neighbouring particles and bridges them together. In the case (b), where polymers
do not have an affinity to the surface of the particles in the suspension, either depletion

stabilisation or depletion flocculation may occur.

2.1.3.1 Steric Stabilisation

The requirement for polymeric stabilisation by steric repulsion is that the
adsorbed polymer layer must prevent particles from approaching one another closely
enough for the attractive forces to become significant. This implies a minimum
thickness, dependent on the particle size and the magnitude of the Hamaker constant
[8]. For thicker layers the polymer-induced forces control the inter-particle potential. If
the interaction between the polymeric layers is purely repulsive then the dispersion is

stable.

For adsorbed homopolymers, the interaction potential is entirely repulsive only
for strongly adsorbing polymer at full coverage in a good solvent [11, 12].
Macromolecules squeezed between surfaces at separations less than the coil dimension,
have free energy greater than do those in the bulk solution. This drives slow desorption,
reducing the repulsion and inducing slow flocculation, or ageing in a concentrated
dispersion. Thus homopolymers are not entirely satisfactory in stabilising a colloidal

dispersion.

2.1.3.2 Bridging Flocculation

Essentially, bridging flocculation occurs because segments of a polymer chain
adsorb onto different particles, thus linking the particles together. This “bridging”

hypothesis has been generally accepted as an explanation for many examples of

22



flocculation by polymers. Adsorption is an essential step, and this requires some
favourable interactions between polymer segments and the particle surfaces. Amongst
various types of interaction that may be involved only the interactions relevant to

uncharged linear homopolymers are considered below.

Hydrophobic bonding:
This can takes place for the adsorption of non-polar segments on hydrophobic

surfaces, e.g. polyvinyl alcohol on silver iodide [13].

Hydrogen bonding:
This can take place when the surface and the polymer have suitable H-bonding
sites. Hydroxyl groups on oxide surfaces can interact in this way with amide
groups of polyacrylamide. Both polyacrylamide [14] and polyethylene oxide

[15] have been shown to adsorb on silica for this reason.

Dipole-crystal-field effects:
In these a polar group on the polymer may interact with the electrostatic field at
a crystal surface, as in the case of polyacrylamide adsorbing on fluorite particles

[16].

The various adsorption mechanisms discussed above depend specifically on the
nature of the polymer and particle surface. In a mixed suspension a certain polymer may
adsorb on one type of particle, but not on others, which leads to the commercially
important possibility of selective flocculation from mineral mixtures [17]. Effective
bridging flocculation requires that the adsorbed polymer extends far enough from the
particle surface to attach to other particles and that there is sufficient free surface
available for adsorption of the segments of these extended chains. When excess polymer
1s adsorbed, the particles may become restabilised, either because of surface saturation

or by steric stabilisation.
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2.1.3.3 Depletion Flocculation and Stabilisation

Dissolved non-adsorbing polymer molecules must alter their configuration if
their centre of mass is to approach a surface closer than about one coil radius. The
resulting increase in configurational free energy renders this process unfavourable in
dilute solutions, so a layer thickness L ~< >'2 adjacent to any surface should be
depleted of segments [18]. The effects of this depletion phenomenon can be divided into
two categories: stabilisation that is induced by free polymer termed depletion
stabilisation, and aggregation that is induced by free polymers called depletion
flocculation [8]. A particle immersed in a polymer solution experiences an osmotic
pressure acting normal to its surface. For an isolated particle, the integral of the pressure
over the entire surface gives net zero force. However, when the depletion layers of two
particles overlap, the polymer will be excluded from a portion of the gap. Consequently,
the pressure due to the polymer solution becomes unbalanced, resulting in an attraction.
The same conclusion follows from consideration of the Helmholtz free energy. Overlap
of the depletion layers reduces the total volume excluded of polymer, thereby diluting

the bulk solution and decreasing the free energy.

So called depletion stabilisation by excluded polymers seems to be a rather odd
phenomenon in that the stability of the colloidal system is imparted not by attached
polymer but rather by free polymer molecules in solution. According to the standard
theory, the stabilisation process is described as follows. Formation of micro-reservoirs
of pure solvent as proposed by Asakura and Oosawa [19] for the free polymer in the
solution increases the total free energy of the system. Thus free polymer molecules can
generate not only attraction but also repulsion between colloidal particles. If sufficiently
strong, such repulsion may even prevent the flocculation that might normally be

expected with a high concentration of free polymer.
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2.2  Vermiculite Clay as a Model Colloidal System

2.2.1 Introduction to Clay Minerals

Generally speaking, the term “clay” refers to a natural, earthy, fine-grained
material, which shows plastic properties when mixed with water. Chemical analyses of
clay show them to be essentially composed of silicates. They also frequently contain

appreciable quantities of aluminium, iron, alkali and alkaline earth metals.

2.2.1.1 Structure of Clay Minerals

A great number of clay minerals stem from different possible geometric
arrangements of two basic structural units. One unit is built of silica tetrahedra, in which
four oxygen atoms, or hydroxyl groups arranged in the form of a tetrahedron with a
silicon atom in the centre. Then these silica tetrahedral groups are arranged to form a
hexagonal network, which is repeated indefinitely to form a sheet of composition
S1406(OH)4. The second unit consists of two sheets of oxygen or hydroxyls in which
aluminium, iron or magnesium ions are embedded in an octahedral co-ordination, so

that they are equidistant from the oxygen atoms or hydroxyl groups.

Basic combinations of these two units with the necessary balancing charges are
found to occur, involving single or double silicate layers. A single silicate layer can
combine with a single layer of brucite (Mg(OH),) or gibbsite (A1(OH)3) and this group
of minerals is called the 1:1 layer silicates. The structure of a 2:1 layer silicate consists
of two silicate layers on either side of a single layer of brucite or gibbsite. If all of the
octahedral sites are occupied with divalent cations or two thirds of the octahedral sites
are occupied with trivalent cations (leaving one third vacant) and all of the tetrahedral
sites are occupied by silicon, then the clay layers become electrically neutral. The
former type of configuration is called a trioctahedral clay while the latter is called a
dioctahedral clay. It is only van der Waals forces that hold the separate sheets together
in these clay minerals. Sometimes, substitution of tetrahedral Si** ions or octahedral

Mg®" or AI** by other cations can take place in the structure. The substitution of the Si**
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ions by AI’* and Fe’* jons always outweigh the positive charges resulting from
substitution of octahedrally co-ordinated Mg ions by Fe** and AI’*. Therefore, the
result of these substitutions gives rise to a net negative charge on the clay plates. Then
there is a need of balancing positive charge of cations to reside between the clay sheets

in the interlayer region, which give rise to the many different layer silicates known [20].

2.2.1.2 Classification of Clay Minerals

It is very difficult to have a universally agreed scheme for the classification of
the layer silicates since there are a number of characteristics, which can be used in the
classification. For example clay minerals can be divided into chain and layer structures,
or the layer structure can be divided into 1:1 and 2:1 layer families, or even expandable
and non-expandable. A number of examples of classifications of clay minerals can be
found in the literature [20-22]. For the purpose of the studies here, the main important
characteristic is the layer charge, since this in large part determines the swelling
properties (expandable vs. non-expandable) of the minerals. Table 2.1 illustrates the
layer charge and swelling properties of two mineral groups, which are often found
together, sometimes in the same macroscopic sample. The idealised formulae given in

the table do not include the interlayer ions.

In the mica group (Illites) approximately one quarter of the tetrahedally co-
ordinated silicon atoms are replaced with aluminium so that the layer acquires about one
negative charge per SizO;o(OH), unit. This charge is balanced by the presence of
interlayer cations; potassium or sodium ions. Mica does not contain interlayer water and
does not usually exhibit any swelling properties. The typical interlayer distance (d

spacing) in the crystalline state is 9.0A.

Montmorillonites have a much lower layer charge density than micas and do
exhibit swelling behaviour. Vermiculite has an idealised structure very similar to that of
saponite and is often included in the montmorillonite group. The name vermiculite is
due to Webb [23] who first recorded the exfoliating' properties of vermiculite (on

heating, interlayer water is violently expelled and the flakes expand to many times of

26



their original size). The only widely recognised variant that belongs to the vermiculite

group is an iron-free mineral called batavite.

Table 2.1 Classification of layer silicates according to (approximate average) layer

charge and swelling behaviour [20-22].

Charge per | Inter- | Swelling

Mineral Idealised formulae Si4010(0OH), | layer | behaviour
group cations
Mica (Tllites) 1 K, Na No
Phlogopite Mg3(AlLSi;)010(OH),
Biotite (Mg, Fe?*)3(ALSi3)010(0OH),
Muscovite Al (ALSi3)0;o(0H),
Montmorillonite (Smectite) 0.25-0.60 Na, Ca Yes

Montmorillonite | Al,Si4010(OH),.nH,0
Beidellite Al (Al,Si3)019(OH);. nH,O
Nontronite Fe**,Si4010(0H),.nH,0
Saponite Mg3S14010(OH),.nH,O

Vermiculite Mg3(AlSi3)010(OH),.nH,O | 0.60-0.95 Mg, Yes,
Ca, Na (with
some
interlayer
cations)

2.2.2 Vermiculite Clay

2.2.2.1 Composition and Structure
Until the work on the structure of vermiculite by Gruner [24], and by Hendricks

and Jefferson [25], it was not known whether vermiculite was a distinct mineral group.

The possible range of vermiculite is not known, but the natural materials always seem to
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contain considerable amount of magnesium and iron and Mg®?" seems to be the
characteristic interlayer charge balancing cation. According to x-ray diffraction data, the
interlayer spacing of Mg vermiculite lies between 14.3 A and 14.5 A when dry, 14.8A
when wet [22]. Each plate is about 10A thick and is made up of the following
components: two silicate layers composed of a hexagonal array of comner linked silicon
oxide tetrahedra which have a layer of brucite in between those two silicate layers. The
ions substituting for Si*" are AI’* or Fe’* and the result is an overall negative charge.
The exact composition of the plates depends on the source of the vermiculite; the
vermiculite used in this study comes from Eucatex in Brazil and has the composition

[26]

Sis.13Mgs 4aAl1 ssF e s50Ti0.13Ca0.13Cr0.01K0.01020(OH)aNay 29

after the interlayer ions have been exchanged with Na' ions. The composition of the
Eucatex vermiculite is similar to that of samples from other sources [24, 27, 28] and the
only noticeable difference is the low aluminium content and high titanium content of the

Eucatex sample.

Interlayer Cations

The interlayer cations may be regarded as hydrated. Although the cations are to
some extent localised in the interlayer region, they (and the interlayer water)
nevertheless diffuse rapidly in the cases of vermiculites and montmorillonites [29].
Therefore, cation exchange can take place between a vermiculite crystal and a
surrounding solution so that it is possible to make a variety of vermiculites containing
only a single type of cation. This is very important because the properties of the
vermiculite depend not only on the type of clay but also on the type of the cation it
contains. The water content and the positions of the water molecules depend sensitively
on the nature of the interlayer cation, strongly hydrated ions favouring greater water
content. At normal ambient humidity, magnesium vermiculites contain approximately
four to five water molecules per O;9 (OH), group, whereas Cs vermiculites contain
almost none. Some other monovalent cations such as K*, NH;" and Rb" have a similar

dehydrating effect [30].
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2.2.2.2 Cation Exchange Capacity (CEC)

The CEC is a measure of how many ions may be replaced by another type of ion
(given in units of milliequivalents per g of clay, Imeq = 96.5Cg™). All, or almost all, of
the interlayer ions are exchangeable in the cases of vermiculite and montmorillonite.
This means that the CEC may be used as a measure of the layer charge, but sometimes
the CEC can be higher than the actual surface charge of the clay due to the presence of
excess ion pairs in the clay [22]. For minerals of greater charge density containing large
monovalent cations, such as mica, the interlayer cations are not in general
exchangeable. Vermiculites generally have a cation exchange capacity in the range 1.1
to 1.8meqg™ [22]. However, the weight of a given amount of clay is dependent on its
degree of hydration, which in tum depends on the ambient relative humidity [31]. The
fully hydrated phase of magnesium vermiculite was found by Humes to be 11.3 %
heavier than the phase dried over P,Os (R.H. = 0%) while the increase in weight was
recorded by Walker to be as much as 16% [32]. It is important therefore that the degree
of hydration or relative humidity is known when a clay sample is weighed prior to
cation exchange capacity determination. If all the interlayer water is excluded then the
CEC of vermiculite is in the range 1.4 to 2.4mqu'l [33], compared with the air-dried
range of approximately 1.1 to 1.8meqg™ [22].

The CEC and the chemical composition of an z#-butylammonium ion exchanged
sample, which was used throughout this study, have been determined by chemical
analysis. The CEC was found to be 1.43 meqg” and the corresponding formula weight
to be 950 g per Oy9(OH),4 unit, including the interlayer water. The layer charge of n-
butylammonium vermiculite is estimated to be 0.57 from the data given in Refs 34 and
35. This may be compared with the layer charges given by Garrett and Walker [36] for

four vermiculites of different geographic origins.
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Table 2.2 Estimated layer charges of four vermiculite samples per O;o(OH);
structural unit according to Garrett et al [36]. The layer charge of the

fifth sample from Eucatex, Brazil was from the data in Ref 26.

Location | Young River | Kenya | Pensylvania | North Carolina | Eucatex, Brazil

Layer

0.6 0.65 0.7 0.8 0.65
Charge

2.2.3 Properties of Yermiculite Clay in Aqueous Media

Most of properties of vermiculites are in common with montmorillonites [22],

but the two groups may be distinguished by their different layer charge.

2.2.3.1 Crystalline Swelling

There are two types of swelling which can occur in vermiculite, crystalline and
osmotic swelling. It has been indicated that both smectites and vermiculites, referred to
as swelling clays, are sensitive to the relative humidity. The interlayer space of these
clay minerals can absorb water in a humid atmosphere, depending mainly on the type of
counterions (interlayer cations) and the type of clay. The increase in d spacing when a
vermiculite or smectite crystal absorbs water in this way has been termed crystalline
swelling. In crystalline swelling, first studied by Kittrick [38] and Norrish [39],
absorption of up to 4 layers of water molecules between the platelets can occur. n-
butylammonium vermiculite has two crystalline phases. When the clay crystals are
dried in air they have a plate spacing of 14.7 A, but in humid conditions water is
absorbed to take the plate spacing up to 19.4 A. It should be noted that the plate spacing
refers to the distance over which the system repeats and so includes the 10A thickness

of the plate, the actual gap between the plates being 4.7 and 9.4 A.

van Olphen [40] has proposed two different mechanisms to explain the

crystalline swelling. The “weak force” model examines the balance between the clay
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plate hydration and van der Waals energies, while the “strong force” model considers
the balance between interlayer ion hydration and the electrostatics of the plate-interlayer
ion system. A wide variety of organic molecules can also be absorbed into the interlayer
region. Most polar organic solvents such as methanol, ethanol and ethylene glycol can
solvate the counterions while ionic organic species such as alkylammonium ions
(RNH*") can be exchanged into clay minerals creating a hydrophobic character in the

interlayer region.

2.2.3.2 Osmotic Swelling

When a vermiculite clay crystal is placed in a dilute solution of that cation or in
water, the sample undergoes a much more marked expansion along the c-axis of the
clay, termed osmotic swelling. The osmotic swelling of vermiculites, first observed by
Walker [41], involves the absorption of large amounts of water by vermiculite crystals
placed in water, leading to the plate spacing increasing to any distance up to about
800A, a sufficiently large spacing for the gels to act as one-dimensional colloids. This
phenomenon only occurs with vermiculites containing certain cations. After the osmotic
swelling the clay is called a “gel”, whose the interlayer spacings have been studied
extensively by x-ray diffraction [36, 39], neutron diffraction [6] and electron
microscopy [42]. The results have shown that the gels are homogeneous. If the sample
is a vermiculite then a single coherent stack is formed, the externally observed
expansion of the clay being commensurate with the increase in the layer spacing. The

gels have no tendency to disperse into the surrounding solution.

The osmotic swelling has been studied for several types of counterions other
than the system of n-butylammonium; the short chain alkylammoniums such as n-
propylammonium and isoamyl vermiculites as well as lithium [43], L-lysine [44] and
more recently L-omithine [45, 46] vermiculites and Na®, and Li" smectites [39].
Comparable swelling behaviour can also occur when clays containing long-chain
alkylammonium counterions are immersed in organic liquids. It was found from neutron
diffraction studies of Li vermiculite that dissociation of the counterions from the clay

surfaces 1s a necessary precursor to macroscopic swelling [47]. Infrared spectroscopic
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studies of swelling Na montmorillonite also showed that the counterions readily become

hydrated [48].

Sodium, potassium, and multivalent metal cations inhibit swelling of
vermiculites. The reason for this is not completely understood, but must be due to the
balance of the hydration energy of the cations against their interaction with the surface.
The potassium ion for example fits in the cavities on the plate surface and so binds the

plates closely together, potassium vermiculite having plate spacing of only 10.2A.

2.2.3.3 n-Butylammonium Vermiculite

The n-butylammonium vermiculite gels, first reported by Walker [41] in 1960,
are excellent models for one-dimensional colloids. When vermiculite crystals are
soaked in dilute solutions of n-butylammonium chloride they swell macroscopically
along the c-axis from 19.4 A in the crystalline phase to ~80A in a 0.2 moldm™ solution
and to ~900A in a 5x10™ moldm™ solution. There is a certain maximum concentration
above which macroscopic swelling will not occur. For butylammonium vermiculite at
4°C the transition to non-swelling behaviour occurs at ~0.2moldm™ and just above the
0.2moldm™ salt concentration, the layer spacing of ~80A collapses to the crystal layer
spacing of 19.4A. This means that a layer spacing between 19.4A and ~80A cannot be
maintained by controlling the salt concentration alone. The swelling is perfectly
homogeneous and the plates remain to a high degree parallel in the osmotically swollen
(gel) phase, which can be transformed reversibly back into the crystalline phase by
addition of salt, an increase of temperature or reduction of hydrostatic pressure [6, 49].
The equilibrium d spacing along the colloid axis is known as a function of the
concentration of the soaking solution with accuracy between 100A and 1000A and it is
not possible to fit this function with DLVO theory [50] even when Hamaker constant is
treated as an adjustable parameter. Nor can DLVO theory explain the fact that the phase
change from crystalline to swollen gel is truly thermodynamic. Such observations on a
well-defined system of plate macroions are very interesting from a theoretical point of

view.

32



2.2.3.4 Factors Affecting Swelling of Vermiculite

There are a number of variables which affect the swelling process in n-
butylammonium vermiculite: the salt concentration in the soaking solution c,
temperature of the system T, volume fraction of the clay 7, hydrostatic pressure P, and
uniaxial pressure p.

The plate spacing in a vermiculite gel is determined principally by the salt
concentration. The layer spacing in the vermiculite gel decreases with increasing salt
concentration, being proportional to ¢"2[7]. A gel in a 10°moldm™ solution has a plate
spacing of about 60nm while in a 0.1moldm™ solution it is about 10nm. No swelling has
been observed with a salt concentration greater than 0.2moldm™. At higher
concentrations the gel phase becomes unstable and will collapse back to the crystal
phase if sufficient salt is added. This behaviour is usual for a colloid system [51]. The
gels can therefore be considered to behave as classical one-dimensional colloids.

2 swelling

Smectites and Li vermiculite also show the same qualitative d vs ¢’
dependence. The layer spacings in swollen smectites are lower than in the vermiculites

however, and unlike the case of the vermiculites the transition is not fully reversible.

If the temperature raised, the gel structure collapses above a specific transition
temperature, T.. The result is that the gel phase becomes a tactoid, where we have used
the nomenclature of Kleijn and Oster [52] to describe a structure in which groups of
vermiculite layers with a spacing of approximately 1nm are separated by large aqueous
regions with spacing in the range between 10 to 100nm. For n-butylammonium
vermiculite, T, is of the order of 300K and decreases proportionally to log ¢ [6]. There

1s no evidence for the existence of this transition in smectites.

The volume fraction of the vermiculite clay also influences swelling. The
volume fraction is defined as the ratio of the volume of vermiculite to the volume of the
system and is denoted by r. The layer spacing in the gel increases as the volume fraction
of clay is decreased. There are two contributions to this effect. First, salt, which is
always present in the clay crystals, either in the interlayer space or trapped in cracks and
faults, can be redistributed throughout the system at equilibrium. The amount of salt

trapped in n-butylammonium vermiculite has been measured and found to be 0.1020.05
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moles per litre of clay even after 20 washes in hot distilled water [7]. Second, when a
crystal is soaked in dilute solutions salt is excluded from the solution absorbed into the
gel due to the additional ionic strength of the clay layer charge plus counterions, so the
actual salt concentration in the supernatant solution is increased. Both these effects

become greater as the volume fraction of clay is increased.

Hydrostatic pressure has been applied to vermiculite crystals in contact with an
aqueous solution, and was observed to induce a transition from the crystalline to the gel
phase at temperatures above T, [49]. This shows that a reduction in total volume occurs
when macroscopic swelling takes place. The effect of uniaxial pressure on the layer
spacing of vermiculite clay has been studied by Crawford et al [37] using quartz levers
to apply uniaxial pressure along the swelling axis of the clay. The layer spacing was
measured as a function of uniaxial pressure. Unlike the hydrostatic pressure effect, the d
spacing was found to decrease linearly in proportion to the logarithm of uniaxial

pressure. This is consistent with the DLVO [50] and Sogami theories [53].

2.3 Water Soluble Polymers

2.3.1 Introduction

The great majority of polymers or polymer-based materials that we encounter
are water insoluble. However, there is a relatively small, but important group of
polymers that is water soluble. It is only within 50 years or so that the water-soluble
polymers have been recognised as a group in their own right [54]. Today this group
finds wide applications in industry because of their ability to modify the flow properties
of many water based products. They appear in a great variety of products from
foodstuffs to toiletries, and they aid in such processes as oil production and mineral
processing. Water soluble polymers are derived from either natural or synthetic sources.
Loosely speaking, the former is a class of polymers called biopolymers, which include
polysaccharides, peptides, and polynucleotides. Such polymers are commonly found in
food products and their presence serves many purposes, one of which is modification of

the rheological properties. The latter are synthesised by various chemical reactions and
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such polymers can have pre-designed architecture, which means that the properties to be
expected of the polymer may be known in advance. The water soluble or water loving
(hydrophilic) nature of both classes arises from the many polar groups, which are

attached to the polymer backbone [55].

2.3.1.1 Synthetic Water Soluble Polymers

Synthetic water soluble polymers have been developed to meet the growing
demand of many different kinds of industrial application. They have the advantages that
they are generally much simpler in their chain structure than most natural or modified
natural polymers, while with synthetic copolymers a variety of degrees of complexity
can be introduced in a controlled fashion. These polymers can be either ionic or non-
ionic in nature and their solubility in water is the result of a large number of polar or
hydrogen-bonding functional groups present on the polymer chains. A few examples of
synthetic polymers are polyethylene oxide, polypropylene oxide, polyvinyl pyrrolidone,
polyvinyl methyl ether, polyethylene imine, polyacrylic acid and polymethacrylic acid.
Molyneux [54] provides an excellent review of a wide range of water-soluble synthetic

polymers.

Non-ionic water soluble synthetic polymers form a very useful halfway house
between two important and widely studied groups, i.e., polymers in non-aqueous
solution and polyelectrolytes in aqueous solution, since potentially they enable a
separation to be made between the effects arising from the change of the solvent (non-
aqueous to water), and those arising from the introduction of charged groups. This
property of synthetic polymers make them ideal model substances for developing
techniques for studying aqueous solutions of polymers, and for testing theories of the

behaviour of such systems.
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2.3.1.2 Properties and Applications of Water Soluble Polymers

Some of the important properties and applications of water-soluble and synthetic

polymers are indicated in Figure 2.1.
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Fig 2.1 Illustration of some important properties and application of water soluble

polymers [55].
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2.3.1.2 Solubility and Solution Properties

Some hydrophilic polymers show swelling behaviour in water rather than
dissolving. Only polymers soluble in water at room temperature are considered here to
be water soluble polymers, although not all the hydrophilic polymers fall into this
category. It should be noted that the solubility or insolubility of polymers in any solvent
is a rather different phenomenon to that of small molecules except for the case of highly
crystalline polymers, for which a solubility equilibrium may exist between the polymer
and its solution as in the case of small molecules. Crystalline polymers are often soluble
up to a certain point (of temperature or concentration of co-solute) and essentially
insoluble beyond this point. On the other hand with amorphous polymers it is a

liquid/liquid phase separation that is involved.

Water soluble polymers can precipitate when they are either cooled or heated or
on the addition of various co-solutes. As long as the polymer concentration is low when
the phase separation occurs the precipitated polymer chains remain colloidally
suspended in the system. This point is often referred to as the “cloud point”. For a
temperature-induced precipitation this point can be symbolised as T.. When the
polymers precipitate on heating, then the polymer is said to have a lower critical
solution temperature (LCST). When the phase separation takes place on cooling, the
polymers are soluble above the upper critical solution temperature (UCST) [55].

Water soluble polymers are incorporated to control the viscosity of the system in
products as diverse as fracturing fluids for oil and gas production, lubricants, detergents
and foodstuffs. Solution viscosity is a measure of resistance to flow, therefore it can be
directly related to the size of the polymer molecules. One can use this measurement to
infer the molecular weight of linear polymers, provided they are soluble in a particular
solvent. Water-soluble polymer solutions generally exhibit viscoelastic properties due to
their long molecular chains. The viscoelastic properties are dependent on factors such as
molecular size and shape, polymer concentration, temperature and intermolecular forces
of attraction [54]. These properties can be characterised by their viscosity and elastic
moduli obtained from steady shear and oscillatory tests. Such tests can be easily

conducted using most scientific rheometers.
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2.3.2 Polyethvlene Oxide (PEQO)

Polyethylene oxide, also known as polyoxyethylene, polyethylene glycol (which
1s the name commonly applied to shorter chain samples) or commercially Carbowax is
one of the simplest polymers in the water soluble polymer group [54]. Along with this,
the wide range of uses to which PEO has been put, has made it the most extensively and
intensively studied in solution. Unlike most polymers, polyethylene oxide 1is
commercially available in an extraordinarily wide range of molecular weights up to

several million.

2.3.2.1 Synthesis, Structure and Uses

The repeat unit of the polymer is ethylene oxide (-CH,-CH,-O-), in which
hydrophilic oxygen atoms are separated by hydrophobic ethylene units. Ethylene oxide
1s a monomer that can be polymerised to form a product having a wide range of
molecular weights that often have a narrow molecular weight distribution. It is the
simplest member of the 1,2- vicinal epoxides and has a molecular weight of 44.05. In
the usual preparation method of PEO, the three-membered ring epoxide is polymerised

by a ring opening reaction that is initiated by an acid or base, or by ionic co-ordinate

processes.
n CH, CH, .
\ / ¢ CH,OH ————» CHyO-(CH;CH,O)-H
(0]

Polyethylene oxide has a general structure of RO-[CH,CH,0],-V where V is the a-end
group that can polymerise and R is the w-end group that is usually an alkyl group or

hydrogen.

These polymers are often used as additives and small amounts impart special
characteristics to a product, e.g. addition of 1% of 4 million molecular weight PEO to

rubbing alcohol results in an improved massage product. The other uses include binders
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for ceramic green ware, wood products and air-craft preservation, adhesives, water

treatment and flocculation, hydrodynamic drag-reduction agents etc [55].

2.3.2.2 Solution Properties of PEO in Aqueous Media

A wide span in the physical properties can be found in the polyethylene oxide
group, since it ranges all the way from the shortest oligomer up to extremely high
molecular weight samples. A review of the physical properties of bulk polyethylene

oxide can be found in Ref 54.

Physical properties

Polyethylene oxide is amphoteric and soluble in range of solvents including
water, alcohol, benzene and even petroleum, depending on the nature of the end groups
and the PEO chain length. This amphoteric character is not shown by the structurally
related polyethers such as polymethylene oxide, polytrimethylene oxide, or
polypropylene oxide. It is not an aim of this thesis to consider in any great detail or
depth the solution properties of PEO in non-aqueous solutions since the work presented
here involves only aqueous solutions. Therefore, only the properties of aqueous
solutions of PEO will be discussed. A striking feature is that aqueous solutions with
extremely high polymer volume fractions can easily be prepared. However, aqueous
solutions of high molecular weight species show ‘“stringy” or elastic character at.
concentrations of less than 1% [55]. When the polymer concentration is increased to
about 20% (the upper limit of polymer concentration used in the study here) the
solutions are non-tacky, reversible elastic gels. In contrast to the complete water
solubility of PEO, closely related polymers such as polymethylene oxide,
polytrimethylene oxide, polypropylene oxide are water insoluble under ordinary

conditions.

It is well known that water is a very good solvent for PEO in very low molecular
concentrations but becomes a less good solvent for PEO molecules at higher molecular
concentrations. This phenomenon 1s related to changes in the hydrogen-bonding
interaction of water and polymer molecules either through intra- or inter-molecular

hydrogen bonds [56, 57]. However, PEO can be considered as a relatively non-polar
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molecule even though it contains ether oxygens repetitively within each structural unit
along the polymer chain and ether oxygens readily form hydrogen bonds. In this case
one can expect an ordering of water molecules in the vicinity of the polymer molecules
in solution [58]. This expectation is in accord with the thermodynamic parameters
determined for the polymer solution [59], that is, in water and dilute salt solutions, PEO
has a low partial molar volume, and a negative entropy change is recorded upon
addition of PEO to water [60]. These phenomena are interrelated and primarily due to
reduced entropy of the water at the hydrophobic interface. This is commonly referred to

as “hydrophobic hydration” [61].

Effect of Temperature

In water polyethylene oxide exhibits an inverse solubility-temperature
relationship [59]. As the temperature of aqueous solutions is increased to near the
boiling point of water, the polymer precipitates. The upper precipitation temperature or
lower critical solution temperature depends on the polymer concentration and molecular
weight and is very sharp for a given set of variables. If the inverse solubility-
temperature phenomenon is to be interpreted as a hydrophilic-hydrophobic balance in
the polymer system, increasing the hydrophobic character of the polymer should result
in lowering of the polymer precipitation temperature. Another way of interpreting the
inverse solubility-temperature relationship of polyethylene oxide would be through a
disordering of “bound water” or “icebergs” that exist about the polymer molecule [58].
These icebergs correspond to a layer of highly ordered water, which would surround the
polymer in aqueous solution. Increasing the temperature could cause a disruption of this
water and allow relatively strong polymer-polymer interaction. Such a mechanism
would be mainly entropic in nature. Salts also cause a lowering of the precipitation

temperature in aqueous solution.

Salting-QOut or Precipitation by Added Salt

Precipitation of the PEO by adding neutral salt into the polymer solution (by an
increase of activity of the polymer) is called “salting out”. The limiting solubility
temperature (LCST) decreases linearly with salt concentration [59]. However, the ionic
strength principle is not followed for the effectiveness of the salts in lowering the

precipitation temperature. These salting out effects are reflected in a collapsing of the
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polymer coil in solution. This collapse of the molecules is a gradual process with

decreasing hydrodynamic volume of the molecules as the salt concentration increases.

Degradation of PEO

All the polyethers including PEO are subject to oxidative attack, which results in
a degradation of the polymer. The degradation is accelerated by certain heavy metal
ions, certain oxidising agents, strong acids and ultraviolet light. The polymer degrades
by autoxidation forming hydro-peroxides that decompose and cause polymer chain
cleavage [62]. The viscosity of aqueous solutions may decrease as a result of this type
of degradation and also degradation caused by mechanical action during the preparation
or study of the solution. High shearing forces can cause severe degradation, but even
low shear forces encountered in capillary viscometry can cause a small amount of chain
scission in high molecular weight polymers. In such instances the degradation, even
though slight, can be quite effective in lowering the viscosity [63, 64]. Therefore the
mode of solution preparation becomes an important variable that must be controlled

when solution viscosities are measured.

Solution Rheology

Aqueous solutions of polyethylene oxide with higher molecular weight (usually
greater than about a million) behave in a manner that may be classified as pseudoplastic
[54]. According to Ref 65, solution viscosity increases with increasing concentration
and the concentration dependence becomes more pronounced with increasing molecular
weight. As described above, the solutions have a pseudoplastic character at very high
molecular weights, but for the lower molecular weights the solutions are essentially
Newtonian as the viscosity shows little or no dependence on shear rate. Salts or
electrolytes cause a lowering of the absolute viscosity of aqueous PEO solutions. For
example, it has been found that the zero shear viscosity of a 2% aqueous solution of
PEO decreased from 2300 poises to less than 100 poises when measured in 1moldm™
aqueous KCI solution. Such a marked difference in the shear rate dependence of
viscosity between aqueous solutions and salt solutions is observed only near the theta
temperature, which was the condition with the salt solution given. In a theta solvent, the
molecular coil is in a relatively compact form. As the shear forces are increased on such
molecular configurations, the molecules are elongated and an increase in structural

viscosity results from increased intermolecular interaction. The increase in viscosity
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continues with increasing shear rate until a point is reached where the molecules in the
solution attain a configuration that is similar to that taken on by the expanded molecules
in aqueous solution. After this point, the molecules in the salt solution begin to behave

in a manner that is similar to the behaviour of the molecules in water alone under shear.

Friction Reduction

Under specific conditions of turbulent pipe flow, dilute polymer solutions
require a smaller energy expenditure to maintain a given flow rate than pure solvent.
This energy reduction is called drag reduction. The phenomenon of friction reduction
has in recent years become of interest in engineering [66] with applications such as
pumping water or water slurries, and reducing oil field pumping power requirements
[67]. Aqueous solutions of PEO have been shown to be particularly effective as a
friction reduction agent in water at extremely high dilutions. The degree of friction
reduction increases with increasing flow rate and polymer molecular weight and with

increasing polymer concentration up to a certain limit [68].

2.3.3.3 Interfacial Characteristics of PEQ

At the air-water interface, PEO adsorbs in a random configuration with most of
the hydrophobic parts of the polymer being oriented such that the segments dangle in
the air region, rather than in a flat, zig-zag conformation at the interface [69]. The
polymer conformation in the region of the interface is such that a molecular weight
dependent percentage of hydrophobic segments are adsorbed at the interface. In low
molecular weight glycols, end-groups may have a pre-eminent influence, and possibly
about one-half of the potentially adsorbed segments are actually in the interfacial
region. In the case of slightly higher molecular weight homologs with molecular
weights around 400, where the polymers tend to assume compact conformations at the
interface, a much smaller percentage, perhaps 10% of the hydrophobic segments, are
oriented in this fashion. At higher molecular weights, interfacial adsorption becomes
favoured, occurring at about the molecular weight at which the polymer conformation

begins to approximate that of a random coil [70].
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Below a molecular weight of about 10000, the surface activity of aqueous
polyethylene oxide solutions decreases with increasing molecular weight. Above this
value, up to that of several million, interfacial adsorption characteristics remain
constant. While the larger polymers exhibit a slightly positive temperature coefficient of
surface activity, the smaller polymers, with a molecular of ca. 400, exhibit a slightly
negative coefficient. These results can be interpreted in terms of the dominance of
entropic factors in the high polymer interfacial adsorption contrasted with a greater

importance of enthalpic factors in the case of the lower molecular weight species.

Especially for the large polymers, surface activity is found to be time dependent.
These phenomena may be studied by any of the methods used to determine surface
tension. In the experiments of Ref 69, the drop-weight method was used. In effect, a
new surface is created and adsorption of the water soluble polymer at this interface is
measured over a period of time. On the basis of theoretical models, extrapolated values
representing equilibrium adsorption could be obtained. The interfacial adsorption was
considered in two steps. First there is a diffusion of polymer from the bulk of the
solution to a subsurface phase, and then an adsorption at the surface layers with a
possible orientation of polymer segments takes place at the interface. In early studies
[70] using capillary-rise techniques, a time as long as eight hours was found to be

necessary to obtain equilibrium with dilute solutions of polyethylene glycols.

2.3.3.4 Adsorption onto Surfaces

Many uses of PEO arise from its ability to adsorb onto a surface. Motivated
partly by the desire to understand the flocculant properties of this uncharged yet water
soluble polymer, the adsorption behaviour of PEO onto various mineral, silica and other
substrates has been widely investigated [71-74]. In the cases of silica or some other
oxide surfaces such as dolomite and apatite as substrates, the studies have been
concentrated on the adsorption mechanisms. On silica, the isolated silanols, siloxanes or
methylated sites have been identified as the principal adsorption sites for PEO
segments. The adsorption mechanism on the former sites is believed to be hydrogen
bonding and on the latter hydrophobic interaction. In some cases, both mechanisms may

be possible [71]. The silica surface charge can be modified by changing the pH so that
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one can control the hydrogen bonding adsorption sites and this helped in understanding
the interactions between polymer and silica surfaces [71, 72]. Adsorption studies of
polyethylene oxide on dolomite and apatite showed that adsorption of PEO on this type
of oxide surface occurs through hydrogen bonding with isolated —OH groups and
physically adsorbed water. Studies of PEO adsorption on various oxides have indicated
that the highly acidic oxides of the type of MOj;, M,0s and MO, are generally expected
to adsorb and flocculate with PEO [73, 74]. On the other hand, there is no indication of
significant adsorption on oxides such as TiO,, Fe,O3;, Al,O; and MgO, with point of
zero charge (pzc) greater than that of silica. This indicates specificity of PEO-surface
bonding site interactions [74]. It was also found that the complexation with adsorbed
ions and electrostatic interactions with a positively charged surface were not found to

play a major role in the PEO adsorption onto oxide particles.

The role of PEO adsorption onto surfaces in the pulp and paper industry, where
PEO is used as a retention aid, has been studied by number of scientists [75, 76]. Here a
process called heteroflocculation is used to create the activity of a retention aid. In
heteroflocculation, a polymer adsorbs onto the surface of one type of particles in the
suspension and this modifies the configuration and thus the entropy of the polymer
facilitating the adsorption onto the other type of particles. In the absence of PEO the
clay particles and fibres in papermaking pulp repel each other, but when PEO is added it
first adsorbs onto the clay particles and acquires the ability to form a bridge with the

fibre.

Many attempts have been made by Klein ez al to study the strength of the steric
interactions between PEO-coated mica in water using a surface force apparatus (SFA)
[77]. The results showed that at full coverage of polymer the interaction was repulsive
at all separations and could be qualitatively explained by scaling theory [78] and by
mean field theory [79]. Recently, a custom built atomic force microscope has been used
to probe the interactions between PEO-coated glass surfaces [80]. In this study weak
attractions were observed between partially covered surfaces due to bridging. This is a
physically important interaction that would not easily be observed by other force
sensing techniques. However, information was lost due to the fast approach of the
surfaces those allowed insufficient time for the polymer to bridge between surfaces and

bring about an attraction.
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Chapter 3

Neutron and X-ray Scattering Techniques

3.1 Introduction

3.1.1 Advantages of Neutron and X-ray Scattering Techniques

Scattering of radiation is a principal method for characterising colloidal
suspensions amongst a number of other techniques. The schematic illustration below

shows the approximate ranges of some different techniques [1].
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X-rays and Neutrons

In colloid science, neutron and x-ray scattering techniques have advantages over
light scattering as these techniques give global structural information from the nearest
neighbour distance out to distances of a few hundred Angstroms. Neutron and x-ray
scattering techniques may also be used as complementary tools because of their different

_contrasts. Neutrons interact with the atomic nuclei and the scattering cross section does
not show any systematic variation with atomic number. By contrast, x-rays interact with

the surrounding electrons and the scattering cross section is approximately proportional to
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the atomic number. Therefore, in x-ray scattering experiments, it is the heavy atoms that
will dominate in the scattering pattern while in a neutron scattering experiment the light

atoms will be seen by the radiation equally as well as heavy atoms.

There are two types of scattering events that can occur in a system: elastic and
inelastic. Scattering events in which there is no energy transfer between the scattered
quanta and the target are referred to as elastic scattering and those where there is an
energy transfer as inelastic. The elastic scattering gives information about the atomic
distribution in the material i.e. its microscopic structure, while inelastic scattering is
related to the dynamics of the atoms. For thermal neutrons the energy is of the same order
of magnitude as the atomic vibrations in solids, which means that the energy transfer of
an inelastic event is relatively easily measured in neutron scattering. X-rays on the other
hand have much higher cﬁafacteristic energies (typically 10keV compared to 20meV for
thermal neutrons), so the inelastic processes due to atomic motions and excitations are
almost negligible. Thus it is much more difficult to study dynamics using x-rays. Another
advantage of neutrons is that the scattering from an atomic nucleus is independent of the
scattering angle and the incident wavelength, i.e. momentum transfer. This is not the case
for x-rays, since these are scattered by the electrons, which spread out around each atom
in a cloud with significant spatial extent compared to the wavelength of the photons. By
Fourier transforming the electron density distribution of an atom one obtains the so-called
atomic form factor for x-rays. The form factor describes how the scattering intensity
decreases with increasing momentum transfer (or scattering angle). With neutrons one
can use the so called time-of-flight technique (both the incident wavelength and scattering
angle can be varied), which provides a much larger momentum transfer range (Q range).

This in turns gives a better resolution in real space.

3.1.2 Basis of Scattering Techniques

The principle of scattering experiments is to bring a beam of neutrons or x-ray
onto the sample and measure the intensity of scattered radiation as a function of the
scattering vector. Consider two planes of atoms scattering a beam of quanta with
wavelength A through an angle 26, with a separation d along an axis parallel to the

momentum transfer vector (Fig 3.1).
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Fig 3.1 Geometry of scattering of an incident beam by two planes of atoms

separated by a distance d, with the momentum transfer vector normal to

the planes.

For totally constructive interference to occur the path difference for the two
scattered beams must be equal to an integral number of wavelengths (the Bragg

condition):
2d sinf = ni 3.1
It is more useful to express the Bragg condition as a function of the scattering

vector, Q where the direction of Q bisects the incident and scattered beams. Assuming

elastic scattering, the magnitude of Q is related to 6 by
4 .
0= _/11 sin@ (3.2)

The variation of Q is achieved by scanning the angle (28) of scatter or the
wavelength A. The length scale probed by the scattering experiment is 27/Q. It is possible
to choose the wavelength A to roughly match the inter-particle spacings to be probed so

that the scattering angle is in a convenient range.
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3.2 Theory of Neutron Scattering

The field of neutron scattering has grown up very rapidly during the past few
decades and most of the theory goes beyond the work presented here. Here the
definitions, theory and technical information related to the experimental work presented
in this thesis will be discussed. For a more complete theory of neutron scattering, one

should refer to Marshall and Lovesey [2] and Squires [3].

3.2.1 Sources and Properties of Neutron Radiation

Neutrons with a wavelength between 0.1A and 30A can be produced by
moderating the fast neutrons produced by fission in a reactor or by spallation in a proton
synchroton-based source. The high-energy (typically 1MeV) neutrons that are produced
by fission must have their energy moderated by interaction with some material
(moderator). The temperature of the moderator determines the wavelength distribution of
the radiation. For colloid science, relatively long wavelengths are most useful and they

are produced by a cold moderator (~20K).

A reactor, such as that at the Institute Laue Langevin in Grenoble, produces a
steady beam of neutrons, which can be monochromated by a crystal monochromator or
mechanical velocity selector. For instruments at a reactor-based source the momentum
transfer Q is normally varied by changing the scattering angle, while keeping the
wavelength fixed. A pulsed source such as ISIS at the Rutherford Appleton Laboratory
can utilise a “white beam” by distinguishing the wavelengths of the neutrons by their
time-of-flight. Thus the time-of flight technique in combination with many detectors

placed at different scattering angles gives a large Q range.
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3.2.2 Scattering by a Bound Atom

There are two types of forces that scatter neutrons.

(1) Magnetic interaction — The neutron has a magnetic dipole.

This dipole can interact with the magnetic dipoles of an atomic system and can
therefore be scattered. This type of scattering can be useful in the characterisation of
magnetic samples. It is not relevant to the studies presented here.

(2) Nuclear interaction — This is due to strong short range forces. Attention will be given

to this type of interaction in the following.

In general, the incident radiation on a point scatterer can be represented as a plane

wave function and can be described by the equation,
W, . = A, exp(ikyx) (3.3)

where k; is the wave vector given by kp = 2 7/A and A is the de Broglie wavelength (A =
h/p) and A, is the amplitude of the wave. Nuclear dimensions are of the order of 10"°m
while the neutron wavelengths are of the order of 10™"°m. Therefore, the assumption that
the nuclei act as point scatterers is valid. If the nuclei are fixed in space so that no energy
transfer with the neutron is possible then according to the Born approximation the
scattered radiation can be described as a spherical wave function. Therefore, the scattered

wave function can be given by

—-Ab .
lVscat = xo exp(lkl‘x) (34)

where x is the distance from the atom to the point of observation and b is a constant
related to the strength of the interaction causing the scattering process (the scattering

length).
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3.2.2.1 Scattering Cross Section

The state of a neutron is described by its wave vector k and its spin s, = £%. The
spin can be omitted if we assume that the neutrons are unpolarized and the sample is non-
magnetic. Then, the interaction between the neutrons and the sample can be described by

the momentum transfer Q and the energy transfer 2w, which are defined by,
2
Q=ky,—k, and ho =—(k; —k}) (3.5)
2m

where m is the neutron mass and %y and k; are the wave vectors of the incident and
scattered neutron, respectively. The probability that an incident neutron interacts with a

nucleus in the sample is given by the scattering cross section o, which is defined by

No of neutrons scattered per s

No of neutrons incident per unit area per s

If we assume that a beam of neutrons with a current density j, impinges on a
sample with N atoms in the beam and thereby causes J scattering events to occur per

second then,

(3.6)

Generally the value of o varies both between different chemical elements and
between different isotopes of the same element.
3.2.2.2 Absorption by Nuclei

When an incident wave passes through matter, the intensity of the beam decreases.

This weakening is a result of two effects: a change in the direction of the scattering

particle (‘“‘scattering phenomenon”) and the “true” absorption. If scattering and true
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absorption effects are independent, the absorption cross section of an atom may be written

as,

c=0,+0, 3.7

where o, and o, are the contributions from neutrons being scattered or absorbed
respectively. The absorption cross-section o, has an approximate relation to the incident

wave vector &y and wavelength A:

o, « k| 2'2% (3.8)

This provides a way to extrapolate the absorption cross section to different wavelengths

knowing the value for one wavelength.

3.2.2.3 The Neutron Scattering Length

The scattering length for thermal neutrons will be isotropic, independent of the
scattering angle, due to the faét that the dimensions of the nucleus are much smaller than
the neutrons. Contrary to the x-ray scattering length, the neutron scattering length denoted
by b may have a positive or negative value depending on the contribution of two types of
scattering; potential and resonance scattering. For many isotopes the resonance scattering
has a significant contribution to the scattering length, and for some isotopes it is even
greater than the contribution from potential scattering. In the latter case, the scattering
amplitude reverses its sign for nuclei such as "H, "Li, 13, 0V, ° 3Mn and *Ni. A negative
b value means that there is no phase change on scattering whilst an imaginary one
indicates an intermediate phase change and is associated with nuclei such as Cd and B
that absorb neutrons to an appreciable extent. The value of scattering length density b
varies in an irregular manner between nuclei of different atomic masses, with the
exception of some of the rare earth elements for which the resonance term becomes less

significant and the scattering scales approximately as the cube root of the atomic number.
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The scattering cross-section oy for a particular element is related to the scattering

length density b by the relation,
oy =4n(b’) (3.9)

where (b%) and (b)* are defined as follows

(v) =%§bﬁ and  (b)" = (ﬁ;bf)z

The summation is taken over all isotopes of the particular chemical element.

3.2.3 Scattering by Many Nuclei

3.2.3.1 Coherent and Incoherent Scattering

Although the total scattering from a single atom can be defined by its scattering
length b, for the case of scattering from many atoms of the same chemical element,
deviations from the average scattering length have to be taken into account. The
scattering cross-section may therefore be divided into two parts; coherent and incoherent.
The coherent part o, contains both the interference between scattering from different
nuclei (distinct scattering) and a self-scattering contribution. The distinct scattering
provides information about inter-atomic correlations in the sample. The incoherent part
Oime 1s the scattering that arises from variations in scattering length between different
isotopes of individual elements. The incoherent scattering length does not contain
structural information as it arises from a random distribution. Fluctuations in the neutron
scattering length of a nucleus can arise from the random distribution of isotopes and/or

nuclear spins within a sample.
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The coherent scattering can be defined by

G ooy = 41 (b)° (3.10)
and the incoherent scattering (Cj,c = O5s  Ocop) is then defined by

G = 4((5?) - (8') 3.11)

The incoherent term has no angular dependence and is proportional to the mean square
deviation of the scattering lengths. For a single isotope of zero nuclear spin there is no
deviation from the mean scattering length; in this case the incoherent cross section is
zero. The coherent term has an angular dependence and is proportional to the square of
the average scattering length. Because of the dependence of the coherent term on the
phases of the scattering from the individual atoms, it is this component of the scattering
that gives the information on the structure of the sample. The positions and intensities of
the Bragg peaks are given by the coherent term. These results are valid only for fixed

nuclei that do not adsorb significantly.

By definition both neutron and x-ray scattering will have distinct scattering and
self-scattering, but only neutron scattering will give rise to incoherent scattering, since
only in the case of neutron scattering does scattering length depend upon the isotope. This
is the notation usually used in the neutron community. However, it should be noted that in

the x-ray community the self-scattering is often called incoherent scattering.

3.2.3.2 The Total Structure Factor

The quantity measured in a neutron scattering experiment is the double
differential scattering cross-section, which is defined as the fraction of incident neutrons
of energy E scattered into a unit solid angle dQ2 with energy between Aw and A(w+dw). If
the sample is a one-component system, (i.e. it consists of only one type of atom, but of

different isotopes) this can be written as
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dZGS _l dZGS _l d26ra)x _dzcinc (3 12)
dOdE R\ dQde ) R\ dQde dQdo )

where,
__dzcw" _ Nk, 1v: d’c _ Nk (172 7,2
d0do K, (B) St (Q0) and  ———pe = ) ((b) (6°))5,e(Q,0) (3.13)

where N is the total number of sample atoms in the beam. If we assume that there are no
corrections to be applied to the data then the double differential cross section is
proportional to the total structure factor S(Q w), where Q is the magnitude of the
momentum transfer vector. The inelastic incoherent scattering, Si..(Q,®) provides
important dynamical information about the material; the vibrational density of states and
the self diffusion constants are both obtained from S;,.(Q,®). However, in the static
approximation, i.e. integrated over all o, Si,(Q, @) does not contain any useful (structural)
information and only adds a constant to the coherent contribution. If we now assume that
the static approximation holds, i.e. that k; = ky and E >> hAw, then the static coherent
structure factor S.,»(Q) (or differential cross-section) can be obtained by integrating the

double differential cross section once over all o;

do
99— W) 500+ (0 ()] 614
It should be noted that the approximation that the energy transfer is negligible compared

with the incident energy is usually not a good approximation for neutron diffraction.

Therefore, neutron data have to be corrected for these inelasticity effects.

From here on, the subscript “coh” will be dropped for the normalised static
coherent structure factor Sqo(Q), since the incoherent part will be omitted in the static
approximation due to its lack of structural information. Thus, the static structure factor
S(Q) will contain both distinct and self-scattering, but no incoherent scattering (with the
definition given above) due to variations in scattering length between different isotopes of

the same chemical element. For isotopic materials the directional dependence can also be
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omitted. The formula for elastic coherent scattering can be generalised to a multi-
component system of n different chemical elements using the Faber-Ziman formalism.
For an isotropic n-component system the total static coherent structure factor S(Q) can be

expressed as a sum of the Faber-Ziman partial structure factors S;(Q) [4];

i c,.cj<b,.)<bj>[Sl.’j Q- 1]
S(Q) =+ . : (3.15)
;c,(b,)

where ¢; is the fraction of component i. The partial structure factors are defined by the

Fourier transform of the partial reduced radial distribution functions dj(7);
$;(Q)= éujdlj (r)sin(Qr)dr +1 (3.16)
where dj;(r) are related to total reduced radial distribution function D(r) by
D(r) =Y c,c,(b,)(b,)d;(r) (3.17)

and D(7) is related to pair correlation function G(r) by

D(r)

n 2
4np° (Z b, )
i1

G(r) = +1= 10?Q(S(Q)—1)sin(Qr)dQ+1 (3.18)
2n°p”

where p’ is the average number density.
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3.3 Data Corrections

To obtain a proper normalised static structure factor from a neutron diffraction
experiment it is necessary to perform a number of different corrections to the
experimental raw data. The most important corrections that normally must be performed
are for detector dead time, absorption, multiple scattering, calibration and inelasticity
effects. For time-of-flight data it is also necessary to normalise for the wavelength
dependence of the incident intensity by dividing by the spectral distribution of the
incident neutrons. Usually, the corrections become even more complicated due to the
presence of the sample container and/or furnace/cryostat, which may give significant
contributions to the total measured intensity. Therefore, to obtain a corrected structure
factor, one has to measure the scattering from

(a) the sample,

(b)  the empty container,

(c) the empty furnace/cryostat,

(d) the background — with the sample container and furnace/cryostat removed,

(e) a vanadium sample of suitable geometry

3.3.1 Deadtime Corrections

When a neutron event has occurred in a detector while the detector and electronics
are “busy” with measuring the previous event, the time at which the said event occurs is
dead. This time period is short and is typically around 1us (1 and 2.5us for the Li-glass
scintillator and 10atm °He detectors, respectively, at LAD instrument). However,
‘deadtime’ corrections may only be significant if the count rates are very high. For LAD

instrument the count rates are low enough that dead time corrections are not required.
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3.3.2 Absorption Corrections

The measured total scattering contains contributions from the sample I, container
I, furnace/cryostat Iy (if present) and background /. The respective contributions to the

total scattered intensity are given by

I§ = A 5o 15 (0) + Ac sen 1 (Q) + Ay sen L1 (O) + A s 1(0)
Ic = Ac oyl Q)+ Ay ey 14 (Q) + Ay o 15(0) (3.19)
Iy = AH,HIH Q)+ AB,H]B (9);

where the superscript m denotes the experimentally measured quantity and 4;; is the
absorption coefficient for scattering in region i and attenuated in region(s) j. The
coefficients A;; are inversely proportional to the incident wavelength and can be
determined from calculations involving space integrals over the specific geometries of the
sample, container and furnace/cryostat [5]. The scattered intensities are expressed as a
function of @, since the intensities vary with both the incident wavelength and the

scattering angle.

3.3.3 Multiple Scattering Correction

There is always a certain probability that neutrons are scattered more than once in
the sample. The fraction of the incident neutrons that is multiply scattered from a sample
cannot be calculated exactly, but it can be calculated provided that the size, geometry,
absorption and scattering cross-section of the sample are known [6, 7] with some
assumptions, which include the provisos that the scattering at a particular wavelength is
isotropic, that the multiple scattering is independent of O and that the sample scatters a
small fraction of the beam. Then the multiple scattering is given by Nx(bsz YA, where Ny ié
the total number of atoms in the sample and A, describes the geometry of the sample. The
multiple scattering correction is often numerically calculated by a Monte Carlo method

using the specific geometry of the sample used.
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3.3.4 Calibration (Normalisation to Vanadium)

After correction for absorption and multiple scattering from the sample, I;(Q) can

be expressed as

dos(Q)

SN, <b§>AS}C(Q) | (3.20)

Is(Q)=[

where C(Q) is a sample independent calibration factor that depends primarily on the
specific diffractometer, incident flux and detector solid angle. However, it is usually very
difficult to estimate C(Q) directly from the sample scattering. Instead, one can take
advantage of the independence of these corrections on the sample to use a material with a
well-known differential scattering cross-section. Vanadium is such a suitable material,
since it is an almost totally incoherent scatterer. The scattering from the vanadium rod

can be expressed similarly
do,(Q)
1,(Q) ={—dT+NV<b3 )AV}C(@ (3:21)

However, since the scattering from the vanadium rod is almost entirely

incoherent,

do,(Q) - N
daQ g

(82)(1- B()) (3.22)

where Py(Q) is the Placzek correction term [8] which corrects for inelastic scattering.
After the vanadium spectrum has been fitted with a smooth curve to minimise statistical
errors and to remove the weak Bragg reflections due to the non-zero coherent scattering,

the calibration factor C(Q) is given by,

L@
O N E-R @, N
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3.3.5 Inelasticity or Placzek Correction

The correction for the deviations from the static approximation is called the
inelasticity or Placzek correction [8,9]. In practice inelastic scattering processes often
occur due to the fact that a neutron can always gain or lose energy in its interaction with
the sample. This is particularly significant when the atoms in the sample are light species

such as hydrogen or deuterium, whose mass is comparable to that of the neutron.

When the double differential cross section is integrated over all w (see Eqn 3.14)
it is theoretically performed at a constant O value, and thus constant dw. However,
experimentally the integration is performed at constant scattering angle, and if the static
approximation does not hold, i.e. k;ky, Q will vary even if the scattering angle and
incident wavelength are constant. The Placzek correction compensates for inelastic
scattering from the motion of single particles but does not allow for scattering from
collective modes in the sample. The Placzek correction is a function of both Q and 6, and
it is larger for large scattering angles and long incident wavelengths, which have an
energy interaction path deviating furthest from constant Q, and light atoms. This affects
the interference and self scattering independently. The correction for the interference term
cannot be calculated but is expected to be small [10]. The magnitude of the Placzek
correction may vary from instrument to instrument, since it contains some geometric
terms, such as the sample-detector distance. The work carried out in this thesis is limited

to rather small angles so the Placzek correction was found to be not necessary.

3.4 Theory of X-ray Diffraction

X-ray diffraction is an experimental technique that has been used for material
research since the 1920s. In the beginning it was used only for structural investigations of
crystals, but more recently it has also been used for structural studies of liquids and

amorphous solids.
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3.4.1 Sources and Properties of X-ray Radiation

There are two ways of producing x-rays. Usually, x-rays with wavelength between
0.5 A and 2.3 A can be produced on a laboratory scale using sealed x-ray tubes or rotating
anode generators. On the large scale, synchrotron x-ray sources have also made an impact
in recent years. Synchrotron radiation is produced when a beam of high-energy electrons
circulates in a magnetic field and gives off a continuous range of wavelengths. Only
laboratory scale x-ray radiation was used in the work presented here. The scattering of x-
rays by matter is determined almost entirely by the interaction of the incident radiation
with electrons. Nuclear scattering is negligible because the mass of the nuclei is more
than 10° times greater than the electron mass, and the nuclear scattering energy is

accordingly 10° times less than the electron scattering energy.

3.4.2 Theory of X-ray Scattering

The formulae used in neutron scattering can be used also for x-ray diffraction but
need some modifications. The main fact to be considered in generalising the theory is that
the x-rays are scattered by spatially extended electron clouds, while neutrons are scattered
by point scatterers (nuclei). The Fourier transform of the electron density distribution
gives the so called atomic form factor f{Q) for x-rays. For a given Q value, f{Q) is
approximately proportional to the number of electrons in the atom, therefore, the
incoherent scattering is absent in an x-ray experiment, due to all isotopes of a given
chemical component having the same f{Q). The theory of x-ray scattering is given in
detail by James [11]. Here only the changes needed for the neutron diffraction notation to
be applicable to x-ray diffraction will be indicated. In the non-relativistic approximation,

the atomic form factor of the chemical component n is given by
£,(0) = [w () exp(i0rw, (1d’r (3.24)

where y is the total wave function of the atom and the subscripts i and f'refer to the initial
final states respectively. The x-ray form factors for free atoms are listed in the

International Tables for Crystallography IV [12], where the form factors have been
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expressed as a sum of four Gaussian curves and a constant. After substitution of the
neutron scattering length & by the Q dependent atomic form factor f(Q) the formulae and
definitions related to S.x(Q) can also be used for x-ray diffraction. Thus for an n-
component system the total normalised structure factor F(Q) can be expressed as the

following sum of Faber-Ziman partial structure factors S;(Q);

zn: cicjfi(Q)[S,-j Q) - 1]
o= +l (3.25)

n

26110

If the form factors of the chemical components had the same Q dependence then
F(Q) would be related to the atomic pair correlation function G(7) in the same way as for
neutron diffraction. However, this is not the case for a multi-component system, which
implies that a completely correct G(r) cannot be obtained by a direct Fourier
transformation of F(Q). The deviation from the correct G(r) is largest for systems
consisting of chemical components with ’very different numbers of electrons, since the O

dependencies of the form factors are most different for light and heavy atoms.

3.4.3 Data Corrections

To be able to obtain the largest possible Q range in an x-ray experiment it is
possible to use both transmission and reflection geometry. The transmission geometry is
more convenient to use for small scattering angles (20 <10°), where the size of the x-ray
beam is larger than the sample area for reflection geometry. For larger scattering angles it
is better to use reflection geometry, which gives less absorption and multiple scattering
for a sample of normal (~lmm) thickness. However, in the work presented here,
reflection geometry had to be used because transmission geometry was not suitable for
the aqueous samples even though the required Q range was small. Generally, the
measured intensity has to be corrected for background and container (if present)
scattering, absorption, multiple scattering, inelasticity effects [13] and polarisation. To
obtain a proper structure factor the data also has to be divided by the total atomic form

factor and normalised to unity at large scattering angles.
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It is easy to correct for background and container scattering by performing a
separate measurement of the empty container (or background if no container is used) and
then subtracting the container (or background) scattering from the total scattering
intensity. The absorption correction 4(8) is dependent on the experimental geometry. For

a symmetrical transmission geometry 4(6) can be expressed as

t exp(— ‘u—"e)
AQ) = —— 87/ (3.26)

where ¢ and p, are the thickness and linear absorption coefficient of the sample (plus
container, if present) respectively. The coefficient p, is strongly dependent on the
wavelength of the incident x-rays and on the density and type of absorber. It may be
calculated from tables of mass absorption coefficients p./p, where p is the density of
material [12], or measured directly from the sample, since for an incident beam of
intensity /, which passes perpendicularly through a plane parallel layer the emergent
intensity is given by I = Ipexp(-y.t). For a symmetrical reflection geometry, which was

the case in our studies, 4(8) is given by

2ut
1- Sl
eXp( sinGJ 1
AB) = ~ (3.27)
2p 2u,

a

The inelastic Compton scattering [13] is usually subtracted experimentally using
the Warren-Mavel method [14]. With this method a metallic foil (e.g. Ag or Zr) is placed
in the scattered beam path and an incident wavelength is selected corresponding to an
energy about 20-30eV above the K-absorption edge of the foil. The elastically scattered
x-rays will then excite fluorescence in the foil, whereas the lower energy inelastic
scattering cannot. In this way, it is possible to measure essentially only the elastically
scattered intensity from the sample by recording the fluorescence intensity from the foil.
Multiple scattering is generally neglected in x-ray diffraction corrections due to its low

intensity and the difficulty in estimating it.
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3.5 Application of Theory to the Clay-Polymer System

In this thesis two types of scattering experiments will be discussed. The
experimental results discussed in Chapters 4 and 6 are mainly concerned with the Bragg
diffraction from the gel and crystalline phases of the vermiculite clay using both neutrons
and x-rays. Chapter 5 will describe the results of diffuse scattering from clay gels by
neutrons. In this section, the general expression for scattering is applied to the specific
case of a planar crystal, which is the case for clay platelets. Some modifications to the
equations, which are necessary due to the specific nature of the experiments, will be
made. These modifications are a necessary and inherent part of the analysis of any
scattering experiment and are therefore considered separately from the data corrections

discussed above.

Terminology:

The coherent scattering is directly related to the structure of a sample, but there
are several definitions used to describe it in terms of the structure of the sample. With
amorphous samples coherent scattering is usually referred to as the structure factor, while
in crystallography, the structure factor is defined as a quantity of which the modulus
squared is the coherent scattering. Furthermore, confusion arises due to using the same
symbols to indicate different quantities. In this thesis the total structure factor and
crystallographic structure factor will be abbreviated by S(Q) and F(Q) respectively and
1(Q) will denote the coherent scattering. Other non-standard notations will be introduced

as required.

3.5.1 Definition of the Coherent Scattering for Different Geometries

3.5.1.1 Planar Crystal
In a crystalline material, constructive interference occurs if the Bragg condition is

satisfied by equivalent atoms in each and every unit cell. If the Bragg condition is not

satisfied even by a very small fraction, then completely destructive interference results.
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Assuming that there is a large number of unit cells in the crystal then for every atom there
will always be an atom positioned to scatter completely out of phase with the first.
Coherent scattering therefore only occurs in a series of sharp peaks (the Bragg
reflections) at regular intervals in reciprocal space corresponding in real space to the
separation of planes of atoms within the unit cell. These Bragg reflections are denoted by
(hkl) where h, k and [/ are the Miller indices. The intensity of each Bragg reflection is
dependent on the phase relationship of all the atoms in the unit cell, which in tumn
depends on their positions along the axis of the cell parallel to the momentum transfer Q.
The summation of the wave functions for scattering from all atoms in the unit cell is

given by

F(Q)=>b,cos(Qz,)+iy b,sin(Qz,) (3.28)

where b, is the scattering length of atom n, z, is the position of an atom on the axis
paralle]l to Q and F(Q) is the crystallographic structure factor. This can also be expressed

as an integral over the length of the unit cell,
d
F(Q) = [p(2)(cos(Qz) +isin(Qz))dz (3.29)
0

where z is the position in a unit cell of length d and p(z) is the scattering density profile. If
the unit cell has a centre of symmetry, which is generally the case for clay minerals, then
the sine term must be equal to zero. This is because the sine term is anti-symmetric, so the
integral of this term over the first and second halves of the unit cell will have the same

magnitude but opposite signs. In this case the above equation simplifies to
d
F(Q) = [p(z)cos(Qz)dz (3.30)
0

The coherent scattering, which 1s called the Bragg intensity, is the amplitude of this wave

given by,
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1(Q) = F(Q) F(Q) (3.31)

This equation indicates that the observed coherent scattering must always be
positive and as a result the sign of the structure factor is not revealed. Furthermore,
because constructive interference only occurs at the Bragg reflection, the magnitude of
the structure factor can only be obtained at values of Q for which the Bragg condition 1s
satisfied. This loss of information means that it would not be possible to calculate the
scattering density profile directly from the coherent scattering and so a fitting procedure
is required. However, in the work presented here, the Bragg peaks are used mostly to
calculate the layer separation and not to determine the structure factor, so this problem is

of no concemn.

This consideration is only for the atomic separation in one dimension, that is
parallel to the momentum transfer. The question is what this dimension represents for
different materials. In a crystal where one axis of each unit cell is orthogonal to the others
it is possible to align the sample with this axis parallel to the scattering vector () and so to
investigate the structure solely along this axis. This is exactly the case for the orientation
of clay platelets and means that the clay platelets can be aligned to study the structure
perpendicular to the clay surface (along the c* axis). In this way the analysis of the
complicated multi-component clay-polymer-salt-water system is simplified although
information on the structure parallel to the surface is lost. However, as the structure
developed within the interlayer along the c¢* axis and the changes in d spacing of the

interlayer are the main concern, the structure parallel to the surfaces is of less importance.

3.5.2 Disorder in Crystals

For calculating the structure factor, the definition used in Eqn 3.31 is a summation
over a precisely repeating array of atoms. This is not true except for a perfectly crystalline
material at OK. In a real crystal, there are always defects in the lattice and thermal motion
of the atoms, which cause random deviations from the perfect crystal structure, takes
place. In a clay mineral, the individual clay crystals in a crystal block that makes up a

clay mineral are not aligned exactly parallel to each other and the degree of this tilting is
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called mosaicity. The mosaic spread depends on the type of clay, for example the mosaic
spread of a vermiculite is + 5° [15] and that of a smectite is £10-20°. The other factor to
be considered is dispersity of a clay sample, which is the average deviation in the clay
layer spacing. This is expected to be greater in a macroscopically swollen clay gel than in
a clay crystal because of the much larger layer spacing. These factors can be taken into

account by incorporating a mosaic factor, M(Q) into the Eqn 3.31,

1(Q)=F(Q)F(Q)M(Q) (3.32)

The actual M(Q) used in the experiments described in this thesis is a Lorentzian.
This can be derived by treating the clay platelets as disk shaped crystallites and assuming

that the angle between the clay plates and the c¢* axis, a is sufficiently small such that

sina= o and cosa =1 [16].

3.5.2.1 The Lorentz Correction

In collecting the data, as will be described in Chapter 4 and 5, the scattering vector
Q 1s at all times perpendicular to the plane of the clay plates. The detector always
subtends twice the angle to the incident beam than does the sample; a 6/20 scan. As the
sample rotates the length of time or the spread of angles for which each point of the
reciprocal lattice satisfies the Bragg condition is not necessarily equal. This causes the

need for a Lorentz correction.

Since the Lorentz correction, L is proportional to the length of time for which
each Bragg reflection takes place, it is inversely proportional to the velocity V, with

which the reciprocal lattice point passes through the Ewald Sphere.

V = 0Q cosh and =" ime
so that V oc sinB cosO and L _1 (3.33)
sinf
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This derivation of Lorentz corrections is valid only for the equatorial reflections, which
is the case in our studies; the geometrical situation where the clay particles are inclined at

an angle to the vertical is of no concern.

3.5.2.2 Ordering in Clay Gels

The swollen vermiculite gels have a much higher degree of orientation than
composite samples such as that illustrated in Fig 1.1 and can be placed in between the
extremes of the ideal crystal and a completely random collection of crystallites as an
ideally “imperfect crystal”. It is desirable to treat a clay gel as a crystal in order to obtain
the absolute positions of species in the interlayer with reference to the clay layers. The
clay layers and any structure developed in the interlayer are regularly repeated and so can
be defined by a repeating unit cell. However, the structure in the centre of the interlayer
region may well be liquid in nature: this region will contain short range correlations
between water molecules which have no fixed positions relative to the clay layers, and so
cannot be described as a unit cell. Therefore, 1t 1s useful to take into consideration the
diffraction from liquids. The main difference between crystals and liquids is that for a
crystal the phase relationship of each scattered wave can be given with respect to a fixed

reference point while in a liquid there is no such reference point.

Unlike random deviations from a crystal structure this additional short-range order
will give rise to coherent scattering, so it must be included in any description of the
system. The theory, which is applicable, has already discussed in section 3.2.3.2 under

total structure factor.

3.5.3 Neutron Scattering Lengths

An important feature of neutron scattering is that the variation in the coherent and
incoherent scattering lengths of different nuclei is large and often irregular, even between
isotopes. Scattering lengths of nuclei, which are important in studying the clay minerals

are listed in Table 3.1 [17].
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Table 3.1 Coherent and incoherent scattering lengths for nuclei of selected isotopes.

Nucleus beor/ 10 m bin/10'm
'H -0.3374 2.527
’H 0.6671 0.404
12c 0.6651 0
"N 0.644 0.20
PN 0.937 -0.002
%0 0.5805 0

Mg 0.566 0
77Al 0.345 | 0.0256
23 0.4107 0
BTi -0.608 0
My -0.03824 0.635
SbFe 0.994 0
07r 0.64 0

The variation in coherent scattering length between isotopes allows the scattering
density profile of a unit cell to be substantially altered by isotope substitution. Especially,
for amorphous and/or many component systems the benefits of isotope substitution can be
decisive in identifying the structure, where several species can be individually substituted.
By fitting to the resulting differences which are observed in the coherent scattering, it is
possible to locate the substituted species. The most commonly used substitution is that of
hydrogen/deuterium as these have very different neutron scattering lengths and unlike the
case for x-rays hydrogen scatters neutrons relatively strongly. Structure determination by
1sotope substitution assumes that the substitution does not alter the sample structure. It
has been found that isotopes do have a measurable effect on the bond lengths of water
[18], enthalpies for the transfer from H,O to D,0O [19] and there are observed differences
in physical properties of the two liquids [20]. Finally the isotope effect on reaction rate is
also well-established for organic chemistry [21]. However, these are relatively small

effects and it is generally accepted that isotope substitution does not significantly alter
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structure, especially as in most systems the number of substituted nuclei is much less than
in the case of H,O and D,0. Some properties of scattering length are useful in the
experiments. The variable phase of the scattering length can be used to produce a material
with an average coherent scattering length of zero, a highly desirable feature for sample
containers whose scattering has to be subtracted that from a sample (e.g. TiZr). Finally
there are some species (eg vanadium) which scatter almost incoherently, a useful property

for normalisation of diffraction data.
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Chapter 4

Study of the Effect of Addition of Polyethylene Oxide on the Interlayer
Spacing in the Gel Phase

4.1 Introduction

It is a purpose of this study to assess a possible mechanism for interactions
between polyethylene oxide (PEO) and vermiculite clay particles and the strength of
such interactions. Recently, the effect of adding polyvinyl methyl ether (PVME) and
PEO to the n-butylammonium vermiculite system has been investigated by small angle
neutron diffraction [1, 2]. The results showed that the introduction of a polymer into the
aqueous solutions causes a contraction of the d spacing. The universality (in terms of
the polymer size, polymer volume fraction, the nature of polymer) and the physical
origin of this observation were, however, not clear. The main aim of the work described
here is to investigate the universality and possible mechanisms of the contraction of the
d spacing. A series of experiments was carried out with the neutron diffraction
technique to measure the lattice constant (d value) along the swelling axis of the clay
gel with addition of PEO into the three-component system. The polymer distribution
throughout the system (between the gel phase and the supernatant liquid) was also

determined, using two different methods: chemical and physical analyses.

Crucially, the salt concentration in the solutions could be used to control the d
spacing of the clay gel in the system without added PEO, henceforth referred to as the
pure aqueous system (d,,). The changes of the d spacing of the clay layers with polymer
volume fraction and molecular weight were investigated. Three salt concentrations were
chosen; ¢ = 0.1moldm>, for which d,, = 1204; ¢ = 0.03moldm>, for which d,, = 1904,
and ¢ = 0.01moldm™, for which dqq = 320A. At each {c, M,,} point, the d spacing was
measured using small angle neutron diffraction. Then the volume fraction of PEO was
varied in a wide range at each salt concentration point with a fixed molecular weight

polymer. For all the experiments the temperature was held constant at 7°C.
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There is sample-to-sample variability in the naturally occurring vermiculite clay
crystals leading to a 10% fluctuation in the value obtained from different pieces and
batches of vermiculite. In each case studied here four separate crystals from within the
same batch were swollen in their own cells for the LOQ experiments to ensure that the
results observed were statistically significant. Finally the distribution of PEO molecules
was determined using gel permeation chromatography followed by refractive index
measurements and chemical analysis followed by UV Spectrometry. The results are
presented in two subsections; section 4.2 describes the results of small angle neutron
diffraction studies, followed by section 4.3 where the determination of the polymer

concentration is described. Finally the discussion of the results is presented.

4.2 Small Angle Neutron Scattering Studies

4.2.1 Sample Preparation

4.2.1.1 Clay Crystals

The vermiculite crystals were from Eucatex, Brazil. Crystals about 30mm?’ in
area by 1mm thick were washed and then treated for about a year with 1moldm™ NaCl
solution at 50°C, with regular changes of solution, to produce a pure Na vermiculite,

with the chemical formula [2],

Sis.13Mgs aaAl ssFeo s0Ti0.13Cap13Cr0.01K0.01020(0OH)aNay 29

The n-butylammonium vermiculite was prepared by soaking the sodium form in
1moldm™ n-butylammonium chloride at 50°C, with regular changes of solution, for
about a month. Chemical analysis of the n-butylammonium vermiculite obtained
showed that the amount of interlayer sodium remaining was less than 1%. The crystals
were stored in a 1moldm™ n-butylammonium chloride solution prior to the swelling
experiments. The crystals were first washed thoroughly to remove any molar solution
that may be trapped 1n surface imperfections before an experiment on the clay. This was

achieved by rinsing the crystals with 500cm’ of distilled water at 60-80°C fifteen times
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before drying on filter paper. The distilled water was heated in order to prevent any
swelling occurring during this washing process since, although the absorption of
distilled water into the clay crystals is rapid, it does not occur well above 60°C as this is
above the phase transition temperature for tactoid formation [3]. After drying, the
crystals were cut to dimensions of approximately 0.5 x 0.5 x 0.lcm’. These were
individually weighed and the volume of a crystal in its fully hydrated state was

calculated using the density (p = 1.86g/cm’ ).

4.2.1.2 Polymer Solutions

The PEO was purchased from Polymer Laboratories (Church Stretton, UK) with
manufacturers specifications M,/M, = 1.02, where M,, and M, are the weight average
and number average molecular weight respectively, and used without further
purification. The volume fraction v and molecular weight M,, of the added PEO, were in
the range of 0-20% and 10° - 1.7 x 10° respectively. Three n-butylammonium chloride
concentrations of the soaking solution were used; 0.01, 0.03 and 0.1moldm™ and these
solutions were prepared by dissolving the required mass of n-butylammonium chloride
in D,0. Solutions of the required volume fraction of PEO were prepared by dissolving a
known mass of the polymer (p = 1.13gem™) in a known volume of #-butylammonium
chloride solution of the appropriate concentration. It was necessary to swell the crystals
in D,0 rather than H,O solutions because of the large incoherent scattering cross-

section of hydrogen, which would otherwise have obscured the scattering of interest.

4.2.1.3 Clay Crystals in Polymer Solutions

After weighing the pre-prepared clay crystals, a single vermiculite crystal was
placed in a quartz sample cell of internal dimensions 1 x 1 x 4.5cm’ and an appropriate
amount of the polymer solution (typically 2.5cm’) was added to prepare the final
samples. The clay concentrations were kept mainly at the volume fraction r = 0.01,

though in some experiments » was varied up to 0.3. The cells were then sealed with
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parafilm and allowed to stand at 7°C for two weeks prior to the neutron scattering

experiments, to ensure that full equilibrium swelling had been achieved [3].

4.2.2 Data Collection

4.2.2.1 LOQ Diffractometer at ISIS, Rutherford Appleton Laboratory

The neutron diffraction experiments were carried out at the ISIS spallation
source, using the time-of-flight small angle diffractometer LOQ [4]. A schematic
illustration of the instrument is shown in Fig 4.1. In the LOQ diffractometer, a liquid
hydrogen moderator at 25K is used to produce a white beam of neutrons with
wavelengths in the range from 2.2A to 104, and the incident beam was collimated by
passage through 8mm wide, 2mm high rectangular slits. The samples were mounted
with the clay layers horizontal and parallel to the beam, on a temperature controlled
twenty-position automatic sample chamber. A laser reflected off a mirror placed in the
line of the beam was used to locate the centre of the beam while aligning the samples.
The sample temperature was controlled by connecting a water bath to channels in the
sample block and measured by a K-type thermocouple. Neutrons scattered by the gel
samples were recorded on a position sensitive two-dimensional area detector, the active
area of which was 64 x 64cm?, software coded as 64 x 64 pixels, situated approximately
4.1m behind the sample. This was a *He detector, covering the approximate Q range
between 0.008 and 0.240A™" on the main detector and between 0.15 and 1.4A™ on a new
high angle bank. The detector records the data as a function of time-of-flight and of the
position on the detector, the momentum transfer for a given time-of-flight being
determined by the radial distance from the detector centre. The quartz cells used were
practically transparent to neutrons at the wavelengths utilized on LOQ and the small
angle neutron scattering from D,0 was of low intensity and completely unstructured
over the Q range studied. Data were collected for each sample for about 15min to keep
the total scattered neutrons counted on the monitor at about 10°. A transmission run for

use in the data correction was also recorded for each sample, counting for about 3min.
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4.2.2.2 Typical Diffraction Traces from Clay Gels

Fig 4.2 shows typical diffraction traces from clay gels without added polymer. It
represents the raw data observed on the detector as intensity contours plotted as a
function of the pixel row and column numbers. It is noteworthy that the rectangular
beam used was oriented approximately parallel to the vermiculite plates by using the
vertical growth of the gel stacks inside the confining quartz cells. If the layers of the
clay gel were perfectly parallel, then coherent scattering would occur only along the
axis perpendicular to the layers, but in reality there are defects in the gel so scattering
occurs on either side of this axis. In the majority of the cases studied, the intensity of the
Bragg peaks on opposite sides of the multi-detector was approximately equal, reflecting
both the parallel orientation of the beam to the net orientation of the clay layers and the
mosaic spread of the orientations, which has been established to be of the order of 5° to
10° in the n-butylammonium vermiculite system [5]. The intensity patterns recorded on
the two-dimensional multi-detector were reduced to plots of intensity against the Q
vector perpendicular to the clay layers, expressed as /(Q) vs. Q in Fig 4.3 according to
the method described in Ref 6.
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4.2.3 Results

The small angle neutron scattering results are presented in three sub-sections.
First, the polymer volume fraction v was held constant and a number of sets of four

samples were studied at three ¢ and the seven M,, values given in Table 4.1.

Table 4.1 Molecular weights M, and mean end-to-end distances / of the PEO
molecules initially used.

Molecular weight, M,, (a.u.) | Mean end-to-end distance, / (nm)
1000 3
4000 6
20000 15
75000 33
290000 70
1000000 140
1700000 190

Second, the volume fraction was varied at three {c, M, } points for which the
results of the first study showed a dramatic contraction of d spacing. Third, two sets of
samples were prepared at higher sol concentrations (» = 0.1 and » = 0.3), at one {c, M,, }

point with v varied in order to test mechanisms of the contraction and “crowding”,

which will be described in the discussion section.
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4.2.3.1 The Effect of Addition of Polymer to the Clay Gel System

The first remarkable feature of the scattering patterns shown in Fig 4.4 for the
system with added polymer; ¢ = 0.1moldm™, M,, = 20000 and v = 0.04 (4% PEO), is
that the cones of scattering have become narrower than those observed in the pure
aqueous system as shown in Fig 4.2. Almost the entire scattering now lies within a cone
of azimuthal angle of 50°, rather than 60°. This effect was found in almost all the cases
studied with added polymer. Since the width of the cone is a measure of the mosaic
spread of the clay platelets, this shows that the addition of the polymer causes the clay
platelets to become more strongly aligned (more parallel) in the gel phase. The
scattering pattern from the polymer added sample is also sharper in Q; it exhibits a more
pronounced first order diffraction maximum and a strong second order diffraction
maximum, which is rare for a pure aqueous sample. This means that the addition of
polymer causes the vermiculite layers to be more regularly spaced in the gel phase. The
last and the most important feature of the scattering pattern from the polymer added
samples is that the diffraction lobe has shifted to higher Q as compared with the pure
aqueous ¢ = 0.1moldm™ case. This means that the addition of polymer causes a decrease
in the interlayer spacing between the vermiculite layers in the gel phase. This is shown
more clearly by sector-summing the data by taking constant @ cuts within the
appropriate azimuthal cones to give plots of /(Q) vs. O, as illustrated by the plot with a
solid line in Fig 4.5. The other three plots in Fig 4.5 are for three different samples

under the same conditions.
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second order peak at twice the Q value of the first order peak. Converting the positions
of the first order Bragg-peak to a d spacing (through the relation d = 27/Qmax) gives
values in the range 61A < d < 65A. Thus the sample-to-sample variability can be
considered as relatively small, and in fact, the introduction of high molecular weight

polymers decreases the variability significantly.

4.2.3.3 The Effect of Polymer Size on Interlayer Spacing

The size of the PEO molecules was varied across a large range by choosing
different molecular weights in the range between 1,000 and 2 million. In order to have
an estimate of the sizes of the polymer molecules used, an empirical relationship can be
derived between the mean radius of gyration R, (in nm) and molecular weight M,, of

PEO dissolved in water using the data values given in Ref 7.

0.57
R ~ M,

£~ s 4.1

If we thereafter use the relation [ = 60'5Rg where [ is the mean end-to-end distance for
polymer, we obtain the following approximate empirical relation

M0.57
184

Ji (4.2)

Thus the chosen molecular weights correspond to mean end-to-end distances of polymer
in the range 3nm < / < 190nm as shown in Table 4.1. Eqns (4.1) and (4.2) are only
empirical relationships, which correspond approximately to that expected for a self-
avoiding random walk of the polymer segments in the solution. This distribution will
certainly be affected if polymer segments adsorb strongly to the clay surfaces [8] so it
must be remembered that Table 4.1 gives only approximate values for the 'size' of the

polymer molecules.
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The case of usual interlayer spacing of 1204 (c = 0.1 moldm™ and r = 0.01)

For the first time, in 1996, Jinnai and co-workers [2] studied the effect of adding
polymers into n-butylammonium vermiculite clay gels. In this case, they added PVME
to a clay gel with r = 0.01 and an n-butylammonium chloride concentration ¢ =
0.1moldm>. Therefore to make a comparison, the investigation was started with the
same system. Polyethylene oxide was added to a clay sample at ¢ = 0.1moldm™, for
which the separation between the clay layers dg, = 120A in the pure aqueous system.
Four samples were prepared with each different size / (mean end-to-end distance) of

PEO shown in Table 4.1.

The best diffraction traces from each set of samples are plotted in Fig 4.6 as an
1(Q) vs. Q plot for all seven / values of polymer at ¢ = 0.1moldm?, v = 0.02 and r =
0.01. The position of the first-order (00/) Bragg reflection from the gel QOmax 1
approximately constant at Q.= 0.048A-! for PEO molecules with / up to 604, then
shifts abruptly to Ouex = 0.0785A-1 at / = 150A and remains constant for / up to 1900A.
Using the simple equation d = 21/Q,qx gives d = 130A for the smaller PEO molecules,
slightly larger than d,, = 1204, and d = 80A for the larger PEO molecules, a significant

contraction compared with the pure aqueous system.
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In this case, the first order Bragg peak gives d = 230A for the smaller PEO
molecules, a significant expansion, and d = 120A for the larger PEO molecules, a
significant contraction compared with the pure aqueous system. It is clear that the
crossover occurred in the molecular weight range 20000 to 75000 at ¢ = 0.03moldm>, v
= 0.02. Two new M, values were studied, M,, = 33000 and M,, = 58000 and all samples
in both cases gave clear gel peak at O, = 0.05A", with excellent sample-to-sample
reproducibility. The crossover mean end-to-end distance /, was thus found to be in the

range between 150A and 200A.

The case of usual interlayer spacing of 3204 (c = 0.01moldm™, r = 0.01)

The most difficult part of the studies was the case of ¢ = 0.01moldm™. In this
case, the d spacing of 330A gives rise to a first order Bragg peak at Opax = 0.02A™, near
the lower limit of the Q range of LOQ instrument. This makes it difficult to identify the
first Bragg peak at the lower salt concentration. There is also greater sample-to-sample
variability for the dilute gels [2] so the results are more difficult to obtain, and some
contradictions between different data sets were found. First attempt to obtain the
molecular weight dependence of d spacing in the case of ¢ = 0.01moldm>, was made
with all seven molecular weights and v = 0.02. Unfortunately, it was not possible to see
well defined diffraction effects at all for any of these samples. It was therefore
impossible to get a clear picture of the effect of molecular weight on the d spacing in

this case.

Another attempt was made to study the polymer size dependence of the d
spacing in the most dilute salt concentration, with a lower volume fraction of polymer v
= 0.004. Four samples for each of the molecular weights M,, = 75000, 110000, 220000,
290000 and 2 million were studied at ¢ = 0.01moldm™. In the new cases studied, only
seven of the sixteen gels gave clear Bragg peaks, with good traces obtained only at M,,
= 75000 and 290000. Nevertheless, the d values observed were all in the range between
d = 270A and d = 300A, with an average value of d = 285A. It seems that all of the

polymers studied were in the region where the contraction occurs, so the crossover point
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The results show that the molecular weight of the polymer required to cause the
“crossover” increases with decreasing salt concentration, and thus increasing d spacing.
The crossover occurs when /, (the crossover point of the mean end-to-end distance)
roughly matches d,, for both salt concentrations. The drop of d spacing at the crossover
point is different in the two cases. The possible mechanisms were investigated by

studying v variations

4.2.3.4 Effect of Polymer Volume Fraction

The case of usual interlayer spacing of 1204 (c = 0.Imoldm™ and r = 0.01)

The d spacing variation with the polymer volume fraction v was studied for a
wide range of polymer volume fractions with the polymer molecular weight fixed such

that the polymer was large enough to cause a contraction of the d spacing.

Therefore, the volume fraction of PEO was varied between 0 and 0.2 with the
polymer, M,, = 20000 for ¢ = 0.1moldm and Fig 4.9 shows the diffraction traces for the
¢ = 0.lmoldm™ system as a plot of I(Q) vs Q. The Bragg peak position increases
gradually with increase of polymer volume fraction up to 0.08 and at v > 0.12 there is
no clear Bragg peak observable, indicating that no reasonably well defined 4 spacing
was present anymore. The volume fraction at which the Bragg peaks disappear is
denoted as the ‘crowding’ volume fraction v, and in this case the crowding volume

fraction was found to lie between 0.08 and 0.12.
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The case of usual interlayer spacing of 3204 (c = 0. 0]moldm'3l r=10.01)

As stated above the sample-to-sample reproducibility was not always so good at
¢ = 0.0lmoldm™ and this made it very difficult to determine the effect of volume
fraction on the d spacing. Preliminary studies of the volume fraction effect showed that
there was no well defined Bragg peak in the range studied i.e. v > 0.02. Therefore the
experiments had to be performed at lower volume fractions (< 0.02). Two experiments
were performed on separate batches of vermiculite clay. The volume fraction of
polymer with molecular weight 2 million, was varied as 0.001, 0.002, 0.004, 0.008 and
0.016 and three samples in the first batch and four samples in the second batch were
studied at each volume fraction. It was confirmed that both batches gave the normal d
spacing of 330A for the pure aqueous system. The results are given in Table 4.2. Sharp
diffraction patterns were observed for all values of v, with the best statistics obtained at

v =0.004 and v = 0.008.

Table 4.2 The d spacings obtained as a function of v for two separate experiments
at r = 0.01, ¢ = 0.0lmoldm>, T = 5°C, M,, = 2 million. The average

values are plotted in Fig 4.12.

v d (observed) (A) d (observed) (A) d (average) (A)

0 330

0.001 | 350, 380, 270 330

0.002 | 275, 325 350 320

0.004 | 250, 320,270 280, 280, 280, 280 285

0.006 260, 260, 260, 260 260

0.008 | 235,230,230 235, 235, 235 235

0.01 220, 220, 220 260

0.015 | no d spacing observed | 195 195

0.02 no d spacing observed | no d spacing observed
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The d spacing dependence on the polymer volume fraction v is shown in Fig.
4.12. 1t is evident that when the volume fraction of PEO increases the d spacing
decreases approximately exponentially and the d spacing decreases more rapidly with
increasing polymer volume fraction for the lower salt concentration. The data are
similar to the results obtained for PVME reported by Jinnai et al. [2], showing that
neutral polymers contract the gel phase in a similar way irrespective of their chemical
nature. The appearance of a well-defined d value disappears at a much lower polymer
volume fraction (v = 0.04) for ¢ = 0.03moldm™ than in the case for ¢ = 0.1moldm™ (v =

0.09).

The results for the crowding volume fraction at ¢ = 0.0lmoldm™ were less
satisfactory, with different values of v. = 0.01 and v, = 0.15 obtained in different
experiments. Similarly, at ¢ = 0.03moldm™, different results of v,= 0.035 and 0.04 have
been obtained. The most reliable data point is 0.09 + 0.01 at ¢ = 0.1moldm™. The
disappearance of the Bragg peaks at volume fractions around 0.01, 0.04 and 0.09 for the
cases d equal to 320A, 190A, and 120A respectively, strongly suggests an important
role for the proportion of the surface area of the clay platelets occupied by adsorbed
polymer segments, as discussed below. The results for v, and M, the smallest molecular
weight at which the abrupt decrease of d spacing is observed determined by these
experiments are given in Table 4.3. The ranges of the /, values at which size of polymer
the crossover occurs are also given using Eqn 4.2. It is instructive to divide /, by the
normal aqueous d value in each case. For ¢ = 0.01moldm™ it has been determined that J,
~ 1.0d, (but further experiments are needed on smaller polymers to define the lower
bound) and at ¢ = 0.03moldm>, the range was determined as 0.8 < I, <1.0d.
Combining these results with the range 0.6d < I, <0.8d obtained at ¢ = 0.1moldm>, it
seems likely that /, = 0.8d represents the limiting end-to-end distance for crossover to

occur.
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Table 4.3 Crowding volume fractions v, crossover molecular weights M,, and
crossover mean end-to-end distances [, as functions of the salt

concentration ¢ and pure aqueous d values dyq.

c (moldm™) | dy-1(nm) |ve | M I, (nm)
0.01 32 0.01 | < 75000 Ip <32

0.03 18 0.04 | 20000 < M,;,<32500 | 15<1,<19
0.1 11 0.09 | 4000 <M,;<20000 |6<I,<8

4.2.3.5 Studies at Higher Sol Concentrations

The main aim of these experiments was to connect the results of the neutron
scattering experiments at » = 0.01 with results on the polymer distribution inside and
outside the gel phase described in section 4.3. The bulk of the structural data on {c, v,
M,,} variation had to be taken at » = 0.01 in order to make accurate comparison between
the systems with and without PEO [1-3]. However, in determining the distribution of
polymer molecules between the clay gel and supernatant fluid, a higher sol
concentration needs to be used to achieve greater accuracy. In the main case studied at r
= 0.01, the gel occupies a small fraction of the condensed matter system and any
redistribution of polymer molecules between the two phases is difficult to measure. At r
= 0.1, the gel and supernatant fluid have roughly equal volumes and fractionation of
PEO between the two phases is easier to measure via the concentration dependent
refractive index of PEO in the supernatant fluids. Experimental details are described

below.

The phase space of the variables {r, ¢, v, M,} is too vast to investigate
exhaustively, so the comparisons were made with ¢ = 0. 1moldm™ and M,, = 20000. Two
sol concentrations were studied (» = 0.1 and 0.3) and v was varied in the range between
0 and 0.16. For the batch used in these experiments, the control on the pure aqueous v =
0 system gave d,, = 130A at » = 0.01 (slightly above the average value), d,; =110A at r
=0.1 and d,y=75A at r = 0.3.
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Table 4.4 Average d values obtained at higher sol concentrations, with ¢ =

0.1moldm>, M,, = 20000, T = 5°C.

v d (average) (A) r=0.1 d (average) (A) r=0.3
0.01 77 70
0.02 69
0.04 58 52
0.08 46
0.12 no well defined d spacing
0.16 no well defined d spacing

Typical results of the effect of PEO addition are shown in Fig 4.13 and the
average d values obtained from the traces are given in Table 4.4. For both higher sol
concentrations, » = 0.1 and » = 0.3, the contraction of the gel phase is similar to that
observed at » = 0.01, with the overall d spacings lower. This result is expected because
salt trapped in the crystals leaches out to give a higher background salt concentration at
the higher sol concentrations [1-3]. It is noteworthy that the Bragg peak disappears at
the same volume fraction v~ 0.1 at » = 0.1 as it does at » = 0.01. The crowding volume
fraction therefore seems to be constant with respect to 7 in the range of mapping with
the polymer distribution results. At » = 0.3, the grid of points investigated was too
coarse to be able to say more than v, = 0.1 = 0.06, a compatible result. In Ref 10
preliminary data were given on the pure aqueous system at » = 0.4, for which the clay
can soak up all of the available salt solution, resulting in a system with no supernatant
fluid. The new results described here at » = 0.3 are right on the edge of the one phase
and two-phase regions of the colloidal clay gels, since d = 70A correspond to an

expansion by three and a half times of the vermiculite crystal.
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