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Abstract 

The formation of gels in non-aqueous solvents can be achieved at a relatively low 

concentration by the addition of clay platelets treated with a long chain cationic 

surfactant. For these systems under good solvent conditions gelation is inevitable. 

Novel routes to effective dispersion and stabilisation have been explored using 

sedimentation, rheological and scattering studies. 

Previous work has shown an alternative route to stabilise clay platelets in non- 

aqueous solvents is possible by adsorption of a low molecular weight poly isobutylene 

polymer to the surface. These dispersions were truly stable and could be taken to a 

relatively high concentration without the onset of gelation. 

By combining the surfactant treatment, poly isobutylene polymer treatment and a 

careful choice of organic solvent stable dispersions of clay have been made in toluene. 

The samples displayed vivid flow bireffingence and by exchanging the solvent 
displayed an original thermoreversible gelling transition. The driving force for the 

transition was determined from rheology, differential scanning calorimetry, and small 

angle X-ray scattering as the crystallisation of the alkyl chains of the cationic 

surfactant as the temperature dropped. 
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I Introdliolon 

I Introduction 
1.1 Summary 

The aim of this project was to prepare an original stable dispersion of plate-shaped 

colloidal particles dispersed in an organic solvent and to achieve a novel 

thennoreversible gelling transition by controlling the stability of the particles. 

Thermoreversible processes are very desirable for many widespread applications. 
Such a system is gelatin in water. Gelatin is a protein manufactured by the partial 
hydrolysis of collagen and is used in the food and photographic industries [1]. In the 

photographic industry layers of light-sensitive chemicals are deposited on 

photographic film at an elevated temperature and these chemicals set as the 

temperature drops. 

For many applications plate-shaped particle dispersions are desired since they display 

distinct behavioural characteristics such as shear thinning. Also the gelation of plate- 

shaped particles can be achieved at lower concentration than with spherical particle 
dispersions as they posses a high effective particle volume. Plate-shaped particle 
dispersions in organic solvents have a wide variety of uses from anti-settling agents in 

anti-perspirant sprays, fillers to make impact resistant plastics and rheological 

modifiers in nail varnish [2-4]. For cosmetic applications the constancy of the product 
is very important to the customer and shear thinning of the material is often desirable 

as it gives a rich texture. 

Clay dispersions treated with a cationic surfactant dispersed in organic solvents have 

been studied for more than half a century, [5-7] are commercially available made by a 

number of companies [4,8] and sold as rheological modifiers. There are a lots of 
different grades of these modifiers given names depending on the type of clay used 

and surface treatment, Claytone AF, Gelwhite, and Bentone to name but a few. The 

rheological modifiers are sold as dry powders that are often added near the end of 
industrial processes being dispersed using both physical and chemical methods but 

once dispersed the products form a gel that persists at all temperatures and is not 

thermoreversible. 
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Three types of clay have been used in this study, a synthetic clay Laponitc, a naturally 

occurring Wyoming bentonite, and a commercially available dimcthyl dialkyl 

ammonium cationic surfactant treated montmorillonite called Claytone AF. The types 

of clay used were similar in chemical make up but very different in size with the 

bentonite and Claytone AF particles being much larger than the Laponite particles. All 

particles were treated in a number of ways in order to stabilise them in organic 

solvents. The behaviour of the particles and the nature of the dispersions were 
investigated using simple observations, optical, electron, and atomic force 

microscopy, small angle X-ray scattering, and rheology. 

A stable dispersion of synthetic clay Laponite in toluene was made by treating the 

particles with a short-chain polymer stable in toluene. By changing the solvent 

conditions with the addition of polar but miscible ethanol to the dispersion, instability 

could be induced and it was hoped a temperature effect would be evident. However, 

the treated Laponite particles were difficult to make in any quantity and experiments 

such as rheology proved irreproducible as the high volatility of the solvent was 

problematic. 

Therefore we attempted instead to exploit the plentiful supply of Claytone AF and 

attempt to make stable dispersion of it in an organic solvent by adsorbing polar 

organic molecules amongst the cationic surfactant molecules to the clay surface. This 

was carried out to reduce bare clay surface/solvent contact and promote particle 

stability. A short-chain polymer was adsorbed to the surface of the Claytonc AF and 

rendered the particles colloidally stable in toluene. No thcrmorcvcrsiblc gclation was 
found for this system in toluene even with addition of ethanol to marginalise the 

solvent. A single solvent was sought that was marginal, non-volatilc, non-toxic and 

capable of showing thermoreversible gelation. A solvent used in the cosmetic 
industry, polydecene 364NF, made from oligomcriscd deccnc molecules was shown 

to possess all the required characteristics including thcrmorcvcrsible gclation. 
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1.2 Colloidal systems 

Colloidal systems are made up of one material dispersed in a continuous phase of 

another material [9]. The behaviour and control of colloidal systems is a concern to a 

wide range of scientific disciplines including physics, biology, materials science, 

geology, electrical and mechanical engineering. Industrially, a vast array of processes 

from oil recovery, heterogeneous catalysis, and the manufacture of cosmetics involve 

such dispersions. Even the human body consists of colloidal dispersions and particles, 

such as blood. For a colloidal dispersion, the size of the dispersed material (in at least 

one of the material's dimensions), must be in the range I- 1000 nm [ 10,11 ]. Perhaps 

the most important implication of the colloidal size range is that it is small enough to 

make thermal motion significant compared to sedimentation, it is the response to 

thermal motion that provides the closest guide to the upper size limit of colloids. Also, 

the colloidal size range is at least an order of magnitude larger than the surrounding 

solvent molecules, which can be treated as a continuum [12]. 

1.3 Forces acting on colloids 

Colloidal dispersions, just like atoms and molecules experience interparticle forces of 

attraction and repulsion from a number of effects depending on the type of particles 

and their environment. The particles also have thermal energy keeping them in a 

constant state of random motion. 

1.3.1 Thermal Motion 

The then-nal energy of atoms and molecules is actually the translational kinetic energy 

of those particles [11 ]. 

kE -,, ý 

I 
mv 

2 [1.1] 

where kE is kinetic energy, m is mass, and v is velocity. Atoms and molecules in a gas 

of known temperature have a Boltzmann distribution of energy with a mean energy of 

3 kT, where k is the Boltzmann constant (1.38xl 0-23 JK71) and T is the absolute 
2 

temperature [9]. The thermal energy of a collection of colloidal particles in a 
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dispersion is also subjected to the Boltzmann distribution of energy promoting mixing 

of the particles in the dispersion. Just like with atoms and molecules the mean energy 

of the colloidal particles is 3U 
and the average particle velocity increases with 2 

temperature and decreasing particle mass [I I]. The consequence of thermal energy is 

the particles are continually moving and well mixed in the dispersion. This process of 

continual random motion is called Brownian motion. 

1.3.2 Van der Waals attractions 

Ubiquitous van der Waals forces arise from electrostatic dipoles between atoms and 

molecules. Molecules may possess permanent dipoles but non-polar molecules and 

atoms are still subjected to the van der Waals interactions, which are always attractive 

and occur instantaneously arising from fluctuations in clectron density. The van der 

Waals forces act between all colloidal particles inducing dipole-dipoic attractions. 

There are three types of dipole-dipolc interactions: permanent dipole/permanent 

dipole interactions known as Keesorn forces, permanent dipole/induced dipole 

interactions known as Debye forces, and induced dipole/ induced dipole interactions 

(London forces). For atoms, the magnitude of the interactions diminishes with the 

sixth power of their separation distance. V. (h) - -h-6 
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Figure I. I. The van der Waals attraction between two atoms and two spheres in a vacuum. 
As reported by Tabor and Winterton [13]. 

Hamaker considered the interactions between two colloidal particles, made up of 

many atoms. Hamaker assumed all the atoms in the first particle were all able to 
interact with all the atoms in the second and the effect was attractive. As a result, the 
interactions between colloidal particles are more long range and the magnitude of 
interactions decreases inversely proportionally to the particle separation, 
(V,, (h) - -h-1). 

The Hamaker expression for two spherical particles (with radius a and separation h) in 

close proximity to each other (h<<2a), is given by: 

Va(h) 
Aff a 
12h 

[1.2] 

Where Aff is the effective Hamaker constant given by Aff = (AO-' - AO-' )2 subscripts PM 
p and m refer to the particle and the suspending medium respectively. The magnitude 

of the Hamaker constant is very often in the range of 10-20 J but the magnitude of the 

attractions can be reduced by refractive index matching of the particles with the 

solvent [14]. 
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For plate shaped particles I nm thick the van der Waals interactions can be calculated 
from direct measurements as carried out by Tabor and Winterton in 1969 [131 and can 
be shown to drop off very rapidly with distance (figure 1.2) [151. 

1-4 

(D 

16 

IP4 

3 

Distance in A 

Two discs with radius 120A 

Figure 1.2. The van der Waals attraction between two discs of different radius in a vacuum. 
As reported by Tabor and Winterton [13]. 

Suspension of the I nm thick plates in solvents also has a dramatic effect on the 

magnitude and the range of the van der Waals forces (figure 1.3). The implication is 

that if particles are suspended in a solvent of the same Hamaker constant as the 

particles there will be no attraction. 
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Figure 1.3. Van der Waals attraction between two large discs in a vacuum, in water and in 

octane. After Tabor and Winterton [13]. 

1.4 Colloidal stability 

Colloidal particles dispersed in a solvent are in a state of constant Brownian motion 

and even if the particles are at very low concentration they will sooner or later collide 

with other particles in the dispersion. Under the influence of the long-range van der 

Waals forces alone the particles will stick together (aggregate) irreversibly [10]. To 

counteract these forces, equally long-range repulsive forces are required. Electrostatic 

repulsion from like-charged particles and steric repulsion provided by adsorbed 

polymer layers on the surface of the particle can give highly effective repulsive forces 

[11]. 

1.4.1 Electrostatic repulsion 

Many aqueous colloidal dispersions are stabilised by long range electrostatic 

repulsion. The like-charged particles are stabilised, as the energy required for them to 

approach closely enough for the Van der Waals attractions to outweigh the 

electrostatic repulsion is much greater than the thermal energy of the particles. The 

picture is not simple in reality as the range of the electrostatic repulsion is governed 
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by the concentration of ions in the solution. A layer of counter ions surround the 

charged particles and this layer in turn has a much more diffuse layer of ions 

surrounding it (called the Gouy-Chapman layer [16]) With a low ionic concentration 

the electrical repulsion is long-range as there is minimal shielding from counter ions 

in the vicinity of the colloidal particles (figure 1.4a). 

ED 
ED 
ED 

9 

ED 

Particle Separation 

Figure Ma. Charged Colloidal Particle in an aqueous dispersion at low Ionic strength. The 

range of the repulsive electrostatic energy barrier is long. 

If the ionic strength is high enough the counter ions shield the like-charge rcpulsion 
from the colloidal particles to such an extent they can approach so closely that the van 
der Waals force of attraction will dominate and cause them to aggregate (rigure 1.4b). 
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Figure 1.4b. Charged Colloidal Particle in an aqueous dispersion at high Ionic strength. The 

repulsive electrostatic energy barrier Is shielded by counter Ions allowing for the particles to 

approach closely. 

Non-aqueous solvents have a low relative dielectric pcffnittivity (dielectric constant) 

and as a result the electrostatic repulsion for dispersed particles was considered 

insignificant. Clay particles treated with an uncharged short-chain polymer were 
considered neutral as displacement of the sodium counter ions was not assumed to 

8 



I Introduction 

occur. For cationic surfactant adsorbed samples the face charge was neutralised by the 

cationic surfactant and it was assumed no significant face charge was present. The 

edges of the clay samples would not have adsorbed cationic surfactant but would have 

adsorbed the polymer, either way charged edges may have remained in the organic 

solvent. The influence of the charged edges was not investigated but may have been 

significant [17]. 

1.4.2 Steric repulsion 

Adsorbing polymer or surfactant molecules to the surface of colloidal particles can 

attain the stabilisation of dispersions. When two particles come close to each other, 
the adsorbed polymer or surfactant layers interpenetrate causing an increased local 

concentration of the surface layer. The number of chain-chain contacts is increased at 
the expense of chain-solvent interactions and in a good solvent osmotic effects cause 

solvent molecules to migrate into the region of high polymer or surfactant chain 

concentration driving the particles apart [18]. Also, if the adsorbed polymer or 

surfactant layers on adjacent colloidal particles overlap to a great extent the number of 
degrees of freedom of the polymer or surfactant chains will be reduced. This 

reduction in entropy is thermodynamically unfavourable and gives rise to an elastic 
(entropic) repulsion [10]. Both of these repulsive effects prevent particles from 

approaching close enough for the van der Waals force to take over causing 

aggregation. 

1.4.3 Solvency 

A bad solvent for the polymer coating on the surface of the particles is one where 

polymer-solvent interactions are minimised as the polymer contracts [19] as this is 

thermodynamically more favourable. Marginalising the solvent, by addition of a poor 
but miscible solvent, attractions between the polymer or surfactant coating of the 

particles can be induced and this has two effects. The first effect is the thickness of the 

adsorbed layer decreases which allows the particles to approach more closely and 

possibly succumb to the van der Waals attractions and aggregate. However, the 

particles must approach very closely for this to happen so the adsorbed layer must 

collapse on the surface of the particles. The second effect is the adsorbed layers on 
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neighbouring particles stick upon meeting, reducing the contact between adsorbed 

layer and the solvent. This effect is reversible on addition of good solvent to the 

sample and often can be induced by a change in temperature [ 10,201. 

1.5 Spherical particles 

Spherical particles make very good models to study because preparation methods 

have advanced giving control of overall particle size and reducing polydispersity [21, 

22]. Silica spheres coated with steryl alcohol (C18H370H) and dispersed in benzene 

have been shown to display temperature dependent gelling [23,24] due to very short 

ranged polymer-polymer attraction induced on lowering temperature. Anisotropic 

particles (plates and rods) although abundant in nature have attracted less interest 

primarily due their high polydispersity and their less well defined chemical 

composition. More recently the rheological and phase behaviour of synthesised 

particles with lower polydispersity and known chemical composition have been 

studied [25-30]. 

1.6 Clay minerals 

Clay minerals belong to the phyllosilicates [15]. The basic building blocks of the clay 

minerals are two-dimensional arrays of silicon oxygen tetrahedra and two- 

dimensional arrays of aluminium or magnesium oxygen-hydroxyl octahedra (figure 

1.5). In most clay minerals, such sheets of tetrahedra and octahedra are superimposed 

in different fashions. 
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Figure 1.5. Structure of the mineral talc made up of a layer of magnesium-oxygen octahedra 

sandwiched between two silicon oxygen tetrahedra. The structure has no overall charge. 

The mineral talc is a tri-octahedral clay with no overall charge since all the octahedral 

sites are occupied. This mineral is neutral but for a clay such as Laponite a few of the 

octahedral positions are occupied by lower valence lithium yet surrounded by the 

same number of oxygen atoms and it therefore adopts a negative charge. This feature 

is called isomorphous substitution and the charge can only be balanced by a positive 

ion, usually sodium, which sits on the face of the clay above and below the silica 

tetrahedra. These ions neutralise the whole structure but are relatively weakly bonded 

and can be exchanged for other positive ions such as cationic surfactant ions. 

In addition to the permanently negatively charged faces of Laponite or bentonite, the 

edges of the particles are also charged due to the presence of ionisable hydroxyl 

groups. The sign and magnitude of the charge is pH and ionic strength dependent 

being positive at neutral to low pH and negative under alkaline conditions [3 1 ]. 

The behaviour of aqueous clay dispersions has received a lot of attention from a 

number of groups over the years [25,32,33]. The formation of a get has been found 

for dispersions of bentonite clay at low concentration [34] and Laponite dispersions 

are a common model gelling system to study [31,35]. A gel has a homogeneous 

appearance and displays some solid-like character; its rigidity comes from the strength 
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and number of interparticle contacts. As a result of the oppositely charged faces and 

edges of clay plates it has been suggested the structure of clay particles in a gel 

consisted of edge to face aggregation, known as the "house of cards" structure [15]. 

From X-ray diffraction measurements this has all but been rejected by a number of 

groups as a mechanism of gel formation for Laponite and bentonite at low salt 

concentration [36-41]. 

Aqueous dispersions of naturally occurring clay plates have a high polydispersity but 

with size fractionation [42] are flow bircfringent at low concentration and 

permanently bireffingent at increased concentration. The arrangement of particles in 

an aqueous dispersion of fractionated bentonite was investigated by Langmuir in 1938 

[43] by observing the dispersion through crossed polarisers. 

1.7 Clays dispersed in organic solvents 

In recent work carried out in The Netherlands, van der Kooij [121 synthcsised gibbsite 

platelets with a low polydispcrsity. The particles produced in the aqueous phase were 

then coated in a short-chain poly (isobutylene) polymer and transferred to toluene. 

The colloidally stable particles that showed "hard interactions", i. e. short range, strong 

repulsions, and rich phase behaviour which was mapped out and compared to the long 

standing theoretical work of Onsager [44]. 

The adsorption of cationic surfactants to the surface of bentonite clay has been 

investigated for over 50 years [6,7]. After preparation the samples were dispersed in a 

variety of organic solvents and the plate separation was investigated using X-ray 

diffraction. The dispersions of bentonite coated with higher molecular weight cationic 

surfactants had a greater tendency to gel than the samples of bentonite treated with a 
lower molecular weight cationic surfactant. This was because of the greater area 

occupied by the longer chain surfactants was required for the development of the gels. 

Throughout these samples a stable colloidal dispersion was not found. 
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Here we make use of both the well-stabilised poly (isobutylene) coated clays and the 

gelling cationic surfactant stabilised clays to make particles that display novel 
switchable behaviour. 

1.7.1 Polar activators 

For optimum gelation of a long-chain cationic surfactant e. g. (C, sH37N+(CH3)3 Br) 

treated bentonite sample it was found the addition of a mixed solvent of methanol (3% 

w/w) and toluene (97% w/w) was needed. The exact proportion of methanol used 
depended on the length of the hydrocarbon chain of the cationic surfactant adsorbed to 
the clay [7]. It was assumed the methanol adsorbed to the surface of the bentonite in- 
between the surfactant molecules and increased the clay particle separation aiding 
dispersion in toluene. The polar organic molecules added to the dispersion (polar 

activators) have a dramatic effect causing rapid gelation. Alcohols, ketones, propylene 
carbonate, and even traces amounts of water have all been used as polar activators. 

The role of trace amounts of water in dispersions of cationic surfactant treated clay in 

organic solvents has been debated for long time. It was noted from infra-red 

absorption measurements that afler dehydration gels were converted to viscous liquids 

without the presence of small amounts of water [45]. The water was suggested to fOMI 

hydrogen bonding bridges between clay plates leading to a gelling network. 

1.8 Thesis layout 

The aim of this work was to find thermoreversible gelation for anisotropic particles 
dispersed in a non-aqueous solvent. The first part of the thesis concerns the materials 
used during the study, how the dispersions were made, and the experimental 
techniques used to investigate their behaviour (chapters 2 and 3). In chapter 4, particle 
characterisation is described in terms of the amounts of materials adsorbed to the 

surface of the different clays. Simple observations and light microscopy of the 
behaviour of the samples, dried down and as dispersions in organic solvents are 
described in chapter 5. Closer examination of the individual dried down particles 

using atomic force microscopy and electron microscopy can be found in chapter 6. 
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The behaviour of dispersions that show thermorcvcrsible gelation is investigated 

using rheological techniques and differential scanning calorimctry is reported in 

chapter 7. Small angle X-ray scattering from a variety of dry samples and dispersions 

has been used to find the separation and organisation of the particles in chapter 8. 

Finally, overall conclusions and suggestions for further work arc given in chapter 9. 
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2 Materials 
2.1 Introduction 

Attempts to stabilise the clays in an organic solvent involved treatment with a short 

chain polymer [1], a cationic surfactant [2,3], and a mixture of both. The types of 

clay used for this study were synthetic Laponite RD, naturally occurring Wyoming 

Bentonite and an industrially processed and purified bentonite called Claytone AF. 

The Claytone AF was received treated with an excess amount of a polydisperse 

cationic surfactant, making it readily gel in organic solvents. 

2.2 Laponite RD 

A sample of Laponite RD, the RD standing for rapid dispersion, (hereafter referred to 

as Laponite) made by Laporte plc (PO Box 2, Moorfield Road, Widnes, Cheshire 

WA8 OJU), was received as a fine dry white powder that was dried under vacuum 

overnight at IOOT to remove adsorbed water and was then transferred to an airtight 

container. 

A description of Laponite is given by the manufacturer, Laporte, [4] as an entirely 

synthetic material which closely resembles the naturally occurring clay mineral 
hcctorite in both structure and composition. There are a number of grades of Laponite 

made for specific applications, and RD is described as a gel-forming grade ideal for 

rapid dispersion in water for general and industrial use. Laponite has a high chemical 

purity and consistency free from quartz impurities making it suitable as a thickener for 

aqueous based dispersions such as toothpaste and a wide variety of cosmetic 
formulations. Laponite rapidly disperses without the need for high shear and imparts 

no colour on the dispersion, which is also desirable for the cosmetics industry. 

Laponite forms gels at low concentration and is highly thixotropic, that is, the 

viscosity of suspensions decrease if the gel is rapidly stirred, and increases when 

allowed to stand. 

Laponite (figure 2.1) was chosen as a model clay to study because it was of known 

chemical composition, well characterised and of high purity. 
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Figure 2.1. The structure of Laponite RD [4]. 

Laponite is a tri-octahedral clay as all the octahedral positions of the central metal 

atom are occupied, (figure 2.1). It is very close in composition to the mineral talc and 
belongs to the montmorillonoid (smectite) group of clays and has the chemical 

formula Na+o. 7([Si8Mg5. sLiO. 3020(OH)41 
0.7-) [5]. The small but fundamental difference 

between talc and Laponite arises from the composition of the central metal atoms, 

which in talc is divalent magnesium giving rise to a neutral structure. In Laponite a 

proportion of the metal atoms are monovalent lithium giving rise to an overall 

negative charge in the structure of the clay. This effect is called isomorphous 

substitution [6] and is balanced out by the adsorption of counter ions, usually sodium, 

to the surface of the mineral. Single Laponite plates consist of a disc with a diameter 

of -30 rim, a thickness of I rim, (30: 1 aspect ratio [5]), and a surface area of 800 in 2 9- 1 

[7]. From the above formula, the cationic exchange capacity of the clay can be 

calculated as 92 millimols per 100 g. Values in the literature vary depending on pH 

and grade of Laponite but experimental results vary from 70 millimols per 100 g [8, 

9] to 160 millimols per 100 g[ 10,11 ]. 

The units of cationic exchange capacity are often quoted in the literature as milli 

equivalents/100 g (meq/100 g). This is equal to millimols per 100g of clay. 

fj4 I '4 }r('. 
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2.3 Bentonite 

The montmorillonite sample used was bentonite (American Petroleum Institute 25. ) 

from Upton, Wyoming prepared for the Petroleum Institute Clay Mineral Standard, 

project number 49 [12]. This standard is important because it contains information 

about the exact location where the sample of clay was extracted and this has a bearing 

on their properties [ 13,14]. The raw bentonite was received in the form of a light grey 

powder with some large lumps that were easily crushed using an agate pestle and 

mortar. The chemical structure of bentonite is shown below (figure 2.2). 

0 

0 Na' 

0 OH 

Al or Mg 

si 

00 

Figure 2.2. The idealised structure of bentonite [15]. 

Like Laponite, the bentonite clay has a charge due to isomorphous substitution but 

unlike Laponite the substitution is magnesium for aluminium. The mineral is di- 

octahedral due to the higher valency of the central metal atoms with the formula of 

Na + 0.33[(All. 67MgO. 33)Si4Olo(OH)2]nH20 [16]. Single clay particles have a similar 

thickness to Laponite plates (I nm), but the diameter is much greater, from 100 to 

1000 nm. The calculated surface area of the plates is 750 m2 g-1 [15,16] and an aspect 

ratio of up to 1000: 1, but with a very high polydispersity. The cationic exchange 

capacity of bentonite from the above formula is 90 millimols per 100 g and literature 

values corroborate this [ 15,17]. 
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Colloidally dispersed bentonite has many commercial uses from oil well drilling 

fluids, ceramics, paints, pesticide formulations, cosmetic and pharmaceutical 

preparations, and as a reinforcement additive in polymers [13,18-21]. The 

behavioural properties of the bentonite depend on sufficient particle disaggregation 

which is required to form a uniform dispersion [ 18]. 

Organic material was removed from the surface of the clay by treatment with 
hydrogen peroxide, the excess hydrogen peroxide removed by slowly heating the 

solution to 700C for one hour. The bentonite sample was converted to the pure sodium 
form by dialysis of a well-stirred 1% w/w aqueous solution against a 2M sodium 

chloride solution [13], (analytical grade, Fisher Scientific). The excess sodium 

chloride was removed by dialysis against distilled water for one week and the clay 

was dried under vacuum at 100T and returned to a powder by grinding with a pestle 

and mortar. The mineral was found to be impure with small amounts of quartz and 
iron oxide present [13]. Filtration and centrifugation of a concentrated dispersion, 

(10% w/w), of bentonite removed a large proportion of these impurities and a purified 
dispersion became a very light green colour [22], changing from the grey raw clay 

solution. 

Wyoming bentonite was studied because it was similar to Laponite in composition but 

the individual clay plates were much larger and the aspect ratio was much higher. 

2.4 Claytone AF 

Claytone AF was supplied by Southern Clay Products Inc., 1212 Church Street, 

Gonzales, Texas 78629, lot number 990917N-225. Claytone is essentially a 

montmorillonite [16] type clay with a polydisperse cationic di-chain surfactant, 

dihydrogenated tallow (2HT) adsorbed to the surface. Tallow is animal fat and 

primarily exists as C18 chains (65%), with a lesser amount Of C16v (30%) and C14, 

(5%), chains, [ 16,23-25]. The Claytone was supplied as a very fine beige powder and 

used without further purification. The fully hydrogenated surfactant chains had a 

greater tendency to crystallise than less mobile unsaturated chains. 
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The manufacturers report Claytone AF is suitable for use in systems containing 

aliphatic solvents that display low to medium polarity. Upon addition of Claytone AF 

reproducible viscosity and thixotropic development of the sample occurs [26]. 

Claytone AF has been added to paints, adhesives, and cosmetics because of this 

strongly thixotropic behaviour. The AF grade of Claytone is "activator free" and can 
be gelled with the addition of a so-called polar activator under mixing at any desired 

point of the process. Claytone AF is described hereafter as Claytone. 

2.5 Clay treatments. 

2.5.1 SAP 230 TP 

SAP 230TP, (figure 2.3), was supplied by Infineum. UK limited c/o Shell Research & 

Technology Centre, Thornton P. O. Box 1; Chester CHI 3SE, England, batch SPL 

1564/97. It was used as received. The structure of the polymer SAP 230 was obtained 
from Buining [27] and Pathmamanoharan [28]. The TP suffix used here indicated a 

thermal process used for the manufacture of the SAP 230TP resulting in the same 

product. 

N 
H 

Figure 2.3. The structural formula of SAP 230 TP 

SAP 230TP was developed as a steric stabiliscr for use in engine oil to prevent the 

build up of sooty deposits reducing performance and efficiency of petrol engines. It 

also found an application as a stabiliser in model suspensions of silica spheres in 

toluene [28,29], boehmite rods [27], and gibbsite plates [1]. 

Laponite and bentonite were treated with SAP 230TP stabiliser as was cationic 

surfactant treated Laponitc, bentonite, and Claytone during the course of this study. 
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Owing to the industrial scale of manufacture the SAP 230 TP was expected to have a 
high polydispersity, (table 2.1) and this was found by gel permeation chromatography 
(GPQ carried out by Rapra Technology Limited, Shawbury, Shrewsbury, Shropshire, 

SY4 4NR, UK under the supervision of Dr. Steve Holding. 

The GPC technique involves forcing the polymer, dissolved in an appropriate solvent, 

tetrahydrofuran, through a chromatographic column, 30 cm in length, filled with 5 Pm 

cross-linked divinyl benzene and polystyrene beads with a range of morphologies. 
The separation occurred as the larger polymer molecules are size-excluded from the 

pores in the beads, so stay on the column for a shorter time. The smaller polymer 

molecules can explore the pores and consequently pass through the column less 

rapidly. Detection of the eluded polymer was achieved by a refractive 
index/(differential pressure) analysis system. The molecular weight of the polymer 

given is in polystyrene equivalents since the molecular weight standards are 

polystyrene polymers with very narrow, known, size distributions. The columns 

contain some residual polarity, generally aromatic rings from the polystyrene and / or 

remaining unsaturation from the divinyl benzene, this means that physical interaction 

between the polar SAP 230 TP polymer and the column will take place resulting in an 
increase in retention time. This has the effect of producing a molecular mass 
distribution that has a lower statistical value than in reality [301 but can still be applied 

comparatively (figure 2.4). 

qu 
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Figure 2.4. Plot showing the computed molecular weight distributions for duplicate runs of a 

sample of SAP 230TP showing both high and low molecular weight components constituting 

the polymer sample. 

The plot is normaliscd with respect to area, the x-axis being the logarithm of the 

molecular weight, M and the y-axis being the number of molecules with mass, M. 

Sample MW (g MOO Mn (g mol-) Polydispersity 

SAP 230TP run 1,750 450 3.9 

1. 

SAP 230TP run 1,700 450 3.8 

2. 

Table 2.1. Molecular weight average, (Mw), and number average, (Mn), for duplicate runs of 

SAP 230 TP measured by GPC. 

Polydispersity is the distribution of masses of polymer molecules and is defined as the 

ratio of the mass of polymer and the number of polymer molecules with that mass. 

Degree of polydispersity = 
mw 

[2.1] 
Mn 

25 
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The standard polymers run to find the column characteristics were samples of known 

molecular weight polystyrene of low polydispersity. The elution, time of the standards 

was directly proportional to their molecular weight. The molecular weight of the 

idealised structure of SAP 230TP (figure 2.3) was 2324 g mol" and the lower than 

expected average molecular weight found by GPC (table 2.1) was very possibly due 

to the SAP 230TP molecules interacting more strongly along the column than the 

polystyrene standard. 

The stoichiometric fonnula of SAP 230 TP iS C158H306N404 and the expected results 
from elemental analysis are given below (Table 2.2). 

% Nitrogen % Carbon % Hydrogen % Oxygen 

Values expected 2.41 81.58 13.26 2.75 

from structure 

given in fig. 2.3 

Expected values 1.00 33.85 5.50 1.14 

normalised 
Table 2.2. Expectecl elemental analysis results tor SAP 230 TP. 

Elemental analysis gives results for the nitrogen, carbon, and hydrogen content in a 

sample of SAP 230 TP. There is good agreement between the expected values of 

Table 2.2 and the experimental results, (Table 2.3). 

%. Nitrogen 

(±0.3%) 

%. Carbon 

(±0.3%) 

% Hydrogen 

(±0.3%) 

Neat SAP 230 TP 2.24 81.88 15.09 

Neat SAP 230 TP 2.25 82.88 15.08 

Average Values 2.25 82.38 15.09 

Normalised neat 
SAP 

1.00 36.61 06.71 

Table 2.3. Elemental analysis results Tor bAF ZJU IF. I ne elemental analysis only gave 

percentage masses for carbon, nitrogen and hydrogen. 
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There was a difference between the experimental elemental analysis results and the 

expected elemental analysis results from the given formula of SAP 230TP. The 

elemental analysis results show a reduced amount of nitrogen and an increase in the 

amount of carbon and hydrogen present. This would be expected if a proportion of the 

polymer was of higher molecular weight with the same nitrogen containing head 

group. However, GPC gave an average molecular weight of the polymer molecules 

that is lower than given in the formula. The difference probably comes from free poly 
(isobutylene) chains in the polymer that remained unreacted and has no nitrogen head 

group but are of a lower molecular weight. 

There is the likelihood that a high proportion of the polymer molecules had only one 

poly (isobutylene) chains attached, not both as given in figure 2.3 leading to the bi- 

disperse molecular weight distribution. 

The absorption maximum of SAP 230TP (figure 2.5) is at 284 run with a broad peak 

tailing off into the visible region giving the yellow colour. Absorption at this 

wavelength is due to an electronic transition from the substituted succinimide ring 

within the molecule [31,32]. A big contribution to the absorption below 280 nrn was 
from the toluene solvent. 
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Figure 2.5. UV spectrum of SAP 230 TP showing the maximum absorbance at a wavelength 

of 284 nm. The SAP sample was 1% w/w dispersed in toluene. 

The SAP 230TP polymer is hereafter referred to as SAP. 

2.5.2 Dimethyidioctadecyl ammonium bromide (DODAB). 

DODAB is a di-chain cationic surfactant with a molecular weight of 630.96 g mol-, 

(figure 2.6). The cationic ammonium group adsorbs to the negatively charged faces of 

the clays stabilising the particles in a non-aqueous solvent. It was obtained from 

Acros Chemicals, Fisher Scientific UK. The DODAB molecule is a pure version of 

the dihydrogenated tallow found on the surface of the Claytone (section 2.4). 
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Br 
Stoichiometric fonnula = C38H8oN+ Br - 

mlar Weight = 630.96 gmol-1 

Figure 2.6. The structural formula for the cationic surfactant Dimethyldioctadecyl ammonium 

Bromide, (DODAB). 

2.6 Chemicals and Solvents used 

2.6.1 Water 

The water used throughout the study was purified using a Milli-Q plus water purifier 

fitted with a 0.22 Am filter. Before contact with the air the water had a resistivity of 

18.2MI) cm-1 . 

2.6.2 Hydrogen Peroxide 

Specified reagent for general laboratory work (SLR) grade (30%w/v) hydrogen 

peroxide was obtained from Fisher Scientific and was used as received. 

2.6.3 Tetrabutyl ammonium hydroxide 

40-weight percent solution of tetrabutly ammonium hydroxide dispersed in water was 

obtained from Acros Organics and was used as received. 
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2.6.4 Propan-l-ol 

SLR grade was obtained from Fisher Scientific and used without further purification. 

2.6.5 Tetrahydrofuran 

AnalaR Grade tetrahydrofuran was obtained from BDH and used without further 

purification. 

2.6.6 Toluene 

The toluene used for the work was Analysis grade acquired from Fisher Scicntific and 
was used without further purification. 

2.6.7 SlIkfio 364 NF polydecene 

Silkflo 364NF polydecene (referred to throughout as polydecene) was supplied by 

Lipo Chemicals Inc., 207 Nineteenth Avenue, Paterson, New Jersey 07504. 

Silkflo, 364 NF polydecene, (hcreafler referred to as polydccene) is a non-polar, non- 

volatile, colourless, non-toxic branched chain hydrocarbon solvent made from the 

oligomerisation of I-decene, [20,33,34]. Polydccene was initially developed as a 

polymeric emollient for use in colour cosmetics, creams, lotions, sunscreens, shave 

gels, anti-perspirants, and hair products. Due to the highly branched nature of 

polydecene it remains as a liquid over a very wide temperature range with a pour 

point of below -50 T and a flash point of above 150 T. Representative structures of 

the molecules in polydecene are shown below, (figure 2.7). 

The structures of the molecules found in the polydecene solvent come from the 
following catalyst initiated reactions. 
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catalyst 

path a 

C20'alpha'Dimer 

+H2 

C30 'alpha' Trimer 

path b 

I 

+H2 

C20 Internal Dimer 

Figure 2.7. Scheme depicting the formation of common structures found in Silkflo 364 NF 

polydecene [33]. 
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3 Methods 

3.1 Introduction 

Untreated Laponite and bentonite clay are both hydrophilic due to their surface charge 
[1-3] and do not suspend in organic solvents. In order to disperse clay particles in an 

organic solvent treatment methods with cationic surfactants [4,5] have been used 

giving rise to gels. Treatment with a short chain polymer acting as a steric barrier has 

been developed to give stable colloidal dispersions [6,7] in toluene. 

Attaching a short chain polymer, cationic surfactant, and a combination of both was 

performed to treat the clay particles and in this chapter a detailed description of the 

treatment and dispersion procedure is given. 

A wide range of observations and experiments was undertaken in order to investigate 

the macroscopic and microscopic composition, behaviour, and interactions of treated 

clay particles and dispersions. Simple qualitative observations over time showed the 

stability of the dispersions and experiments such as small angle X-ray scattering, 
(SAXS) gave specific information regarding particle separation and agglomeration of 

the clay plates. Rheology and calorimetery were used to determine the gelling 
behaviour for some specific samples and polarisation microscopy was used to 

examine how samples aggregated and settled. 

Examinations of dry samples of treated clay were carried out using electron 

microscopy and atomic force microscopy giving particle size and shape information. 

The surface treatment was inspected by elemental analysis and X-ray photoclectron 

spectroscopy to find the amount of surfactant and polymer adsorbed to the different 

types of clay. 

Adsorption isotherms were carried out to find the amount of polymer that became 

adsorbed to surfactant treated clays. Elemental analysis was inconclusive as some 

surfactant desorbed during the process of polymer adsorption. 
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3.2 Clay treatment procedures 

A number of methods were used to treat clay particles in order to disperse them in an 

organic solvent. 

3.2.1 Adsorption of short chain polymer to the surface of the clay 

This procedure (table 3.1) has been followed to adsorb a short chain polymer to the 

surface of silica spheres, boelunite rods, and gibbsite plates [7-9]. The polymer gave 

the treated particles a hydrophobic steric barrier and was carried out at very low 

concentration to reduce the possibility of particle aggregation during the solvent 

transfer steps. 

1. 1 litre of 0.7% w/w untreated Laponite and bentonite plates were dialyscd 

against deionised water for I week with 5 changes a day. 

2. 600 ml of 0.7% w/w particle suspension (dry weight analysis) was added to a 
5-litre RB flask. 

3. Over 30 minutes 2.5 litres of propan-I-ol was added to the aqueous particle 

suspension via a dropping funnel whilst under sonication at room temperature. 

4. The dispersion was placed on a heating mantle with the solvent level marked 

and mechanically stirred whilst an azeotropic distillation occurred. Propan- I -ol 
was added to the flask, via a dropping funnel at the same rate as the water 

propan- I -ol mixture distilled over. 

5. After about 10 litres of distilled propan-I-ol and water were removed and the 

same amount of pure propan- I -ol was added the boiling point returned to 97 *C 

and the refractive index of the distilled solvent returned to that of pure 

propan-I-ol (1.385) [10]. 

6. 25 g of SAP 230TP was added to 2 litres of tetrahydrofuran and warmed to 

40 *C for I hour to disperse. 

7. The SAP solution was added over 30 minutes via a dropping funnel to the 

particles in the propan- I -ol solution at room temperature under sonication. 
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8. The dispersion was returned to the heating mantle, stiffed, and gently boiled. 

1 litre was distilled before the addition of 250 ml of toluene. Then another 500 

ml was distilled before the addition of the next 250 ml of toluene. This slow 

decrease of the reaction volume continued until the volume in the flask reached 

2.5 litres. 

9. The refractive index of the distillate was measured and further additions of pure 

toluene were made until the refractive index and boiling point of the distillate 

reached that of toluene (1.496 and I 10 IC) [ 10]. 

10. The solution was allowed to cool to room temperature and centrifuged for 

I hour at 10,000 rpm causing the particles to sediment. 
11. The free polymer rich supernatant was removed and replaced with pure toluene 

and the particles were redispersed under sonication. The centrifuging and 

redispersing was repeated until no free polymer remained in the supernatant, 
(4 times). 

Table 3.1. Procedure carried out to adsorb short chain polymer bAP to tne surrace oT 

Laponite and bentonite clay and stabilise the particles in toluene. 

During the dialysis of the Laponite the concentration of the particles in the dispersion 

increased to nearly 1% w/w and as a result the concentration was determined using 

dry weight analysis and adjusted accordingly before addition to the round bottomed 

flask. 

The adsorption of SAP to Laponite and bentonite required large volumes of solvents 

and at best produced 6g of stabilised particles. The particles produced were very 

interesting to study despite the considerable effort required and problems with particle 

aggregation before the addition of the stabiliser. 

3.2.2 Determination of the clay cationic exchange capacity 

The cationic exchange capacity (CEC) of the Laponite and bentonite was determined 

by the adsorption of tetrabutyl ammonium hydroxide, 40 wt. % solution in water, 

(Acros Organics), to the surface (table 3.2). The ammonium ion exchanged for the 

sodium cation at the same overall concentration. Heavier molecular weight cationic 

surfactants were not used to measure the CEC because they have been shown to 
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associate strongly with the cationic surfactant molecules attached to the surface giving 

a spurious value for the CEC [I]., 

1. 5 cm-3 of 40% w/w solution of tetrabutyl ammonium hydroxide was added to 
250ml of deionised water and the solution was stirred at room temperature for 

5 minutes. 

2. 0.5 g of finely ground clay was slowly added to the stirred solution of tetrabutyl 

ammonium hydroxide it quickly flocculated but was stirred overnight to make 

sure equilibrium adsorption had been reached. 

3. The flocculated clay was filtered out and redispersed in 250 cm*3 deionised 

water. The sample was redispersed and filtered again 4 times to remove all the 

unabsorbed surfactant. 

4. The clay was collected and dried in a vacuum oven at 100 *C overnight and a 

sample was submitted for elemental analysis. 

i ame j. z. vroceaure Tor ine measurement or tne cationic excriange capacity tor Laponite and 
bentonite. 

The CEC was not measured for the sample of Claytone, as it was received with an 

excess of cationic surfactant adsorbed to the surface [11]. 

The calculations can be found in appendix 1. 

3.2.3 Adsorption of dimethyldloctaclecyl ammonium bromide (DODAB) 

to clay 

Cationic surfactants adsorb to the surface of clays with a high affinity and as a result 

there have been a number of different methods employed to carry out the reaction, [1, 
12,13]. For this study the method chosen was the simple addition of the 

stoichiometric amount of powdered clay to a solution of cationic surfactant 
(table 3.3). 
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1. To 800 ml water 5.0 g of DODAB, (ACROS Organics), was added, stiffed and 

heated to 80 'C. Carefully 200 ml of propan-l-ol was added to the solution to 

dissolve the DODAB whilst still stirring. The DODAB dissolved on the 

addition of the alcohol to the water leaving a colourless solution. 

2. The stoichiometric amount of clay was added carefully to the hot surfactant 

solution and stirred, forming flocs immediately. The stirring solution was 

covered and cooled to room temperature overnight. 

3. The flocs were filtered and redispersed in 250 ml 50150 water/propan-l-ol 

mixture for 1 hour and filtered again. This process was repeated 4 times to 

remove any free surfactant. 
4. The filtered treated clay was dried at 100 T in a vacuum oven overnight, then 

crushed with a pestle and mortar and returned to the vacuum oven for one hour 

at 100 *C. 

5. The dry clay was placed in an airtight container until use. 

TWO 3.3. I-roceaure tor aacotion ot aioctaaecyi aimemp ammonIUM Dromiae 10 Laponne anu 
bentonite. 

The treatment of Laponite and bentonite with the cationic surfactant DODAB was 

relatively quick and easy and large amounts of treated particles were made. A sample 

from each batch was submitted for elemental analysis to ensure consistency. 

3.2.4 DODAB adsorbed clay dispersions in organic solvents 

Clay particles that have a cationic surfactant adsorbed to the surface are described as 

organophilic. This does not mean they spontaneously disagglornerate when added to 

an organic solvent. The main problem was the dry clay particles are made up of large 

numbers of tightly bound platelets and organic solvent molecules cannot easily 

penetrate the layers. This can be overcome with the addition of a small amount of a 

polar organic liquid [12] or very vigorous mixing of the sample (section 5.3) [14]. It 

was decided to shake the solution to get the particles as well dispersed as possible 

rather than add a polar activator (table 3.4). 
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1. Cleaned and dried DODAB adsorbed clay was weighed into a sample bottle. 

2. Organic solvent was added by weight to the sample bottle and the lid was 

tightened to make an airtight seat. PTFE tape was wrapped around the base of 

the lid to stop the possibility of water from getting into the sample. 

3. The samples was placed on a spin mixer for I minute to remove the powder 

stuck on the bottom of the sample tube and begin the dispersing process. 

4. The sample was then placed in a beaker of water at 80 *C and lcft to stand in an 

ultrasonic bath for I hour. 

5. The temperature of the ultrasonic bath was set at 60 *C and the sample was 

sonicated and shaken by hand every minute for an hour. 

6. For a further two hours the dispersing sample was left to stand in the ultrasonic 
bath at 60 'C with occasional shaking by hand. 

Finally, the sample was sonicatcd, for three hours at room temperature. 
Table 3.4. Method used to disperse samples ot cationic surfactant adsorbed Laponite, 

bentonite, and Claytone in organic solvents. 

Contamination of the samples by water was a problem as they stood for a number of 

hours in a beaker of very hot water and in the ultrasonic bath. With small additions of 
water to the samples they quickly became turbid and large flocs were seen. To reduce 

the risk of contamination it was very important to wrap a layer of PTFE tape around 

the thread of the sample holder before screwing on the lid to seal. 

3.2.5 Combined surfactant and polymer treatment. 

The method used to prepare samples with both surfactant and polymer adsorbed to the 

surface was the straightforward addition of free polymer to a sample of dispersed 

surfactant-adsorbed clay particles in toluene (table 3.5). However, for case of 

handling, the highly viscous neat SAP was diluted in toluene to a 10% w/W solution. 

1.1 A suspension of the surfactant-adsorbed clay particles in toluene was prepared 

according to the method above (section 3.2.4). 5g of 10% w/w SAP 23M 

solution in toluene per gram of surfactant-adsorbed clay was added giving a 
large excess of polymer. 
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2. The sample was spin mixed for 1 minute and tumbled at room temperature 

overnight. 
3. The excess polymer was removed by centrifugation at 5,000 rpm for I hour and 

exchange of the supernatant with fresh toluene. The sample was redispersed by 

sonication and centrifuged three times to remove all excess toluene. 

4. The sample was redispersed in toluene and dry weight analysis was carried out 

to find the exact concentration. 
Table 3.5 Procedure tor the addition ot SAP polymer to DODAB Laponite, DODAB bentonite 

and Claytone In toluene. 

The SAP adsorbed DODAB bcntonite and Claytone formed almost clear yellow fluids 

after the treatment and showed no sign of settling after one week. The SAP DODAB 

Laponite sample appeared granular and rapidly sedimented in toluene and did not 
flow over time if the sample holder was tilted. 

3.2.6 Solvent transfer from toluene to polyclecene 

Transfer of dispersed samples from toluene to polydecenc was carried out without 
drying the particles in order to reduce the possibility of irreversible aggregation. The 

concentration of the dispersion in polydecene could not be increased because 

polydecene was non-volatile. The simple method used is described below (table 3.6). 

1. A weighed sample of SAP surfactant treated clay in toluene (no more than 

20 cm 3) at known concentration was added to a round bottom flask. 

2. Polydecene was added of known weight to the round-bottomed flask containing 

the SAP treated sample. 
3. The toluene was evaporated from the mixed solvent sample in the rotary 

evaporator under vacuum (water aspirator) at 40 IC and 120 revolutions per 

minute. 
Table 3.6. Solvent transfer procedure of SAP DODAB Laponite, SAP DODAB bentonite and 
SAP Claytone from toluene to polydecene. 

The maximum concentration of the SAP surfactant treated particles in polydecene 

attempted was 10.1% w/w as the dispersions became very viscous above this strength. 
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Evaporation of the polydecene during rotary evaporation was considered negligible as 

a control sample of pure polydecene were placed in a vacuum oven at 80 T overnight 

and the weight loss was recorded at less than 4%. Dry weight analysis was not 
attempted on the polydecene dispersions for the same reason. 

3.3 Sample preparation 

3.3.1 Spin mixer 

The first step to disperse clay samples in an organic solvent was to spill illix them for 

several seconds to break up the large dry powder agglomerate at the bottom of the 

sample tube. This was carried out using a Clifton cyclone bench top vortex spin mixer 
from Fisher Scientific (figure 3.1). Spin mixing samples several times throughout the 

dispersing stage was necessary to break up small particle aggregates. 

Figure 3.1. Bench top spin mixer used to break up large clay powder aggregates. 

3.3.2 Ultrasonic bath 

Using the ultrasonic bath, wetted clay aggregates were rapidly brokeii do%k ii fornmig a 
dispersion that appeared homogeneous to the eye. The ultrasonic bath was a vigorous 

and highly effective method of dispersion and no evidence from microscopy was 
found of individual clay plates being destroyed by its action. However, it would be 

hard to tell if the ultrasonic waves caused anything but total destruction of the 

bentonite plates as they had a very broad distribution of size and shape. The much 

smaller Laponite plates appeared not to suffer under ultrasonic action as from atomic 
force microscopy they were of the expected size range. 
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A5 litre capacity 280-Watt U500D Ultrawave sonic bath (figure 3.2) with an 

operating frequency of 30-40 kHz, fitted with 2 pillar type transducers was used 

throughout the study (figure 3.2). 

Figure 3.2. Ultrasonic bath used to homogenise the clay dispersions. 

3.3.3 Centrifuge 

Removal of unadsorbed polymer and surfactant and concentration of the particles was 

achieved by centrifugation and redispersion of the particle sediment at the bottom of 

the tubes in clean solvent. The speed and duration of the centrifugation process 

depended entirely on the type of sample. The particles were redispersed in fresh clean 

solvent with the aid of the spin mixer and ultrasonic bath. The centrifuge used for all 

of the work carried out for this study was a Sorvall RC-5B Plus Superspeed 

Centrifuge (figure 3.3) fitted with a Sorvall SA-600 rotor with a maximum diameter of 
12.96cm. 

f 

Figure 3.3. Sorvall RC-513 Plus Superspeed Centrifuge and rotor. 
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3.4 Experiments undertaken 

The experiments and techniques used at any point during the course of this project are 

described below. 

3.4.1 Electron Mir-rase-opj 

Beams of electrons accelerated in a vacuum can have wavelengths shorter than 

X-rays, below 0.01 nm [15] and can be very finely focussed using electro-magnetic 

lenses. In order to see an image the sample must absorb or scatter the electron beam 

and it is the way the beam changes that is what is detected. Samples examined using 

electron microscopy are examined under vacuum as air molecules can deflect and 

scatter the electron beam therefore volatile samples may not be suitable. This means 

clean dried samples must be used for standard electron microscopy. The resolving 

power of electron microscopes is nowhere near 0.01 run due to difficulties with 

keeping the magnetic lenses perfectly stable [16]. There are two types of electron 

microscope, the transmission electron microscope (TEM) with resolution down to the 

nanometer scale and the scanning electron microscope (SEM) with resolution down to 

tens of nanometers. 

3.4.1.1 Transmission Electron Microscopy (TEM). 

In the TEM microscope (figure 3.4) electrons are accelerated by a potential difference 

of 50 thousand to 200 thousand volts and pass through the sample. The image is 

formed as a result of the interaction of electrons with the sample and local variations 
in the structure of sample affecting the proportion of electrons deflected. However the 

sample must be very thin for any electrons to pass through without deflection and 

form the image but the sample must be thick enough to give good electron contrast. 

Clay samples have been examined using the TEM as the thin plates can easily be 

deposited from dilute suspensions on to sample grids. However, the untreated clay 

plates are I nm thick and do not give good electron contrast making the exact size and 

shape difficult to see [ 171. 
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Figure 3.4. Schematic diagram of a transmission electron microscope. 

The Transmission Electron Microscope used was a JEOL JEM 1200EX 

3.4.1.2 Scanning Electron Microscopy (SEM). 

In the SEM (figure 3.5) an electron beam is accelerated by a potential difference of up 

to 30 kV giving a wavelength of 0.04 nm and focussed on a spot of about 3 nm in 

diameter. Large and thick samples can be easily imaged in the SEM as it gives an 
image of the surface of the sample. Like the TEM the samples are placed in an 

evacuated chamber and the electron beam is scanned across the sample. Some 

electrons are backscattered and some secondary electrons are displaced from the 

sample surface and a very sensitive collector detects these [ 18]. The image is built up 
line by line from the intensity of the backscattered and secondary electrons falling on 

the detector producing a two dimensional image. 

Non-conducting samples submitted for analysis using the SEM must be coated with a 

thin conducting metal layer to stop the samples from charging up and giving bright 

spots on the comers and edges. 
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Figure 3.5. Schematic diagram of a scanning electron microscope. 

The Scanning Electron Microscope was a JEOL JSM 6330F fitted with a high 

intensity Field emission electron gun. 

SEM is less often used to image clay samples as the fine detail cannot be seen tor the 

very thin plates. However, SEM studies have been carried out on clay samples 

showing detail of plate aggregates [ 19]. 

3.4.2 Atomic Force Microscopy (AFM). 

Samples submitted for analysis under the AFM were dried from very low 

concentration solutions on a molecularly flat mica substrate. The technique involved 

measuring the deflection (attraction or repulsion) of a fine silicon nande stylus as it 

approached the surface of the sample [201. To identify the tiny changes of position of 

the stylus as it was rastered across the sample a laser light was reflected off the back 

of the stylus to a position sensitive detector. The AFM set up is shown in figure 3.6. 
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The AFM experiments were all carried out in air using the tapping mode. In the 

tapping mode the silicon nitride tip oscillates at its resonance frequency as it scans the 

surface of the sample line-by-line and experiences only intermittent contact with the 

surface. A piezo electric crystal controls the distance of the tip from the surface and 

the image is built up from the tiny changes in surface height and the corresponding 

change in the voltage applied to the piezo electric crystal. Three different types of 

information can be obtained from the AFM technique. The first is topological 

information and this comes from sensitive monitoring of the input voltage to the piezo 

electric scanner which governs the precise distance of the tip from the surface of the 

sample. Height information has a fraction of a nanometer resolution. The second type 

of information from AFM comes from the phase lag of the tip behind the driving 

oscillating frequency. This information shows up features that exhibit long range 

interactions such as areas that possess an electrostatic charge. The final type of signal 

received from the AFM tip is amplitude information. If the tip passes over an area that 

is unusually spongy such as a polymer molecule the tip oscillation becomes damped. 
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Figure 3.6. Schematic diagram of an AFM. 

The microscope used in these experiments was a Multimode run from a Nanoscope 

111a controller (Digital InstrumentsNeeco, Santa Barbara, CA). Olympus silicon 

cantilevers with a nominal spring constant of 42 Nm-1 were used for imaging in air. 
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The samples were prepared diluted to -0.001% w/w in toluene and a drop of the 

solution was applied to a mica surface that was cleaned by the removal of the 

uppermost layer using a sharp blade. The solution was allowed to dry under a dust 

cover in air. The mica was attached to a steel stub with superglue. 

3.4.3 X-ray Photoelectron Spectroscopy (XPS) 

The XPS phenomenon is based on the photoelectric effect where the concept of the 

photon was used to describe the ejection of electrons from a surface when photons 
impinged upon it [20]. Monochromated magnesium Kcc X-rays of 1254eV were fired 

at the sample under ultra high vacuum conditions and the ejected electrons were 
directed into a hemispherical energy analyser. The kinetic energy of the 

photoelectrons was so low that only those that escape from the uppermost layers of 
the sample, (1-5 nm), did so without interaction with the sample and made their way 
to the energy analyser [21-23]. A schematic representation of the XPS machine is 

shown in figure 3.7. 

The technique not only gives information regarding the elements present in the 

uppermost atomic layers of a sample but also gives information on the oxidation statcs 

of those elements. For this study this detailed information was not required as we 

were interested in the presence of specific elements only. 
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Figure 3.7. Schematic diagram of an XPS spectrometer. 

The X-ray photoelectron spectrometer was manufactured by VG scientific as an 
Escascope photoelectron spectrometer (VG Scientific, The Birches industrial Estate, 

Imberhome Lane, East Grinstead, West Sussex, RH19 I UB, UK). It was fitted with a 

Mg Ka X-ray source (1253.6eV) and concentric hemispherical electron energy 

analyser. During the acquisition of the spectra the main chamber was kept at a 

pressure of 8x 10-() Torr [21]. The accelerating potential was 15 kV, emission current 

of 20 mA with a power output of 300 Watts. 

3.4.4 Ultra Violet-Visible Spectroscopy 

Ultra violet-visible spectroscopy (UV-vis) was used to measure the concentration of 

SAP polymer molecules for the adsorption isotherms. The absorption of light by a 

solution is proportional to the number of absorbing molecules [24] and is related by 

the Beer-Lambert expression [20]. 

A Hewlett Packard Diode Array Ultra Violet-Visible spectrometer Model 8453 with 
built-in Hewlett Packard software was used throughout. 
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3.4.5 Rhoology 

The classical definition of the science of rheology is the study of the deformation of 

matter resulting from the application of a force [25,26]. Rheology is a measure of the 

handling properties of a material and can be used to quantify the behaviour [27]. 

3.4.5.1 Elastic Solid Behaviour 

The application of a small force to an ideal solid object causes a deformation that is 

directly proportional to the magnitude of the applied force. Hooke's law describes this 

relationship mathematically [26] this can be rewritten using stress and strain. Stress 

and strain are basic concepts that describe the mechanical properties of a material. 

Stress (cy) on an object equals the force (F) applied divided by the area over which the 

force acts (A) (equation 3.1) and the strain (y) is a measure of the relative deformation 

of the object under the stress (equation 3.2) [20]. A rheometer measures the 

rheological properties as a function of rate or frequency of deformation. For liquids 

the simplest devices impose a shearing flow on the liquid and measure the resulting 

stresses, or alternatively, impose a shearing stress and measure the resulting shearing 

rate [29]. 

F 
A 

[3.1] 

y=a -- tan a 
8x 

(for small a) [3.2] 
y 

ax 

F-' F-10. 

Figure 3.8. Response of a cube to an applied force. 
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3.4.5.2 Viscous Liquid behaviour 

Ideal simple fluids flow as a constant force is applied with a constant rate proportional 
to the force with an internal resistance to the flow called viscosity, such fluids are in a 

state of Newtonian flow. In rheological terms the shear stress is linearly dependent on 
the shear rate (figure 3.9). 

U) 
U) 
w 
U) 
L. 
CD 

U) 

Shear rate 
Figure 3.9. Schematic of the behaviour of a Newtonian fluid. 

3.4.5.3 Viscoelastic behaviour 

Between the extremes of solid and liquid behaviour lies intennediary viseoelastie 
behaviour where materials possess both viscous and elastic properties [25]. At very 

short timescales many materials that are thought of as liquids can display solid-like 

characteristics and at very long timescales solids can behave like liquids. "Silly putty" 
is an example of a material that behaves like a solid over very short timescalcs 

(it bounces when dropped on the floor) but behaves like a fluid over longer timescales 

(it flows if left to stand) [26]. 

The issue of timescales is very important when undertaking rhcological experiments 
because the sample behaviour is dependent on the timescale of the observation. A 

simple test can be performed to measure the relaxation time of a sample (table 3.7) 

[28]. 
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1. Apply a strain (deformation) to a sample and the sample will become stressed. 

2. Energy is stored in the sample. 

3. Internal rearrangements within the sample cause the stress to relax v4t-h-a 

characteristic relaxation time (-u, ). 

Table 3.7. simple measurement ot the relaxation time. 

The Deborah Number (De) is defined as the ratio of the relaxation time (, c, ) to the 

experimental timescale (texpt) of the sample. 

De= r' 
texp 

t 
[3.3] 

At high Deborah number the measurement is fast compared to the fluids ability to 

relax giving a solid-like response and at low Deborah number the sample will relax 

more rapidly than the timescale of the measurement [29]. Samples that show a time 

dependent response in their behaviour are termed viscoelastic [271 and include a wide 

range of colloid and polymer dispersions. 

De--> 0 De-> co Dee 1 

Viscous fluid behaviour. Elastic solid behaviour. Viscoelastic behaviour 

The range of behaviour that dispersions can show is as varied as the range of 
dispersions themselves. Typical rheograms are shown below (figure 3.10). 
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Figure 3.10. Examples of the flow curves for Newtonian and non-Newtonian fluids. 

Shear-thinning is defined as the reduction of viscosity with increasing rate of shear in 

a steady shear flow [251. Lipstick is a good example of a material that shear thins as it 

is applied to the lips leaving the bulk of the material undefon-ned. 

Shear-thickening is defined as the increase of viscosity with increasing rate of shear in 

a steady shear flow [25]. Concentrated com flour in water behaves like this, as it does 

not yield if struck with a spoon but can be poured from a cup. 

Aqueous and non-aqueous clay dispersions display some very interesting rheological 

properties and have been studied by many groups [30-33]. One very common feature 

of clay dispersions is shear thinning behaviour where the viscosity of the sample 
decreases as the shear rate increases. Shear thinning occurs as the anisotropic clay 

particles align as the shear rate increases and aggregates start to break down in the 

dispersion. 

3.4.5.4 Rheological measurements 

The rheological measurements were made by placing a sample with all bubbles 

removed between a flat plate and a truncated cone of a known diameter and profile 

(the geometry). The cone was oscillated at a chosen frequency and the complex 

response of the sample was measured. 
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The geometry used throughout was the default AR measurement geometry with a 

stainless steel cone of diameter 60mm with an angle of P59'00 and truncated at 58 

microns (figure 3.11). 

Figure 3.11. Cone and plate geometry used for the rheological measurements. 

3.4.5.5 Phase angle 

If an oscillating strain at a given frequency is applied to a sample an oscillating stress 

in direct response will quickly develop due to transient sample and instrumental 

responses. If the strain has an oscillating response with time then the stress will also 

be oscillating with time [26] (figure 3.12). The phase difference (6) is the difference 

between the peak value of the stress and the peak value of the strain in radians at a 

given value of the radial frequency, (o (units of radians per second). If the sample 

consists of an elastic solid when a tangential displacement is applied a strain in the 

sample is produced and the displacement is transmitted straight through the sample. 

This response is in phase with the strain so the phase angle will be zero. If a 

Newtonian liquid is placed between the cone and plate the peak stress is out of phase 

by 7E /2 radians because the peak stress is proportional to the rate of strain [26]. For 

viscoclastic materials it follows that the response will be in-between the two extremes. 
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Figure 3.12. An oscillating strain and stress response for a viscoelastic material [261. 

3.4.5.6 Gelation 

A gel has the properties of a solid but comprises mainly of a fluid. There is no 

universally recognised strict definition because the concept of gelation covers such a 

wide range of scientific disciplines [34]. The features common to most definitions are 

that gelation occurs in a colloidal dispersion of particles as a result of the formation of 

a giant network when the concentration and inter-particle interactions are sufficiently 
high [1,35,36]. The solvent in most gels has freedom to move (bicontinuous) but 

remains within the network due to capillary forces [29]. A gel is made up of two main 

constituents: a fluid phase and a "solid" component that provides the building blocks 

of the structure which can store elastic energy. 

We can define a quantity (G') as the storage or elastic modulus, (the in-phase shear 

modulus) given in equation 3.4 [181. 

I 
0 

Yo 
[3.4] 

and G" as the loss or viscous modulus, (the out of phase shear modulus) given in the 

equation 
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Yo 
[3.5] 

The storage and loss moduli are stress divided by strain and reflect the transfer of 

energy during a deformation in the sample (equation 3.5), both have the units of Pa 

[18]. 

Values for the elastic modulus, G' and viscous modulus G" were made 

simultaneously when performing oscillatory measurements and when G' was greater 

than G" the sample was behaving more solid-like. For samples that gave larger values 
for G" than G' the sample behaved as a fluid. The point where the values of G' and 
G" are the same at a given radial frequency is the gel point at that frequency. This 

occurs at a phase angle of 45' and the gives the relaxation time, r, 

Z"r --2 

1 

[3.6] 

If the particles have a high affinity for the dispersing medium (solvent) but a weak 
long range interparticle interaction and short range repulsion then the suspension will 
behave as a fluid and is referred to as a "sol" [ 15]. 

3.4.5.7 Rheometer 

The rheometer used for all experiments was a Thermal Advantage AR I 000-N made 
by TA Instruments Ltd. Europe House, Leatherhead, Surrey KT22 7UQ (figure 3.13). 

The instrument was fitted with a TA Instruments extended temperature range Peltier 

plate for temperature control with a half and half mixture of ethylene glycol and water 

for cooling to below 0 T. 
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Figure 3.13. The TA instruments rheometer used for the rheological study. 

3.4.6 Adsorption Isotherm of SAP on clay 

With addition of SAP 230TP to a dispersion of surfactant treated clay in toluene, a 

dramatic decrease in the viscosity was observed indicative of particle stabilisation or 
destabilisation [6]. The colour of purified particles changed from light brown to the 

colour of the polymer, yellow suggesting the polymer had adsorbed to the surface of 

the clay. The amount of polymer adsorbed was measured by adding a known amount 

of free polymer to a solution of surfactant treated clay dispersed in toluene, allowing 

to mix thoroughly, and measuring by ultra-violet visible spectroscopy the amount of 

polymer left in the solution after the clay was removed by centrifugation. The 

measurements were repeated to reduce the magnitude of the errors. The procedure 

undertaken to carry out the adsorption isothenns is shown in table 3.8. 
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1. 0.5 g of clay sample was added to a clean dry sample tube. 

2. 10.0 g of toluene was then added and the clay was dispersed by spin mixing 

and sonication 

3. Measured amounts of 10% w/w solution of SAP 230TP in toluene was added to 

the clay dispersion and spin mixed. 

4. The sample weight was made up to 20 g with a further addition of toluene. 

5. Dispersed samples were tumbled at room temperature overnight. 

6. The particles were scdimented by centrifugation at 5000 rpm for I hour, the 

supernatant carefully removed and the absorbance of the SAP at a wavelength 

of 284 mn was measured using an ultra-violet spectrometer. 

7. For the more concentrated polymer solutions the supernatant was carefully 
diluted and the dilution factor was taken into account for the analysis. 

Table 3.3. Protocol tollowea tor 5AP aaanion to surTaciant treatea ciay aasorption isotnerms. 

3.4.7 Elemental Analysis 

Elemental analysis was a very useful technique to determine the amount of nitrogen 

and carbon adsorbed to the surface of the clay samples as these elements were present 

only in the adsorbed species (quaternary ammonium surfactant or SAP stabiliscr). 

The elemental analysis was carried out using a Carlo Erba elemental analyser model 
EAI 108 with an estimated accuracy of ±0.3% of the measured mass per 

measurement. The elements analysed were nitrogen, carbon, and hydrogen and at 

least two measurements were made for each sample to reduce effors. 

3.4.8 Small Angle X-ray Scattering (SAXS) 

Small angle X-ray scattering (SAXS) is a technique well suited for studying structural 

features in samples of colloidal dispersions. SAXS was performed by focusing a 

narrow X-ray beam on a sample and observing the coherent scattering pattern that 

arose from electron density inhomogeneities within the sample. 

Due to the wavelength of the X-rays used for the scattering experiments, 1.54 A, it 

was possible to see very small features in the samples. The X-rays are scattcrcd by 
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electrons so a distribution in the electron density, [ 18], was required, provided by the 

high electron density of the clay surface compared to the lower electron density of the 

adsorbed layer and the solvent. 
The samples were placed in the path of the X-ray bewn for up to two hours and the 

resulting scattering pattern was averaged over this time with information on the rates 

of processes being lost. The features that stood out were periodic distances such as the 

distance apart of clay platelets. 

3.4.8.1 The Scattering Vector and Reciprocal Space 

Figure 3.14 is a schematic of a beam of radiation scattered at an angle of 20 by 

inhomogeneities in the medium. If the scattering is elastic the wavelength of the 

incoming and outgoing beams are the same [29]. The scalar wavenumber k is defined 

as 2nn/X, where n is the index of refraction of the medium and n/X is the wavelength 

in the scattering medium. The incoming wavevector ki is 27[n/X times the unit vector in 

the direction of the propagation; the outgoing beam is defined analogously. If two 

rays are scattered at the same angle from points in the medium separated by a distance 

vector x' then there is a difference in the path length of the two rays given by 12 - 11. 

From trigonometry k12 = ks x' and k1l = ki x'. The difference in the phase of the two 

beams is AS = k12 - kit = ks x' - ki x' =q x' 

Where q is the scattering vector defined by 

q =ks-ki, Iql = 
4nn (sin 0) [3.71 
A 

If the scattering is caused by tiny particles separated from each other by a periodic 
distance of x' then there will be a peak in the scattering at an angle at 20 for which the 

2; r 
phase difference is 27r. This corresponds to aq vector of magnitude -. This can be 

xI 

written as 
2z 

q 

where d is the separation distance. 

[3.81 
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There is an inverse relationship between the scattering vector (or angle) and the 

structural length scale producing the scattering [371. 

12 

ks 
Figure 3.14. Constructive interference between two waves originating at two scattering 

centres. 

Small angle X-ray scattering (SAXS) (figure 3.15) was carried out at room 

temperature, (21-230C) using equipment constructed in the Physics Department of the 

University of Bristol. The measurements were carried out using copper Kct, (1.54A 

wavelength), radiation from a sealed tube with other wavelengths excluded using a 

nickel filter and a carbon graphite monochromator. The scattering pattern was 
identified using a multi-wire area detector placed 840mm from the sample through an 

evacuated path giving aQ (scattering vector) range of 0.03 A` to 0.5 A'. The sample 

to detector distance was calibrated using a silver behenate, standard and the scattering 

data were averaged over the whole detector. 

20 

X-Ray beam 

Sample 

Figure 3.15. Schematic diagram of the SAXS instrument. 

Detector 
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3.4.8.2 Lindemann Tubes 

All the samples examined using the SAXS technique were placed in Lindemann tubes 

with a sample depth of 1.0 mm made from 0.16mm thick, high silica glass slightly 

flattened by heating, sealed with quick setting Araldite glue and held in a brass sample 

holder (figure 3.16). 

Figure 3.16. Lindemann tube placed in the brass sample holder. 

3.4.9 Surface Area Determination using the Brunauer, Emmett, and Teller 

(BET) isotherm 

A direct method for determination of the surface area of a powdered solid was 

developed by Brunauer, Emmett, and Teller [38] from the physisorption of a vapour 

or gas on the solid surface. Nitrogen is most commonly employed as the adsorbate 

with a cross-sectional area taken as 0.162 nM2 [151 but a number of gasses and 

vapours such as water vapour and ammonia have been used to determine powder 

surface area [39]. 

The adsorbed gas molecules are in dynamic equilibrium and the fractional coverage of 

the surface depends on the pressure of the overlying gas [40]. The variation of surface 

coverage with pressure at a given temperature is called the adsorption isotherm and 

the BET equation is derived by balancing the rates of evaporation and condensation 

for the various adsorbed molecular layers, and is based on the simplifying assumption 

that a characteristic heat of adsorption applies to the first molecular layer, while the 
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heat of liquefaction of the vapour or gas in question applies to adsorption in the 

second and subsequent molecular layers [ 15]. 

The BET equation is [41]: 

pI+ (C-I)p 
vs (PO - P) VM C VM CPO 

[3.91 

Where P= equilibrium pressure, Vs = volume at standard temperature and pressure of 

gas adsorbed P,, = vapour pressure of adsorbate at temperature of adsorbent, V 
'W 

volume at standard temperature and pressure of gas required to form a monolayer, C 

=a constant involving the heat of adsorption. 

PP 
For most cases of physisorption a graph of 

s( 
against - is lincar in the 

S (P P) PO 

relative pressure region of 0.05 to 0.35. 

From the equation (x) the slope, S= 
C-I 

and the intercept, I= I 
vM c vM c 

S+I= C-1 
+I=1 [3.101 

vm c vm c vm 

VM =1 [3.11] 
S+I 

From the Vm value the specific surface area of the solid can be calculated thus: 

Specific Surface Area = 
Vf K 

Sample Weight in grams 

where K where N= Avogadro's number, A= area per adsorbate molecule, MV 

Mv = molar gas volume. 

For the experimental measurements ideal behaviour of the gas is assumed PV = nRT 
where P= pressure, V= volume of gas, n= number of moles, R= Universal gas 

constant, and T= absolutc tcmpcrature. 
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Since all the measurements are carried out at constant temperature then PVXn. 

The BET method worked by holding a carefully weighed sample in a vacuum at 
105 'C to desorb all gas and water vapour from the surface and then cooling in liquid 

nitrogen. Nitrogen gas at low pressure was passed over the cool sample and it was 

warmed back to room temperature to desorb the nitrogen from the surface of the clay. 
The increased pressure due to the desorbing gas was measured and was used to 

calculate the amount of nitrogen that had been adsorbed to the sample, assuming 

complete and uniform monolayer coverage and knowing the surface area of the 

nitrogen molecules was 0.162 nm 2. Despite the simplification the BET method is 

commonly used in surface area determination and the approximations involved are 
largely self-cancelling [15]. 

The crystallographic determined surface area of Laponite is 800 m2g" [42] and 
bentonite is 752 m2 gý' [39] but published BET surface areas are much less than this 

[19,43,44] due to aggregation of the clay plates. The plates aggregate and much of 
the surface area becomes inaccessible to the non-polar nitrogen adsorbate [39] so just 

the external surface is measured. By comparing the crystallographic data with the 

nitrogen BET data a value for the average number of clay plates in a grain of powder 

was estimated. 

The estimate of the number of plates in a stack assumes all the plates are flat 

monodisperse discs with an edge area that can be neglected when compared to the 

face area. For bentonite plates with a diameter of 200 nm and a thickness of I nm the 

face area per plate is 2rIr 2 (62800 nm2) where r is the radius, and the area of the 

plate edge is rldh (628 nm2) where d is the diameter and h is the thickness of the 

plate. When 2 plates aggregate face to face they were assumed to lie perfectly on top 

of each other making 2 faces unavailable for nitrogen adsorption and reducing the 

surface area by a factor of two. If three plates aggregate on top of each other the 

reduction in the surface area is by a factor of three. The ratio of surface area 

calculated from plate thickness given by crystallographic measurements to the BET 

surface area measurements gives the average number of plates in a stack. This 

calculation when applied to Laponite becomes less valid as the assumption that the 

edges do not contribute to the overall surface area of aggregates is less valid. 
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3.4.10 Birefringence box 

For the observations of samples through crossed polarisers a home-made 

"bireffingence box" was used (figure 3.17). This consisted of a light, a diffuser and 

crossed polarisers with a big gap between to hold a sample tube to see permanent or 
flow birefringence. 

Polarising Film 2 Polarizing Film I 

Ventilation 

VievAni 
Hole 

Figure 3.17. The birefringence box with the lid removed. 

att 

ss Light 
d 

The lid of the bireftingence box had an 80mm by 80mm square cut hole to hold the 

samples by hand between the crossed polarisers. The samples could be shaken to 

check for flow bireffingence or left to stand to check for static bireffingence. To keep 

the samples motionless for the photographs they were either fastened between the 

polarisers with sticky tape or placed on a stage between the polarisers. 
The occurrence of birefiringence originates from particles with orientationally 
dependent refractive indices [33,45,46]. Plate and rod shaped colloidal particles 

often display bireffingence. 

3.4.11 Polarising microscopy 

The polarising microscope used to examine bireffingent features in the samples was a 
desktop Leica DM LP polarising optical microscope fitted with a circular stage and a 
digital camera. 
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3.4.12 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was a technique for used to measure the 

energy necessary to keep the sample and an inert reference material at the same 

temperature, as the two specimens were heated at a controlled rate on a metal stage. 

There are many processes that have an effect on the energy required to heat a sample 

at a constant rate such as phase changes and decomposition and these showed up as 

peaks and troughs depending on the exothermic or endothermic nature of the changes 

[47] (figure 3.18). 
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Figure 3.18. Model DSC data showing the peak as a surfactant goes into solution. 

The peak seen in the DSC trace (figure 3.18) was endothern-fic as an increase in heat 

flow was required to keep the sample heating at constant rate. The area under the peak 

was equal to the total amount of energy required for the transition and by knowing the 

exact mass of the sample a molar value was possible. 

By following a protocol all samples were subjected to the same heating and cooling 

rates enabling direct comparisons to be made. 
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1. Weigh out 20-30 mg of sample in aluminiurn sample holder on microbalance. 
2. Place sample in calorimeter with empty reference in adjacent holder and place 

cover over the sample and reference to stop water vapour freezing to the metal. 
3. Cool samples to -30 T and hold for 5 minutes. 
4. Heat samples at 10 'Cmin-' up to I 10 *C and hold for 2 minutes. 
5. Cool samples at 20 T min-' to -30 *C. 

TablG 3.9. Lisu protocol usea tor all samples. 

The DSC measurements were carried out on a Perkin Elmer DSC-7 fitted with a 
Perkin-Elmer TAC 7/3 instrument controller. 

The sample pan kit was made of thin aluminium, (kit number 0219-0062) and the 

software was Perkin Elmer Pyris software version 3.01 revision A. 

3.4.13 Thermogravimetric analysis (TGA) 

To undertake thermogravimetric analysis (TGA) a sample is accurately weighed into a 

crucible and heated at a constant rate whilst the mass of the sample is continually 

monitored. As the sample heats volatile components vaporise and the mass of the 

sample in the crucible becomes reduced. This technique was useful to determine the 

amount of water the clay samples contained and the temperature the surface trcatmcnt 

degraded. 

The instrument used was a STA 409 EP and the heating rate was kept at 5T min*' up 

to 500 T and the 30 mg samples were kept in a dry air atmosphere during the heating 

Proms. 

3.4.14 Digital Camera 

The camera used to take the digital photographs of the samples was an Olympus 

model C-860L with 1.3 million pixels. The images were downloaded using Camedia 

software. 
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4 Characterisation of the Clav Surface 

4.1 Introduction. 

In order to understand the behaviour and stability of the treated clay dispersions it was 

crucial to gain information about the clay and the surface treatment. A number of 

experiments were carried out on dry samples and dispersions of the untreated and 

treated clays to characterise the particles. Descriptions of the experiments can be 

found in chapter 3. The clay types used were Laponite RD, Wyoming bentonite and 

commercially available Claytone AF. The Claytone was described as montmorillonite 
[1], a major constituent of bentonite rock [21 and the structure was compared to a 

sample of Wyoming bentonite by X-ray'diffraction. 

The surface area per gram of the clay samples has been determined previously from 

crystallographic data [3,4] and this was compared to direct surface area analysis 

undertaken with the BET adsorption isotherm method. 

The amount of surfactant and polymer present in the washed and thoroughly dried 

treated clay powder was determined from the elemental analysis in terms of 

percentage values of nitrogen, carbon, and hydrogen. Nitrogen and carbon only exist 
in the pure clay samples as contaminants and a comparison of the elements present in 

the uppermost surface layers of the samples was carried out using X-ray photoelectron 

spectroscopy. 

Thermogravimetric analysis was performed to obtain a value for the amount of water 

adsorbed to the surface of the treated and untreated particles and to find the 
temperature the surface treatment decomposed. 

The amount of polymer adsorbed to surfactant treated clay particles was established 
by undertaking adsorption isotherms and unlike elemental analysis; this method was 

used to distinguished between the surfactant and polymer molecules. 
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4.2 Determination of Claytone clay type by X-ray Diffraction 

(XRD) 

The X-ray diffraction technique was very similar to the small angle X-ray scattering 
SAXS technique (section 3.4.9) but was carried out at much higher angle and looked 

at intramolecular periodic features rather than the longer range intermolecular features 

seen using SAXS. The diffracted X-rays are given in terns of angle 20 rather than the 

range 

The clay used for Claytone is described as montmorillonite [5,6] and this was 

confirmed by comparison of XRD data with a sample of untreated Wyoming 

bentonite and DODAB Laponite (figure 4.1). The peak positions for the untreated 
bentonite and Claytone overlap exactly at high angle showing the internal structure of 

the clay particles were the same. The low angle peaks do not match exactly and this 

was due to the cationic surfactant coating of the Claytone. The diffraction pattern of 

DODAB Laponite sample was close to the Claytone but not exact showing small 

differences in the internal structures of Laponite and Claytone. 

4000- 

3500 - 

3000 - DODAB Laponite 

2500 - -Raw bentonite 
Claytone 

2000 - 

1500 - 

1000 - 
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Figure 4.1. X-ray diffraction pattern of Claytone, untreated bentonite and DODAB Laponite 

showing the clay types are very similar. 
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4.3 Untreated clay samples 

A sample of bentonite from Upton, Wyoming was obtained from Professor Ottewill 

(Bristol University) and was supplied with documentation from the American 

Petroleum Institute giving the origin of the sample (Petroleum Institute Clay Mineral 

Standard, project number 49). The bentonite was a fine light beige coloured powder. 

A sample of Laponite RD was obtained from Laporte as a fine white powder. 

4.3.1 Water adsorption measured by Thermal Gravimetric Analysis 

(TGA) and oven drying of untreated clays 

The clay samples if left open to the atmosphere for any length of time adsorb water 

and this can be a significant proportion of the mass of the sample (figure 4.2). The 

amount of water adsorbed on the surface of the untreated Laponite and bentonite 

samples was measured by thermal gravimetric analysis (section 3.4.13) under an 

argon atmosphere. 
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Figure 4.2. Thermo gravimetric analysis of untreated Laponite and bentonite. 

700 

The thermo gravimetric analysis gave sample weight loss as a ftinction of temperature 

and the loss of mass up to 150 'C was attributed to evaporation of water from the 
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exposed surface of the clay. The graph shows a slow but steady loss of mass at 
temperatures above 150 'C and this may also be due to desorption of water from 

between the layers of clay as structural changes in the clay such as dehydroxylation 

do not occur until 450 'C [6]. 

Sample Mass of water desorbed Mass of water lost from 

from clay surface by drying in a vacuum oven at 

TGA. 100 OC 

Untreated Laponite 11% 10% 

Untreated bentonite 15% 12% 

Table 4.1. Mass of water desorbed from the surface of untreated Laponite and bentonite as 

measured by TGA up to 150 OC and drying of a sample in a vacuum oven at 100 'ýC. 

The amount of water adsorbed to the bentonite sample was more than the Laponite 

and both samples were not received in airtight containers but the bentonite sample 

was older and had adsorbed moisture from the air (table 4.1). Similar results to the 

TGA were found by drying clay samples in a vacuum oven at 100 OC overnight. 

4.3.2 Elemental analysis of untreated clays 

Elemental analysis, (section 3.4.8), of untreated Laponite and bentonite clay was 

carried out to assess their carbon, nitrogen and hydrogen content. The clays do not 

contain any nitrogen or carbon in their molecular formula [2] but the occurrence of a 

small quantity of carbon from adsorbed organic matter was not totally unexpected 

(table 4.2). The bentonite sample was dispersed in a solution of hydrogen peroxide 

and dried in a vacuum oven before the elemental analysis was performed to remove as 

much carbon as possible [7] (section 2.3). 

Sample % Nitrogen % Carbon % Hydrogen 

Untreated Laponite 0.0 0.1 1.5 

Untreated bentonite 0.0 0.2 0.8 

Table 4.2. Elemental analysis ot untreatecl vacuum oven aned Laponne ana Dentonne. uniy 

nitrogen was completely absent from the samples. 
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Some organic material, of unknown origin, was found between the closely packed 

layers of clay. It was hard to remove all trace of the carbon despite treatment with the 

concentrated hydrogen peroxide solution. Hydrogen in the form of hydroxyl groups in 

the structure of the clay made up 0.5% of the weight of the untreated sample. The 

majority of the hydrogen content came from water adsorbed between the layers of 

clay surviving heat treatment in a vacuum oven overnight or water vapour becoming 

adsorbed to the sample as it was being prepared for the elemental analysis. 

4.3.3 X-ray Photo Electron Spectroscopy (XPS) of untreated clays 

X-ray Photo Electron Spectroscopy (section 3.4.3) was carried out on samples of 

untreated Laponite and bentonite to detect any nitrogen or nitrogen containing species 

adsorbed to the surface. Elemental analysis showed there was no mass contribution 

from nitrogen and XPS was used to confirm this (figure 4.3). 
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Figure 4.3. XPS analysis carried out on untreated Laponite and bentonite clay samples. 

The XPS showed that no nitrogen was present on the surface of the Laponite or 

bentonite particles. The uneven trace was due to noise; the sample was scanned 20 

times to reduce the noise level as far as possible. 
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4.3.4 BET adsorption isotherm of untreated clays 

The external area found using the BET method (section 3.4.10) was smaller than the 

crystallographic surface area because not all of the surface area of the clay plates was 

available for adsorption of nitrogen [2]. The data was in agreement with published 
BET surface areas for bentonite (30-100 rn 2 g-1) [2,8,91 and Laponite (350-400 M2g-1) 
[ 10]. 

Sample BET surface area (m 2 9-1) Average (M2g-1) 

Untreated Laponite i 352 

Untreated Laponite ii 428 390 

Untreated bentonite i 42.2 

Untreated bentonite ii 43.3 42.7 

Table 4.3. BET surface area determination for powdered untreated Laponite and untreated 
bentonite, repeated for both samples. 

The external area of the Laponite particles from the BET method was very much 

greater than the surface area for the bentonite (table 4.3). The Laponite was used as 

received from Laporte as a very fine powder that was industrially milled [10] but the 
bentonite sample was by ground in an agate pestle and mortar, leaving bigger grains 

of powder. 

4.4 SAP adsorbed Laponite and bentonite samples 

After preparing SAP Laponite and SAP bentonite samples the excess polymer was 

removed by repeated centrifugation and replacement of the supernatant with fresh 

toluene (section 3.2.1). Examination of the supernatant by UV-Vis absorption showed 

no SAP peak. The SAP treated samples were then heated to 100 *C and sonicated as 

they cooled to room temperature. The samples were then centrifuged and the 

supernatant was analysed by UV-Vis absorption and no SAP absorption maxima were 

found indicating no SAP was desorbed from the clay particles. A small portion of the 

dispersions was dried in a vacuum oven at 100 'C overnight and characterised using 

TGA, elemental analysis and XPS. 
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4.4.1 Thermal Gravimetric Analysis of SAP Laponite 

The thermal stability of a sample of dried SAP Laponite was tested using TGA and 

the sample was powdered in a pestle and mortar before the TGA was carried out in an 

argon atmosphere. 
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Figure 4.4. TGA of a sample of dried and powdered SAP Laponite. 

The SAP Laponite lost mass as soon as heat was applied and by 250 'C it was 14% 

lighter. The cause of this was very probably adsorbed toluene that was not removed 

from the sample by drying in a vacuum oven. At a temperature of 270 T the rate of 

mass loss increased considerably, a feature not seen for the untreated Laponite, and 

over 40% of the total mass of the sample was lost as the sample was heated from 

270 'C to 370 'C. This loss of mass was assumed to be due to the polymer 
decomposition, a process that may be catalysed by clay minerals in the presence of 

water [I I]. With further heating the loss of mass was slow until the clay structural 
hydroxyls were lost at just below 500 'C. 

4.4.2 Elemental analysis for SAP Laponite and SAP bentonite 

Carrying out an adsorption isotherm on the samples of Laponite and bentonite treated 

exclusively with SAP polymer was impractical as the process was complex. 
Elemental analysis on cleaned samples of SAP Laponite, and SAP bentonite was used 

as the primary method to find the amount of polymer adsorbed. Although it was 
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known from GPC (figure 2.4) that the SAP was polydisperse, it was assumed the 

anchoring group was always constant with 4 nitrogen atoms. 

Dividing the percentage mass of each element by the percentage mass of nitrogen 

made the elemental mass ratio and it was very useful as a method to find preferential 

adsorption of lower molecular weight polymer molecules. 

Sample % Nitrogen % Carbon % Hydrogen 

Average Pure SAP 2.3 82.4 15.1 

mass values 
Pure SAP mass 1.0 36.6 6.7 

ratio 

Stoichiometric 2.4 81.6 13.3 

mass values 
Stoichiometric 1.0 33.9 5.5 

mass ratio 
Table 4.4. Elemental analysis Ot %*jAH poiymer ana expectea vaiues trom Me stoichlometric 

formula. 

The stoichiometric percentage mass of nitrogen, carbon, and hydrogen agree well with 

the values obtained from the elemental analysis (table 4.4). The percentage values do 

not add up to 100% as oxygen was also present in the molecule. The mass ratios show 

an increased amount of carbon and hydrogen present indicating polymer molecules on 

average had longer chains than the stoichiometric formula indicated, or alternatively 
the difference can be due to presence of some chains without headgroups. 

After the treatment of Laponite and bentonite with SAP and thorough washing in 

toluene the small amounts of the samples were dried in a vacuum oven overnight at 
100 T then powdered and submitted for elemental analysis (table 4.5). 
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Sample % Nitrogen % Carbon % Hydrogen 

Average SAP Laponite 2.9 41.5 7.2 

Average SAP Laponite 

Elemental ratio 

1.0 14.3 2.5 

Average SAP bentonite 2.5 28.8 5.1 

Average SAP bentonite 

Elemental ratio 

1.0 11.8 2.1 

Table 4.5. Elemental analysis results tor SAP Laponite and SAP bentonite. 

The elemental analysis showed that a large amount of nitrogen, carbon, and hydrogen 

was present in the samples submitted. The ratio of the percentage masses of the 

elements was not the same as for the sample of pure SAP. This was assumed to be as 

a result of lower molecular weight fractions of the polydisperse polymer adsorbing to 

the clay preferentially over the higher molecular weight fractions. The ratio of 

elements comparc well with elemental analysis results of SAP adsorption on clays 
from previous studies [12,13]. The mass ratio of hydrogen to carbon remained fairly 

constant across the samples of adsorbed and pure SAP but all slightly lower than the 

stoichiometric mass value. 

The amount of polymer adsorbed to the clay was estimated from the elemental 

analysis results for nitrogen and it was assurncd every polymer molecule possessed 4 

nitrogen atoms (the calculations can be found in appendix 2). The average area of 

each SAP molecule adsorbed to the surface of the Laponite was 1.2 nm2 per molecule 

and for the bentonite 1.8 nm2 per molecule. This assumes even adsorption over the 

whole surface including plate edges and also no aggregation occurring to block 

adsorption sites for the SAP. A literature value of 1.4 run 2 per SAP molecule adsorbed 
to the surface of gibbsite [ 14] compares well with the values obtained here. 

4.4.3 X-ray photoelectron spectroscopy of SAP Laponite and SAP 

bentonite 

X-ray Photoelectron Spectroscopy, (XPS), was carried out on samples of SAP 

adsorbed bentonite, and compared to SAP adsorbed Laponite. This type of experiment 
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has been used to determine the polymer adsorption on mincrals and is semi- 

quantitative [15-171. 
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Figure 4.5. XPS analysis of SAP bentonite, and SAP Laponite nitrogen ls peak. 

The absolute intensity from a sample does not depend on the concentration of the of 

the element alone but direct comparisons between the intensities of elements from 

different samples in the same environment can be made (figure 4.5) [18]. However, 

only electrons expelled from the uppermost layers contribute to the signal so the 

technique is blind to multilayer adsorption. It was assumed no multilayer adsorption 
had occurred for the polymer-clay particles and the particles %%-ere cleaned well to 

remove the free polymer. 

SAP 230TP Laponite SAP 230TP bentonite 

Element Relative Centre (eV) Element Relative Centre (eV) 

identity peak area identity peak area 

Nitrogen Is4.139 404.30 Nitrogen Is 3.319 405.20 

Table 4.6. Peak area analysis of nitrogen ls peak for SAP Laponite and SAP bentonite. The 

values can be directly compared giving a relative concentration of the polymer. 
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The SAP Laponite peak was 1.25 times bigger than the SAP bentonite peak (table 

4.6). Therefore the concentration of SAP on the surface is 1.25 times larger for the 

Laponite sample. From elemental analysis, assuming well-dispersed single plates, the 

concentration of the SAP on Laponite was 1.5 times larger, a potentially significant 

result as it indicates the surface area of the bentonite sample available for SAP 

adsorption was not as large as the crystallographic surface area and therefore 

aggregation of the plates may have occurred. 

4.5 Determination of the Cationic Exchange Capacity (CEC) by 

elemental analysis 

Determination of the CEC was carried out using elemental analysis results of a short- 

chain cationic surfactant adsorbed to the surface of the clays. Other methods have 

been used to determine the CEC [I I] but this was a very simple method that was 

reliable. 

Previous studies have also shown cationic surfactants with long chain lengths, such as 

DODAB, carry on adsorbing beyond the cationic exchange capacity. This is due to the 

attraction between the long hydrocarbon chains of the surfactant molecules in aqueous 

solution [2]. For the CEC measurements a short chain water soluble surfactant, 

tetrabutyl ammonium hydroxide, (C4H9)4N+OH 
, was chosen as all unadsorbed 

surfactant could be thoroughly washed off with water (table 4.7). Also no surfactant 

aggregates would be present on the surface of the clay and the quaternary ammonium 
ions occupied a small space, reducing the chance of obscuring adjacent cationic 

exchange sites. The procedure is outlined in section 3.2.2. 

The CEC for the clays were measured and the elemental mass ratio was noted in order 

to have an idea about the amount of excess organic material and water present. 
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Sample % Nitrogen % Carbon % Hydrogen 

Stoichiometric mass value for 

tetrabutyl ammonium hydroxide. 

5.8 79.3 14.9 

Elemental mass ratio 1.0 13.7 2.6 

TablO 4.7.1 ne expectea eiementai anaiysis tor tetraoutp ammonium ion. Lxpected resuits 
and mass ratio. 

A comparison of the elemental mass ratio showed the amount of carbon and hydrogen 

to be higher than expected (table 4.8). 

Sample % Nitrogen % Carbon % Hydrogen 

Laponite average 0.7 11.3 2.8 

Elemental mass ratio 
11 

1.0 
1 

15.5 
1 
3.9 

Table 4.0.1 ne amount ot tetraDutyl ammonium aclsorDecl to tile surtace ot the Laponite 

The excess hydrogen in the DODAB Laponite sample was assumed to have come 
from adsorbed water in the sample. Polydispersity in the surfactant was suspected for 

the excess carbon in the sample. 

The value for the CEC of the Laponite clay provided by the percentage nitrogen data 

from was 61 +/- 10 mmol/100g clay, (calculation is in appendix 1). Values for the 

CEC in the literature for Laponite were slightly higher at 75 mmol/lOOg clay [19,20] 

and the average area per surfactant molecule on the clay surface was 2.2 nm 2. 

For bcntonite in particular there arc many values given for the CEC from sources 

around the world [21-25] however the value is specific to the exact location from 

where the sample was obtained and samples from the same quarry can vary depending 

on the area within the quarry the bentonite was extracted [26]. 

Sample % Nitrogen % Carbon % Hydrogen 

Bentonite Average 0.8 11.2 2.9 

Elemental mass ratio 1.0 14.4 3.7 

Table 4.9. Elemental analysis results tor well-rinse(I ancl vacuum arlea tetrabutyl ammonium 

adsorbed bentonite. 
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The CEC for the sample of tetrabutyl ammonium adsorbed bentonite was 73 ± 10 

mmol/lOOg clay (table 4.9). The literature values are higher (80-100 mrnol/lOOg 

clay). For exactly the same sample of bentonite used in this study a value of 
82 mmol/ I OOg clay was reported [27]. 

4.6 Cationic Surfactant treated Clays 

The prcparation of the dioctadecyl. dimethyl ammonium bromide (DODAB) treated 

clays was straightforward and quick. Any excess surfactant was washed off and the 

samples were dried in a vacuum oven overnight at 100 'C. The sample of Claytone 

was used as received but it was known to contain cationic surfactant 30% above the 

CEC of the clay [5]. 

4.6.1 Thermal Gravimetric Analysis of DODAB Laponite, DODAB 

bentonite, and Claytone 

The thermal stability of a sample of dried SAP Laponite was tested using TGA and 
the sample was powdered in a pestle and mortar before the TGA was carried out in an 

argon atmosphere (figure 4.6). 
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Figure 4.6. TGA of samples of DODAB Laponite, DODAB bentonite, and Claytone under an 
argon atmosphere. 

For all of the samples about 4% of the mass was made up of water adsorbed to the 

plates (figure 4.6). The temperature at which the water was desorbed was up to 100 IC 

(the temperature of the samples in the vacuum oven). This water must have adsorbed 

when the samples were transferred at room temperature to the airtight sample 

containers and on exposure to the atmosphere before carrying out the TGA. It has 

been reported that the chains of the adsorbed surfactants on the surface of the clay 

displace the adsorbed water molecules [2] but clearly space for water to adsorb still 

exists. 

After the water was desorbed there was little loss of mass until the samples were 

heated to 205 'C where the Claytone sample started to rapidly loose mass. The loss of 

mass was assumed to be due to the surfactant then-nally degrading. This did not 

happen to the DODAB Laponite and DODAB bentonite samples until a temperature 

of 245 OC was reached. The reason for the difference between the DODAB samples 

and the Claytone was put down to the polydisperse cationic surfactant at higher 

concentration used for the Claytone. A number of processes have been suggested for 
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the thermal decomposition of the cationic surfactant adsorbed to clay samples [6,11] 

but it was impossible to tell without analysing the products of the decomposition. 

The data showed the dry samples very readily adsorbed water if exposed to the 

atmosphere and could be heated to well in excess of 100 OC without degrading the 

surfactant on the surface of the clay. 

4.6.2 Elemental analysis for DODAB Laponite and DODAB bentonite 

The addition of DODAB to the samples of Laponite and bentonite was carried out at 
the calculated CEC to ensure that no excess surfactant became adsorbed. The 

measurements of the adsorbed amount were carried out in the same way as before, 

using elemental analysis (table 4.10). 

Sample % Nitrogen % Carbon % Hydrogen 

Pure DODAB 2.31 73.06 14.87 

Elemental mass 

ratio 

1.00 31.63 6.44 

Stochiometric mass 

value 

2.55 82.91 14.55 

Elemental mass 

ratio 

1.00 32.51 5.71 

Table 4.10. Elemental analysis results for pure DODAB and the expected mass values from 

the stoichiometric formula of the DODAB ion. 

The measured DODAB values were different from the expected values because the 

expected values were of the DODAB ion, (leaving out the bromide). This was done 

because the bromide was removed in the sodium bromide salt when the DODAB 

became adsorbed to the clay. 
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Sample % Nitrogen % Carbon % Hydrogen 

DODAB Laponite 0.7 24.0 5.0 

Average 

Elemental mass 1.0 32.4 6.8 

ratio 
DODAB bentonite, 0.9 26.8 6.0 

Average 

Elemental mass 1.0 30.8 6.8 

ratio 
Table 4.11.1 ne elemental analysis results Tor UUUAt3 Laponite ana UQUAB bentonite. 

The arnount of DODAB adsorbed to the surface of the Laponite clay was calculated 
from the mass of nitrogen in the sample (figure 4.11) as 75.3 mmol/I OOg clay and the 

DODAB bentonite at 94 mmol/lOOg clay. These values were above the CEC 

determined from the tetra butyl ammonium hydroxide preparation but within the 

range of values quoted in the literature (75 mmol/lOOg clay for Laponite and 80-100 

mmol/lOOg clay for bentonite) The samples were prepared at the correct 

stoichiometric ratio and the increased amount of surfactant adsorbed was thought to 
be due to a non uniform distribution of the surfactant on the surface of the clay 
powders. Clay that did not have surfactant adsorbed may have been washed through 

the filter paper (Whatman number 5 paper circles, 2.5 pin retention). 

4.6.3 Elemental analysis of Claytone 

It was known that the amount of surfactant adsorbed to the surface of the Claytone 

was in excess of the CEC [5,28] of the clay. Elemental analysis was carried out to 

find the value of the excess surfactant adsorbed (table 4.12). For this calculation the 

assumption was made that all the cationic surfactant adsorbed to the Claytone was 
dihydrogenated tallow (M), [29] and had one nitrogen atom per molecule. Two 

samples were prepared, one straight from the sample supplied and the other washed in 

a 50: 50 mixture of water and propan-1-ol. The washed sample caused the solvent to 

foam indicating free surfactant was present and took 3 solvent exchanges before the 

foaming ceased. 
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Sample % Nitrogen % Carbon % Hydrogen 

Average as 1.1 34.7 7.0 

received Claytone 

Elemental mass 1.0 31.6 6.4 

ratio 
Average washed 1.0 29.6 6.0 

Claytone, 

Elemental mass 1.0 28.4 5.8 

ratio 
Table 4.12. The elemental analysis results tor Claytone. 

The amount of surfactant adsorbed to the surface of the clay in a sample of Claytone 

was in excess of the CEC for montmorillonite with a value of 137 mmol/lOOg clay 
(table4.12). The correct CEC was 92 mmol/100g clay for the Claytone sample [1]. 

From the simple observation of foaming when the Claytone was rinsed in 

water/propan-l-ol mixtures some excess surfactant was washed off. After washing, 
the amount of surfactant adsorbed to the surface of the Claytone reduced to 117 

mmol/lOOg clay. The reduction was not as low as the literature values for the CEC for 

montmorillonite and it was assumed that a small excess of cationic surfactant 
remained adsorbed to the surface of the Claytone [11,24]. For this reason all of the 

samples of Claytone, AF used for experiments were not repeatedly washed in an 

attempt to clean the particles. The difference made by the excess surfactant to the 

behaviour of the Claytone sample was assessed by comparison with the control 
DODAB bentonite samples. 

4.6.4 Surface coverage by surfactant 

If monolayer coverage of the cationic surfactant molecules on the clay surface is 

assumed the average area per surfactant molecule can be estimated from the elemental 

analysis data and adsorbed amount of surfactant. 
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mmol of Number of Area per 

Type of Surface area surfactant g- surfactant surfactant 

Clay of clay (M2g-1) I of clay molecules g- molecule (nm 2 

I clay 

Laponite 800 0.8 4.5xI 020 1.8 

Bentonite 752 1.1 6.6x 1 020 1.3 

Claytone 752 1.4 8.2x 10"' 0.9 

Table 4.13. Area per surfactant molecule based on percentage mass of nitrogen from 

elemental analysis data. 

4.6.5 X-ray photoelectron spectroscopy of DODAB Laponite, DODAB 

bentonite and Claytone 

From elemental analysis it was shown that Claytone, AF had a larger amount of 

cationic surfactant adsorbed to the surface than DODAB Laponite and DODAB 

bentonite. The XPS of the nitrogen Is peak from the surfactant was used to confinn 
this (figure4.7). 
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Figure 4.7. XPS of the nitrogen Is peak from dry DODAB Laponite, dry DODAB bentonite, 

and dry Claytone all carried out at room temperature under ultra high vacuum conditions. To 

reduce the noise levels 20 scans averaged. 
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XPS was a highly surface sensitive technique and the nitrogen cation may have been 

partially covered by neighbouring surfactant tails [30]. This led to small and noisy 

nitrogen Is peaks, the data from which was less reliable, however, the peak area (table 

4.14) was in broad agreement with the elemental analysis result. 

DODAB Laponite DODAB bentonite Claytone 

Relative 

peak area 

Centre (eV) Relative 

peak area 

Centre (eV) Relative 

peak area 

Centre (eV) 

1.0! 8 407.70 1.095 407.40 1.396 406.90 

Table 4.14. Area analysis ot xPb nitrogen 1s peaK for DODAB Laponite, DODAB bentonite 

and Claytone. A comparison between the values gives the relative amounts of nitrogen 

adsorbed to the surface. 

The nitrogen Is relative peak area of the Claytone sample was 1.3 times as large as 
the DODAB bentonite and 1.4 times as large as the DODAB Laponite peak. From 

elemental analysis the Claytone had 1.3 times the amount of surfactant adsorbed to 

the surface as DODAB bentonite and 1.5 times the amount of surfactant adsorbed to 

the surface as DODAB Laponite. This was in close agreement and supported the idea 

that even though the Claytone had above the CEC amount of surfactant adsorbed to 

the surface multilayer adsorption did not occur. Schematics of the surfactant 

molecules lie on the plates, [2,23,31], show monolayer adsorption and swelling from 

surfactant overlap from adjacent plates. This description was supported by the XPS 

data, however electrons from a few atoms deep were likely to escape without their 

energies becoming affected by layers above, [32]. 

4.6.6 BET surface area measurement of DODAB Laponite, DODAB 

bentonite, and Claytone 

The BET results gave the external area of the sample (table 4.15) and this value was 

used as a measurement of the average number of plates stacked together per grain of 

powder. 
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Sample BET surface area (m2g-1) Average (m2j") 

DODAB Laponite i 1.92 

DODAB Laponite ii 2.31 2.1 

DODAB bentonite i 8.91 

DODAB bentonite ii 6.42 7.7 

Claytone AF i 4.63 

Claytone AF ii 4.59 4.6 

Table 4.15. BET surface area determination for powdered DODAB Laponite, DODAB 

bentonite and Claytone repeated for all samples. 

After treatment with DODAB the BET surface area was reduced to 7.7 m2 g" a ratio 

of 98: 1 from the completely dispersed single plates and 98 plates were on average 

stuck together. For the Claytone sample the external area of single plates was assumed 

to be the same as for the bcntonite clay but the external surface area of the Claytone 

was only 4.6 m2 g-1. The ratio of the single plate surface area and the BET surface area 

was 163: 1 giving the average number of plates in a stack as 163. 

The diameter of the Laponite plates was 30 nm with a thickness of I mn [33] and as a 

result the assumption that the area of the plate edge was negligible when compared to 

the area of the face was harder to justify. The ratio of face area to edge area was 15: 1 

but the plates had a lower polydispersity than the natural bentonite. If the assumption 

that the edge area can be ignored is made the average number of particles of untreated 

Laponite stuck together in stacks was. 
800M 2 9-1 

= 2.05 
390m'g-' 

For the DODAB treated Laponite particles this increased to 377 particles per stack. 

From this very crude analysis of the Laponite, bentonite, and Claytone data the 

conclusion that can be drawn is the particles formed large agglomerates that did not 

allow nitrogen molecules to penetrate. The untreated Laponite sample had a much 

higher external surface area per gram than the untreated bentonite and this was 

assumed to be due to the industrial methods employed to powder the material. The 

Claytone sample did not show a similarlY high surface area per gram despite being 

industrially prepared. 
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4.7 Combined Cationic surfactant polymer treated clays 

Samples of surfactant treated clay dispersed in toluene adsorbed SAP polymer rapidly 
(section 3.2.5) and the samples went from a gel to a low viscosity fluid. Adsorption of 

the SAP polymer was assumed from the colour change of the particles to that of the 

polymer when centrifuged. 

4.7.1 Elemental analysis for SAP DODAB Laponite, SAP DODAB 

bentonite, and SAP Claytone 

With the excess polymer removed by centrifugation and redispersion in fresh toluene 

the samples were dried under vacuum at 100 T and submitted for elemental analysis. 

Sample % Nitrogen % Carbon % Hydrogen 

Stochiometric mass 2.55 82.91 14.55 

value for DODAB 

Elemental mass 1.00 32.51 5.71 

ratio for DODAB 

Stochiometric mass 2.41 81.58 13.26 

value for SAP 

Elemental mass 1.00 33.85 5.50 

ratio for SAP 

Table 4.16. Elemental composition of adsorbed DODAB surfactant (without the bromide ion) 

and elemental composition of SAP polymer. 

The elemental ratios for DODAB and SAP were very similar (table 4.16) therefore no 
difference between the samples was obvious from the elemental analysis results. As a 

further complication, lower molecular weights of SAP were thought to preferentially 

adsorb. However, it was known that the surfactant adsorbed very strongly to all the 

clays and it was thought that the SAP would just add and not exchange for surfactant 
molecules. However, this was not found to be the case (table 4.16). 

91 



Sample % Nitrogen % Carbon % Hydrogen 

Average DODAB 

Laponite 

0.74 23.99 5.03 

SAP DODAB Laponite 1.73 36.21 7.12 

Change in values +0.99 +12.22 +2.09 

Average DODAB 

bentonite 

0.87 26.79 5.95 

SAPDODAB 

bentonite 

1.24 33.56 6.38 

Change in values +0.37 +6.77 +0.43 

Average Claytone AF 1.10 34.72 7.03 

SAP Claytone 1.20 32.38 6.34 

Change in values +0.10 -2.34 -0.69 
Table 4.17. Elemental analysis of SAP DODAB Laponite, SAP DODAB bentonite, and SAP 

Claytone, compared to the surfactant treated samples. 

For all of the samples there was an increase in the amount of nitrogen adsorbed to the 

surface (table 4.17) however, the Claytone showed a decrease in the amount of carbon 

and hydrogen afler the treatment with the SAP. This may have been due to surfactant 

molecules becoming desorbed in the toluene solvent or because the SAP exchanged 

with the surfactant. The Claytone sample also pointed to the fact that lower molecular 

weight SAP molecules adsorbed preferentially as the overall nitrogen mass went up 

whilst the carbon and hydrogen reduced. The SAP DODAB Laponite and SAP 

DODAB bentonite samples showed an increase in material adsorbed over their 

DODAB precursors but it was not possible to tell if any exchange of DODAB 

surfactant for SAP had taken place, however it was assumed no DODAB was 

exchanged as it was close to the CEC. 
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4.7.2 Adsorption isotherm for SAP DODAB Laponite, SAP DODAB 

bentonite and Claytone 

The calculations carried out for the adsorption isothen-ns can be found in appendix 3. 

The treatment of surfactant-adsorbed clay with SAP polymer was suitable for carrying 

out an adsorption isotherm as the addition of SAP was a rapid, single step process. 

The measurements were all carried out at room temperature in filtered toluene solvent. 

The concentration of unadsorbed SAP was monitored with a series of ultraviolet- 

visible (UV-Vis. ) measurements on the supernatant of centrifuged samples. It was 

shown from elemental analysis that surfactant became desorbed from the samples of 

Claytone but the desorbed surfactant showed no absorption in the UV-Vis. that could 

interfere with the strong SAP absorption at 284 nm. 

The shape of the adsorption isotherms for all clay samples showed strong adsorption 

at low concentration of added SAP and rapidly reached a slightly inclined plateau 
(figure 4.8). This could indicate that at increased concentration of added SAP further 

adsorption of SAP may occur. 

0.6 

0.5 

0.4 

0.3 
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0.1 

-SAP Cla one 
-SAP DODAB bentonite 

-&-SAP DODAB Laponite 

0ýI-- 
----- - -- ---1 

0 0.04 0.08 0.12 0.16 0.2 

Concentration at equilibrium (mmols dm-3) 

Figure 4.8. Adsorption of SAP to the surface of DODAB Laponite, DODAB bentonite, and 

Claytone at room temperature in toluene. 
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In order to get a value of the adsorbed amount in terms of milligrams per metre2 the 

molecular weight of the adsorbing polymer was required. This was given as the 

molecular weight of the ideal SAP molecule but elemental analysis suggested that 

preferential adsorption of low molecular weight polymer occurred. The significance 

of this problem arose when the adsorption isotherm data was used in conjunction with 

the mass dependent elemental analysis data to obtain the composition of the surface of 

the clays. Also a value for the surface area of the clay was taken that assumed no clay 

aggregation occurred to reduce the area available for adsorption of the SAP. This 

value was the crystallographically determined area (table 4.13). 

Out of the treated clay types the Claytone sample reached a plateau first (smallest 

amount of SAP adsorbed) and the DODAB bentonite showed the greatest adsorption 

of SAP. The bentonite and Claytone clay types were known to be very similar and the 

reason for the difference in the adsorbed amount of SAP was attributed to the greater 

amount of surfactant adsorbed to the Claytone acting as a steric barrier to SAP 

adsorption. The DODAB Laponite sample adsorbed less SAP than the DODAB 

bentonite but more than Claytone. 

The results of the adsorption isotherm gave the amount of SAP with the ideal formula 

adsorbed to the clay particles in mgrný. The polydisperse polymer had shown 

preferential adsorption of lower molecular weight SAP molecules to the SAP 

bentonite and SAP Laponite particles and it was not known if this was true for the 

particles treated with both surfactant and SAP. However, the anchor group of the 

polymer on the clay surface was also the absorbing species for the UV-Vis. 

measurements [34] carTied out in the adsorption isotherms. Therefore, the adsorbed 

amount of SAP may have been an overestimate but the number of adsorbing 

molecules of the polydisperse polymer was correct. From the elemental analysis 

percentage mass results and the mass of nitrogen adsorbed calculated from the 

adsorption isotherm it was possible to estimate the polymer and surfactant 

composition of the surface of the clay particles. 
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4 Charactcrisation ofthe Clay Surface 

The amount of SAP added to the samples of surfactant treated clay for the 

experiments and elemental analysis was far in excess of the amount added for the 

adsorption isotherms and the assumption was made that the amount of SAP adsorbed 

to these samples did not exceed the plateau value as found from the adsorption 
isotherm. 

Equilibrium Area of Area of DODAB 

Sample SAP SAP moleculetaken from 

Concentration molecule adsorption isothermand 

(mgm") (nM2) elemantal. analysis (nm) 

SAP DODAB Laponite 0.30 12.9 0.7 

SAP DODAB bentonite 0.35 11.0 1.2 

SAP Claytone 0.20 19.3 1.1 

Table 4.18. Composition of the adsorbed layer for DODAB Laponite, DODAB bentonite and 

Claytone, made up of both SAP and cationic surfactant. 

For SAP DODAB Laponite and SAP DODAB bentonite the area per surfactant 

molecule cannot be correct as the predicted levels of surfactant were higher than 

found to be adsorbed from the elemental analysis data (table 4.13) and no further 

contact with free DODAB occurred. 

The adsorption isothenns showed SAP adsorbed to all of the surfactant treated clay 

samples. DODAB bentonite adsorbed the largest amount of SAP with an area of 11.0 

nm2 per SAP molecule (table 4.18) and Claytone least with an area of 19.3 nm2. 

By comparison of the elemental analysis results (table 4.17) and the adsorption 
isotherm an excess amount of nitrogen was found to be adsorbed to the bentonite and 

Laponitc. The only possible contributor to this excess mass was the SAP as there was 

no further contact with surfactant. The difference between the amount of SAP 

adsorbed given by the adsorption isotherm and the amount found from the elemental 
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analysis was due to the much greater amount of SAP added to the samples that were 
centrifuged and dried for the elemental analysis measurement. The excess SAP was 

strongly adsorbed as it remained attached to the clay samples throughout the 

redispersion process of sonication and heating. 

4.7.3 X-ray photoelectron spectroscopy of SAP DODAB Laponite, SAP 

DODAB bentonite, and SAP Claytone 

Centrifuged samples of SAP DODAB Laponite, SAP DODAB bentonite and SAP 

Claytone were dried under vacuum at a temperature of 100 IC overnight and crushed 
in a pestle and mortar to a fine powder. The powder dried in a vacuum oven at 100 'C 

for I hour and was examined using the XPS technique (figure 4.9). The overall 

nitrogen content was given even though the polymer nitrogen atoms were in a 
different chemical environment as the surfactant nitrogen atoms. 
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Figure 4.9. XPS plot from the nitrogen 1s peak of dried SAP DODAB Laponite, SAP DODAB 
bentonite and SAP Claytone. The energy difference is due to charging of the samples. 

The SAP DODAB bentonite sample gave the peak with the largest area that was 1.4 

times as big as the SAP DODAB Laponite, peak and 1.7 times as big as the SAP 

Claytone peak (table 4.19). This did not agree with the elemental analysis results 
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where the SAP DODAB bentonite sample contained 0.7 times the overall percentage 

mass of nitrogen as the SAP DODAB Laponite sample and about the same percentage 

mass of nitrogen as the SAP Claytone. The reason for the big difference was thought 

to be due to the polymer chains covering up the nitrogen on the SAP DODAB 

Laponite and SAP Claytone samples. 

SAP DODAB Laponite SAP DODAB bentonite SAP Claytone 

Relative 

peak area 

Centre (eV) Relative 

peak area 

Centre (eV) Relative 

peak area 

Centre (eV) 

1.760 404.30 2.386 405.20 1.384 407.70 

Table 4.19.1 tie area analysis ot AFb nitrogen is peaK tor SAP DODAB Laponite, SAP 

DODAB bentonite, and SAP Claytone. 

The reason why the polymer and surfactant chains obscured the nitrogen for the SAP 

Claytone sample and not for the SAP DODAB bentonite sample was not known 

especially as the clay types and overall percentage mass of nitrogen were so alike. The 

difference may have been due to the exact ratio of surfactant and polymer adsorbed to 

the surface. 

From the elemental analysis the overall the amount of polymer and surfactant 

adsorbed to the surface of the SAP bentonite and SAP Claytone samples was 

comparable. 

it appears there is twice the SAP or surfactant adsorbed to the bentonite; however 

from elemental analysis the total amount of nitrogen adsorbed to both clay samples is 

similar. 
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4.8 Conclusions 

Experiments have been performed on samples of untreated and treated Laponite and 

bentonite in order to characterise the surface of the samples. Adsorption of water has 

been shown to occur on powdered samples if exposed to the atmosphere for any 
length of time. For untreated clays the mass of water can be in excess of 10% of the 

overall mass. Treated clays adsorb less water but still a significant amount to their 

surfaces. For all samples most of the water can removed with heat treatment in a 

vacuum. 

A poly (isobutylene) polymer has been shown to adsorb strongly to the surface of 

Laponite and bentonite with the lower molecular weight polymer molecules adsorbing 

preferentially. Differences between the samples in the amount of polymer adsorbed 

and concentration on the surface suggest the SAP bentonite particles form aggregates. 

DODAB, a cationic surfactant, was successfully adsorbed to the clays but the samples 

did not form stable dispersions in toluene and polydecene and formed gels. The 

Laponite sample adsorbed a lower amount of DODAB to the surface than the 

bentonite sample and the Claytone had the highest proportion of surfactant adsorbed, 

however the CEC was not determined for the Claytone but the surfactant adsorption 

was found to be in excess of the CEC. 

The DODAB treated clay samples and Claytone adsorbed SAP, a short-chain poly 

(isobutylene) polymer, to the surface. The DODAB bentonite and Claytone formed 

stable dispersions after polymer treatment in toluene but the DODAB Laponite 

sample flocculated very quickly. The amount of the polymer adsorbed to all clay 

samples was determined from adsorption isotherms that assumed the clays became 

completely delaminated exposing all surfaces. 
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5 Oplical InspColon 

5 Optical Inspection 

5.1 Introduction 

After treating the Laponite and bentonite and dispersing them in an organic solvent 

the procedure was simply to observe their behaviour. This was done since broad 

qualitative observations clearly showed the range of behaviour of the treated clay 

samples. Toluene was chosen as the organic solvent for all the clay samples since they 

dispersed with least difficulty in this solvent and marginalisation. experiments were 

easy to conduct with the addition of miscible ethanol. Solvent evaporation and 

toxicity were a problem using toluene and therefore polydecene, a non-volatile and 

much less toxic alternative, was employed for a number of experiments. It was also 

suggested that crystallisation. of the octadecyl surfactant chains would occur at a 
higher temperature in polydecene and this was found to be the case. 

A wide range of behaviour was found depending on the specific treatment and 

solvent; some samples remaining colloidally stable with low viscosity, some slowly 

sedimenting out and some forming gels. Also a wide range of turbidity in the samples 

was found. The differences in the behaviour of the different clays and treatments 

potentially have many causes. Sedimentation of the particles may have occurred as a 

result of incomplete disaggregation (exfoliation) of the clay particles, but this was 

minimised by repeated ultrasonication and heating. The use of polar activators is a 

well documented method for breaking up particle aggregates to produce a 
homogeneous dispersion [1-3] but was not employed during this study since the role 

of the polar activator is a matter of discussion [3-5]. For many samples gelation 

occurred even at low concentration and was characterised by the trapped bubbles 

observed within the sample. Some of the most interesting samples were colloidally 

stable and displayed flow and static bireffingence depending on their concentrations. 

This chapter is arranged according to treatment method to enable, where possible, 
direct comparison between the types of clay under the same conditions. The 

differences in behaviour between Laponite, bcntonite and Claytone may be due to the 
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differences in the amount of surfactant and polymer adsorbed to the surface or due to 

a physical difference such as the size of the particles and polydispersity. 

5.2 SAP Laponite and SAP Bentonite 

The procedure of treating Laponite and bentonite clays with SAP is described in 

section 3.4 and was carried out following the method of van der Kooij [6] in exactly 

the same manner for both samples. The length of the SAP polymer chains had been 

determined as 4 nm from light scattering measurements carried out by Smits et al [7] 

in toluene. This gave an aspect ratio of SAP Laponite of -3: 1 and for the much larger 

and polydisperse SAP bentonite [8] from 10: 1 to 100: 1. The aspect ratios assume 

complete delamination of the particles in the organic solvent. 

The Claytone was not treated with SAP in this way since it was supplied with a 

cationic surfactant adsorbed to the surface that could not be completely removed 

rendering a comparison with the SAP bentonite and SAP Laponite samples invalid. 

The first difference between the SAP Laponite and SAP bentonite was noticed in the 

final stages of solvent transfer to toluene, where the swirled SAP Laponite remained 

as a clear yellow suspension (the colour of the polymer) and the swirled SAP 

bentonite was a yellow but cloudy dispersion showing a layered pattern throughout 

the sample giving it an inhomogeneous appearance (figure 5.1). This layering was 

caused by particles aligning in the velocity gradient of the moving fluid and was not 

thought to be a shear banding phenomenon [9]. The lines disappeared when the flow 

stopped leaving a much more homogeneous looking dispersion. 
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Figure 5.1.3.2% w/w SAP bentonite dispersion swirled by hand at room temperature in 

toluene. A number of 2 mm wide dark bands are seen running parallel with the direction of 
flow. Scale bar represents 20 mm. 

After the removal of excess polymer by centrifugation, the redispersed SAP bentonite 

remained cloudy (figure 5.2b) whereas the SAP Laponite dispersion was clear (Figure 

5.2a). The colour of the dispersions was yellow, due to the presence of the adsorbed 

SAP on the clay particles. This was most noticeable as the samples were sedimented 

under centrifugation leaving a colourless supernatant. Both dispersions had low 

viscosities and flowed as the sample tubes were tilted slightly. 

ibpl 
Figure 5.2a. SAP Laponite at 3.6% w/w Figure 5.2b. SAP bentonite at 3.2% w/w 

dispersed in toluene with all excess SAP dispersed in toluene with all excess SAP 

removed. The sample was clear yellow. removed. The sample was turbid. 

Scale bars represent 20 mm. 

The reason for the turbidity of the SAP bentonite dispersion was that the larger size of 

the bentonite plates led to much greater scattering of light [101. 
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The SAP bentonite dispersion displayed vivid bireffingence whilst under flow when 

the sample was swirled and observed through crossed polarisers (figure 5.3). This 

effect was due to alignment of the highly anisotropic SAP bentonite platelets and was 

not found for the much lower aspect ratio SAP Laponite particles. The flow 

bireffingence was visible for samples that had never been allowed to settle and for 

sediments redispersed with vigorous shaking by hand, showing that extensive 

irreversible aggregation did not occur upon sedimentation of the SAP bentonite. 

Figure 5.3. Flow birefringence of SAP bentonite. Sample concentration was 3.2% w1w in 

toluene. The sample was swirled by hand just before the photograph was taken. The 

birefringent domains were up to 4 mm by 2 mm depending on the rate of flow. The scale bar 

represents 10 mm. 

At high rates of flow, the birefringent domains were small and rapidly changing but as 

the flow rate decreased, the domains grew larger until just prior to stopping the flow 

when the flow bireffingence ceased. The shape and size of the bireffingent domains in 

a sample tube of 22 mrn diameter was not consistent but was not larger than 4 mm by 

3 min. The pattern caused by flow bireffingence was quite different from the narrow 

stripes observed with the naked eye for swirled samples (see figure 5.1). 

5.2.1 Settling of SAP Bentonite, 

On standing for a few hours the SAP Laponite particles remained well dispersed but 

the SAP bentonite particles started to settle out. SAP Laponite and SAP bentonite 
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particles are of similar densities, bare bentonite is 2.7 gCM-3 [I I] and bare Laponite is 

2.65 gCM-3 [12] and fairly similar overall surface coverage (see XPS and EA in 

section 4.4). Careful measurements were taken to find the rate of settling of the SAP 

bentonite sample by taking a 3.2% w/w dispersion in toluene and sealing it in a 28ml 

sample tube. Shaking in a spin mixer gave a well-dispersed solution that became clear 
from the top upon standing (figures 5.4). The rate of this sedimentation (i. e. the drop 

in level) was measured once every 24 hours (table 5.1). 

Settling rate of 

SAP bentonite. 

Drop from the top in 

24 Hours (mm) 

Drop from the top in 

48 Hours (mm) 

1 16 30 

2 15 29 

Table 5.1. Settling rate of 3.2% w/w SAP bentonite in toluene at room temperature. The 

settling quickly became very diffuse as the particles had a wide range of settling rates due to 

their high polydispersity. 

a 

b a 

Figure 5.4a. 3.2% w/w SAP Figure 5.41b. 3.2% w1w SAP Figure 5.4c. 3.2% w/w SAP 

bentonite in toluene dispersion bentonite in toluene dispersion bentonite in toluene dispersion 

24 hours after mixing. A dense 48 hours after mixing. The 72 hours after mixing. Almost 

sediment was visible at the settling layer was becoming all of the particles had settled 

bottom of the tube. more diffuse. out. 

Scale bar represents 20 mm for all samples. 

The concentration of the SAP bentonite particles in the sediment was measured at 
23%w/w by dry weight analysis after letting a sample settle for one week and 

carefully removing the excess solvent. This compared well with a measurement of the 

sediment thickness in the sample tube, and knowing the overall SAP bentonite 
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concentration to be 3.2% w/w, the particle concentration in the sediment was 

estimated as 22% w/w 

If the SAP bentonite particles were non-aggregating, the rate of settling in a given 

solvent depended on their overall density, their size and their shape. The particles, 

regardless of size, were subjected to the force of gravity and as they were denser than 

the surrounding solvent the force attracted them towards the bottom of the sample 
tube causing settling if acted upon by no other force. In opposition to the gravitational 
force was the randomising effect of Brownian motion (thermal energy) promoting a 

more uniform dispersion [13]. Also, as the particles moved through the solvent a 
frictional force became important which retarded the settling rate. 

5.2.1.1 Settling rate of SAP Bentonite 

The viscosity of the solvent toluene is 0.560 mPa s at 25 OC. 

Sedimentation rate measurements yield weight average values for the "equivalent 

spherical radius" by calculating the particle radius as if it were a sphere, applying 
Stokes' formula. The equivalent spherical radius is related to the a and b dimensions 

of ellipsoid of revolution by 

r, q 
ab ) 0.5 where a is diameter of the plates and b is thickness and F=0.66 a form 
F 

factor for thin discs [14]. 

For the bentonite samples of thickness 1 mn and diameter of 200 nm rq = 17.41 mn. 

The sedimentation rate of an uncharged particle of mass m and specific volume v in a 
liquid of density p depends on the viscosity of the liquid. The driving force on the 

particle, which is independent of particle shape, is m(I-vp)g, where g is the 

acceleration due to gravity. The factor (1-vp) allows for the buoyancy of the liquid 

[151. 
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As the particle settles it will reach its terminal velocity very quickly and the resistance 

of the liquid is m(I-vp)g =f wheref is the frictional coefficient of the particle in the 

given medium. 

For spherical particles the frictional coefficient is given by Stokes' Law. 

6n, 7 x rq [5.1] 

where q is the viscosity of the medium and rq is the radius of the particle. 

Therefore, if A is the density of a spherical particle (in the dissolved or dispersed 

state). 

(i. e. A=I )), then 
4 llr, 3q (P2 

- p)g = 61l qx rq 
dc 

or 
v3 dt 

dx 2 r, 
2 

, 
(P2 - Ag 

dt 9)7 
[5.2] 

Throughout the calculation the dimensions of the particles have been taken as the 

dimensions of the clay cores. This is clearly inaccurate as the adsorbed layer of 

polymer reduces the overall density of the particles and has an effect on the rate of 

settling. 

For the SAP bentonite samples settling in toluene the expected settling rate, based on 

plates with a radius of 100 nm, was 2.16x 10-9 ms-1. This translates to 0.2 mm in a 24 

hour period. The actual sedimentation rate was 80 times as fast! Clearly aggregation 

of the SAP bentonite plates occurs. 

From the measured sedimentation rate an estimate of the particle size was made 

dx 9 
dt rq= 1.58xlO-7m. 

(P2 -p)gx2 
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Conversion back to radius from the effective radius gives 

( ab r� 
2x0.66 

1()-5 req «' a=1.65x m b 

The radius of a plate of I run thick to settle at the observed rate is 16.5 Am. Plates of 
this size would be easily visible through the optical microscope and no such large 

aggregates have been observed. Therefore, face to face aggregation was strongly 
suspected. 

5.2.2 SAP bentonite birefringence 

Permanent bireffingence was seen in the sediment of the samples that were allowed to 

settle under gravity. The bireffingence showed the plates had an ordered structure 

upon settling which implies that they settle as anisotropic species such as individual 

particles or as anisotropic aggregates (figure 5.5). It is well understood that bentonite 

plates are polydispersc and due to this polydispersity it was very unlikely that higher 

ordering such as a columnar phase would be found in the sediment [ 16]. 

Figure 5.5.3.2% w/w SAP bentonite sample settled in a 1mrn thick, 9 mm wide glass cell 

over 7 days at room temperature showing a birefringent pattern. The picture was taken 

through the crossed polarisers of the birefringence box. The bright C-shape was from the 

filament of the bulb. Scale bar is 10 mm. 
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5.2.2.1 Polarising Microscopy of SAP samples 

The polarising microscope pictures of the sedimented SAP bentonite were taken with 

the samples in aI mm thick flat walled scattering tube and allowed to settle upright for 

one week at room temperature (figures 5.6). The sample was placed horizontally, with 

care, on the microscope stage, which disturbed the sediment slightly. 

Figure 5.6a. Surface of the SAP bentonite Figure 5.6b. The same area but twisted 

sedimented layer. Tiger stripes and mottled through 170 showing the disturbed surface 

patterns are seen with a haze of particles layer of the SAP bentonite very clearly and 

above the sediment. disturbed uniformly. 

The scale bars denotes 100 jim. 

The thickness of the disturbed surface layer above the sediment was 0.2 mm and 

tumbling particles were seen as twinkling specks within this layer. Over the course of 

an hour the layer did not diminish in size or brightness but was not taken as a 

permanent feature since there was no sign of it when the sample tube was kept upright 

over a number of days. The thickness of the birefiringent stripes seen in the sediment 

varied from 0.02 to 0.04 mm wide and up to 0.15 mm deep. Below this layer the 

sediment displayed bireffingent domains of around 0.03 x 0.03 mm, characterised by 

similarly orientated particles surrounded by particles with different orientations. 

Near the bottom of the sample holder there were also many features but the 

colouration was more consistent without dramatic bands of colour and any bright 

layers. This suggested a more uniformly settled layer and was most clear immediately 

adjacent to the bottom of the glass cell. The texture shown in this figure indicates that 
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the platelets in the sediments are ordered into a nernatic structure. A detailed survey of 

the concentration at which the isotropic - nernatic transition occurs for SAP bentonite 

has not yet been carried out. (figure 5.7). 

Figure 5.7. SAP bentonite sediment observed through crossed polarisers. These particles 

settled first and were at the bottom of the sample tube. Scale bar = 100 pm. 

5.2.3 SAP Laponite and SAP bentonite in marginal solvent 

By marginalising the solvent conditions for the polymeric steric layer of stabilised 

particles, attractions were induced as the polymer favoured polymer-polymer contact 

over polymer-solvent interaction [17]. For the SAP-treated clays the solvent was 

marginalised with the addition of miscible but polar ethanol to the non-polar solvent 

toluene. The aim of the experiment was to induce attractions between particles and to 

forrn a gel. The same overall concentration of the particles was maintained throughout 

each series for direct comparisons between samples with the ethanol added last (figure 

5.8). The SAP Laponite and SAP bentonite were spin mixed and left in the sonic bath 

for I hour, then allowed to stand and settle under gravity for 7 days at room 

temperature. This dispersing procedure was also carried out on the samples at 40 T to 

determine if there were any temperature effects on the sediment height. 
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5 Optical Inspection 
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Figure 5.8. Plot of SAP Laponite and SAP bentonite with marginal ethanol/toluene solvent. 

The concentration of the SAP Laponite was 1.0% w/w and the SAP bentonite was 1.6% w/w. 

No plot of SAP bentonite is given at 40 OC as the sediment height changed only marginally at 

raised temperature. 

The sample of SAP bentonite was not stable in pure toluene and gave the densest 

sediment, and with an increasing proportion of ethanol the sediment height became 

larger due to increased attraction between treated clay particles and them sticking 

together on contact. The series of samples is shown below (figure 5.9). 
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Figure 5.9.7 ml samples of SAP bentonite dispersed in toluene/ethanol solvent mixtures at 

weight fraction shown in figure 5.8. Samples were at room temperature with increasing 

ethanol concentration from left to right. 

For the SAP bentonite the sediment height changed only slightly until the amount of 

ethanol reached somewhere between 25% and 33.8% of the total solvent. From 

observations, however, the marginal samples formed aggregates that could easily be 

redispersed as a very fine "smoke" with no large flocs seen. This was true over the 

range of samples including the sample with the highest proportion of ethanol. The 

sediment height for the SAP bentonite particles remained small for samples 

containing up to 25% w/w ethanol but then rapidly increased with greater proportions 

of ethanol. Flow bireffingence was evident in the SAP bentonite samples up to an 

ethanol concentration of 16.9% w/w. At this concentration the sediment height was 

very similar to the pure toluene sample suggesting that particle-particle attractions 

were not sufficient to stick the particles together on first contact. The effect of raising 

the temperature on the sedimentation of the SAP bentonite dispersion in 

toluene/ethanol was investigated. The samples were dispersed at 40 'C and kept at this 

temperature whilst being allowed to resettle over I week. No observable difference in 

the final sediment height was found when compared to the samples prepared at 20 'C. 

The same marginalisation experiment was carried out with the non-settling SAP 

Laponite samples, which gave a differing result, showing a temperature-dependent 

effect. At 20 'C (figure 5.1 0a), with an increased proportion of ethanol in the solvent, 

the sample became slightly cloudier but no settling was observed indicating the 

turbidity may be due to larger flocs and also the refractive index difference between 
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the mixed solvent and the particles. A sediment was formed with an ethanol 

concentration of 20% w/w and the concentration of the particles in the sediment was 
3.8% w/w. With further increases of the ethanol concentration the sedimented layer 

grew in thickness and the particle concentration in the sediment decreased to below 

2% w/w. The increase in sediment height with decreasing solvent quality was 

expected since the particles became stuck as their polymer layers touched 

neighbouring particles. The most compact gel was seen as the solvent quality just 

turned from good to bad. The reason for this was the particles did not simply stick 

when they first encountered other particles but instead rearranged due to the low 

polymer-polymer attraction. 

On warming to 40 'C (figure 5.10b) samples with 20% and 22.5% w/w ethanol 
became stable, spontaneously redispersing over a few minutes giving a slightly turbid 

dispersion. These samples could be warmed and cooled repeatedly and always 
dispersed and sedimented with raising and lowering temperatures. At an ethanol 

proportion of 25% w/w, stability was not detected at 40 *C but the sediment height 

remained higher than for the same sample at 20 'C. This suggested the interparticle 

attraction was greater for this sample at higher temperature, a feature not observed for 

the samples with a lower proportion of ethanol. 

On phase separation the lower particle-rich phase did not flow if the sample tube was 
held at an angle for over a day. Slight shaking also failed to disturb the particles and 

therefore it was assumed the lower phase was a gel. Unfortunately, when the 

supernatant was decanted from those lower temperature samples that became stable at 

high temperatures, they did not form space-filling gels and a colourless supernatant 

was always observed. The reason for this was not known but an alteration in the 

solvent composition due to evaporation was strongly suspected. 
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Figure 5.10a. 4 ml samples of SAP Laponite Figure 5.10b. The same mixed solvent SAP 

dispersed in mixed toluene/ethanol solvents at Laponite dispersions at 40 OC. 

20 *C. Increasing polarity from left to right. 

The toluene/ethanol solvent composition is shown in figure 5.8. 

5.2.4 SAP Laponite and SAP bentonite Comparisons 

Despite undergoing the same treatments, the SAP Laponite and SAP bentonite 

behaved differently. The clay plates had one large physical difference: their size. The 

density and surface area of the plates was similar and the reason for the SAP bentonite 

settling out was due to particle size. 

As a result of the very different aspect ratios of the treated clay particles flow and 

static bireffingence was found for the SAP bentonite but not for the SAP Laponite. 

This was not unexpected since the aspect ratio of the SAP Laponite particles was 

much lower than that of the SAP bentonite plates. 

The untreated bentonite particles had a very high polydispersity and if the 

sedimentation in pure toluene of the SAP bentonite were due to size alone then a great 

time range for the sample to settle would be expected. This was not found therefore 

particle aggregation seemed probable. 

As a comparison of the samples in marginal solvents, the SAP bentonite settled and 

the settled volume was moderately affected by the "quality" of the solvent conditions. 

The SAP Laponite dispersions showed a much bigger response to the reduction of the 

quality of the solvent but initially remained as a single-phase. When phase separation 
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occurred at 20 'C samples over a narrow range of concentration could be returned to a 

single-phase fluid by warming to 40 IC. 

5.3 Cationic surfactant treated Clays. 

The samples of Dioctadecyl dimethyl ammonium bromide (DODAB) Laponite and 

DODAB bentonite were prepared as described in section 3.4. After grinding in a 

pestle and mortar the fine powders were distinctive in colour. DODAB Laponite was 

a white powder (figure 5.11 a), DODAB bentonite was light grey (figure 5.11 b), and 

Claytone AF was beige (figure 5.13c). The Claytone was supplied as a much finer 

powder than could be produced by grinding in a pestle and mortar and was used as 

received. 

The samples were placed in glass sample tubes with the thread wrapped in a single 

layer of PTFE tape. This was done to prevent both toluene from evaporating and 

ultrasonic bath water from contaminating the samples. 

b 

. 11 

L 
Figure 5.11a. Dry powdered Figure 5.11b. Dry powdered Figure 5.11c. Dry powdered 

DODAB Laponite. The powder DODAB bentonite. The Claytone AF. The particles 

was white powder was slightly grey. were finer than the homemade 

treated clays and beige 

Scale bar equals 10 mm Scale bar equals 20 mm 

Many samples of DODAB Laponite, Claytone, and DODAB bentonite were prepared 

in toluene at different concentrations. The highest concentration attempted was 20% 
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w/w but wetting the clays proved very difficult because the samples gelled rapidly and 

so firmly that dry patches of clay powder persisted that could not be wet, even by 

stirring with a spatula and these samples were abandoned. At lower concentrations 

samples were dispersed using spin mixing, sonication and heating over several hours 

to form a homogeneous dispersion (figures 5.12). 

Figure 5.12a. Toluene was 

added to DODAB Laponite to 

make a particle dispersion of 

10% w/w. The picture is taken 

before mixing of the sample 

and is at room temperature. 

The toluene wets the powder 

without the need for agitation 

Figure 5.12b. Toluene was 

added to DODAB bentonite to 

make a particle dispersion of 
7.3% w/w. The picture is taken 

before mixing of the sample 

and is at room temperature 

and no agitation was required 

to wet the particles. 

Figure 5.12c. Toluene was 

added to Claytone AF to make 

a particle dispersion of 7.3% 

W/w. The picture is taken 

before mixing of the sample 

and is at room temperature. A 

large amount of dry Claytone 

can be seen at the bottom of 

the sample tube. 

Scale bar equals 10 mm Scale bar equals 20 mm 

The Claytone sample, despite having a wide dry layer, showed early signs of dispersal 

because large loose aggregates could be seen extending into the solvent. The DODAB 

bentonite and DODAB Laponite samples, on the other hand, despite being wetted by 

the toluene remained firmly attached to the bottom of the sample tube. 
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The Claytone required less agitation to disperse than both the homemade surfactant 

treated clays, which was no surprise, the excess surfactant adsorbed to the surface 

kept the clay plates further apart reducing the van der Waals forces of attraction [18] 

and allowed for easier solvent inter-layer penetration. Also, the Claytone powder was 
finer than the bigger granules of the pestle and mortar-ground DODAB bentonite that 

were wetted more rapidly. 

The samples were spin mixed to break up the clay at the bottom of the tube and then 

were placed in a beaker of water at 80 IC and left to stand in an ultrasonic bath for I 

hour. The temperature of the water in the beaker dropped to the ambient temperature 

of the water bath (35 'C) within the first 10 minutes. The photographs were taken to 

show the development of the dispersion (figures 5.13). 

Figure 5.13a. 10% w/w 

DODAB Laponite in toluene 

after 1 hour of sonication and 

heating showing yet to be 

complete dispersion. The 

sample at room temperature 

after standing for 15 minutes. 

Small bubbles fail to rise 

through the sample indicating 

the presence of a gel. 

Scale bar represents 10 mm 

Figure 5.13b. 7.3% w/w 
DODAB bentonite after 

agitation and heating for 1 

hour. The dispersion 

developed as a gel but 

remains incomplete. The 

picture was taken at room 
temperature with the sample 

standing for 15 minutes. 

Scale bar represents 20 mm 

Figure 5.13c. 7.3% w/w 
Claytone AF dispersion has 

developed to a point where the 

particles occupy 100% of the 

available volume and have 

gelled. The picture was taken 

at room temperature with the 

sample standing for 15 

minutes. 

The Claytone sample formed a gel that remained space filling after only a moderate 

amount of agitation. The DODAB Lapon'te and DODAB bentonite samples also 

117 



formed a gel but they very quickly settled leaving a colourless supernatant. The 

DODAB bentonite and DODAB Laponite left a grainy solid of large aggregates on 
the walls of the sample tube if shaken by hand. 

On heating and with sonication the Claytone dispersion became less turbid indicating 

that the remaining aggregates were becoming fewer or smaller. 

The complete dispersion was achieved by placing the sample tubes in an ultrasonic 
bath heated to 60 'C and every minute for one hour the samples were removed and 

shaken vigorously by hand. The samples were then left to stand in the hot ultrasonic 
bath for a further two hours with occasional shaking by hand, and finally the samples 

were simply left to stand in the ultrasonic bath for another three hours (figures 5.14). 

This was the most powerful agitation method found that worked without having to 

resort to a high pressure homogeniser, which would have heated the samples very 

rapidly to a high temperature, consequently causing the volatile solvent to evaporate 
[191. 
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Figure 5.14a. 10% w/w well 

dispersed DODAB Laponite 

gel in toluene at room 

temperature. The space-filling 

gel was almost colourless. 

Scale bar represents 10 mm 

Figure 5.14b. 7.3% w/w well 
dispersed DODAB bentonite 

gel in toluene at room 

temperature. The gel was 

cloudy. 
Scale bar rep 

Figure 5.14c. 7.3% w/w well 

dispersed Claytone AF gel in 

toluene at room temperature. 

The sample appears light 

yellow in colour. 

resents 20 mm 

The samples were allowed to stand at room temperature overnight and did not settle 

and were inverted as a simple display of the gel strength (figures 5.15). This period of 

standing was significant because gel strength increased if the samples were left 

untouched for more than a few hours, which suggests that the samples of cationic 

surfactant adsorbed clay underwent structural reorganisation [20]. 
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Figure 5.15a. 10% w/w Figure 5.15b. 7.3% w/w Figure 5.15c. 7.3% w/w 
DODAB Laponite in toluene DODAB bentonite in toluene Claytone in toluene slid to the 

can be inverted without can be inverted without the bottom of the sample tube 

slumping to the bottom of the sample failing to the bottom of upon inversion. 

sample tube. the tube. 

Scale bar represents 10 mm Scale bar represents 20 mm 

The samples of surfactant-treated clay were all gels but the Claytone, the most easily 
dispersed sample, could not be inverted without sliding down the side of the sample 
holder. However, from these observations alone the gel strengths of Claytone 

dispersions in toluene compared to DODAB Laponite and DODAB bentonite at the 

same concentration appeared similar. 

All three samples gelled when dispersed in toluene but importantly they required a 

substantial amount of vigorous shaking and stirring in order to ftilly disperse (with 

Claytone requiring the least amount of agitation). This was unsurprising as the 

Claytone was such a fine powder and supplied with dispersing agents already added 

[21]. 

An excess surfactant was added to the Claytone [22] during its manufacture and some 

of this excess became unattached when the clay was dispersed in toluene and could be 
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seen as aggregates by the polarising microscope (figure 5.16c). The same was not true 

for the homemade samples that had a near cationic exchange capacity amount of 

surfactant used for the treatment (figures 5.16a and 5.16b). 

toluene at 20 IC and was magnification and conditions 

allowed to stand for one week prepared in the same way as as the previous samples. A 

before a small amount was the DODAB Laponite sample. diamond shaped surfactant 

placed on the microscope aggregate can be seen. 

slide for examination. 

Scale bar represents 200 jim for all images 

5.3.1 Marginalising experiments 

One of the first experiments carried out with the surfactant-treated clay samples was 

to marginalise the solvent with the addition of ethanol but keep the overall 

concentration constant throughout. The reason for this experiment was to find a 

solvent mixture that was stable at high temperature but gelled at low temperature. 

This state was never found with purely surfactant-treated clays and there was little 

observable temperature dependence of the gelling behaviour (samples remained as 

gels over a wide temperature range). All the surfactant-treated clays appeared to 

require a small amount of ethanol in order to form a space-filling gel but as the 

proportion of ethanol was increased the samples phase separated again. 

The samples were prepared at higher concentration in pure toluene and placed in an 

ultrasonic bath for I hour before the addition of toluene and ethanol to keep the 

particle concentration constant throughout the series. After the toluene and ethanol 
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Figure 5.16a. Polarising 

microscopy image of 10% w/w 

DODAB Laponite in toluene at 

20 OC. The sample was 

Figure 5.16b. Polarising 

microscopy image of 7.2% 

w/w DODAB bentonite in 

Figure 5.16c. Polarising 

microscopy image of Claytone 

AF in toluene under the same 



addition, the samples were sealed in their tubes, spin mixed for a few seconds and 

placed for another hour in the ultrasonic bath. The water temperature in the ultrasonic 
bath, though wanned by the ultrasonic action, was not set by hand and rose to 45 OC 

by the end of the hour in the bath. 

The toluene and ethanol composition of the samples is given in figure 5.17. 

100 

90 

80 

70 

60 

50 

40 

4D 30 

1! 20 

10 

0 

DAB Laponite 
DAB bentonite 

ytone_ 

Figure 5.17. Graph of the variation of gel height with solvent composition for DODAB 

Laponite, DODAB bentonite and Claytone in toluene/ethanol mixed solvents. 

Images of the marginalisation experiments of DODAB Laponite, DODAB bentonite 

and Claytone can be seen in figures 5.18, below. 
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composition given in figure 5.17, above. 

composition given in figure 5.17, above. 

win 
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Figure 5.18a. Series of DODAB Laponite samples, 20 g total solvent mass at 5% w/w in 

mixed solvent of toluene/ethanol at room temperature after standing for 7 days. Solvent 

Figure 5.18b. Series of DODAB bentonite samples 16 g total solvent mass at 4% w/w in 

mixed solvent of toluene/ethanol at room temperature after standing for 7 days. Solvent 



mixed solvent of toluene/ethanol at room temperature after standing for 7 days. Solvent 

composition given in figure 5.17, above. 

Initially it was thought that a small amount of ethanol was needed to stabilise the 

dispersion but further literature investigation found that the ethanol was acting as a 
dispersing agent [1,2]. Sonicating whilst heating the particles for a longer time 

confirmed this, however because of some ambiguity in the literature regarding the role 

of the ethanol it was decided not to pursue the marginalisation experiments purely by 

this method. 

The behaviour displayed in figures 5.18 was certainly interesting with all the samples 

sedimenting without the addition of ethanol. The DODAB bentonite and Claytone 

formed quite a dense sediment (low sediment volume) and the DODAB Laponite 

showed a much more open sediment. There were two possible reasons for this; the 

first was that the DODAB Laponite particles formed an open network due to the 

greater inter-particle attraction without any ethanol present causing the particles to 

become stuck fast on first contact with other DODAB Laponite particles. 

Alternatively, the DODAB Laponite aggregates as the powder may have broken down 

and dispersed to a greater extent than the DODAB bentonite and Claytone and formed 

a network with more available particles resulting in a greater network volume. The 

DODAB bentonite and Claytone may have rearranged after contact and fon-ned a 

more ordered and dense structure. Beyond a certain limit the solvent mixture became 

poor for the surfactant-adsorbed particles and they phase separated again. However, 

for the DODAB Laponite samples, the sediment became denser with increasing 

ethanol; but for the Claytone and DODAB bentonite the sediment height goes through 

a minimum and starts to occupy greater volume. It was the increasing sediment height 

that could be explained by reasoning that the poorer the solvent the greater the 

interparticle attraction and the more open the sediment structure. Also, the Laponite 
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Figure 5.18c. Series of Claytone AF samples 16 g total solvent mass dispersed at 5% w/w in 



particles have a high proportion of plate edge with no surfactant adsorbed and this 

may play an important role in gel formation. 

5.3.2 Cationic Surfactant-treated clays in polydecene 

An alternative solvent, polydecene [23,241 was used to disperse the samples and was 

selected because of its non polarity, low volatility, and use in many cosmetic 

formulations. The same dispersing procedure was used to disperse the particles as for 

the well dispersed toluene samples, i. e. prolonged sonication and heating (figures 

5.19). 

Figure 5.19a. DODAB 

Laponite dispersed in 

polydecene at a concentration 

of 7.1 % w/w. The sample was 

returned to room temperature 

for one week before the 

photograph was taken. 

Scale Bar rep 

Figure 5.19b. DODAB 

bentonite dispersed in 

polydecene at a concentration 

of 7.2% w/w. The sample was 

allowed to stand for one week 

at room temperature. 

resents 20 mm 

Figure 5.19c. Claytone AF 

dispersed in polydecene at a 

concentration of 7.2% w/w. 
The sample was allowed to 

stand for one week at room 

temperature. 

Scale Bar represents 10 mm 

Only the Claytone could be dispersed in the polydecene using the spin mixing, 
heating, and sonication. method outlined previously. The reason for this was attributed 

to the excess surfactant added to the surface of the clay during its preparation. With 

the Claytone surface covered with surfactant molecules the polydecene was able to 
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penetrate between the layers of clay separating the individual plates thus easing the 
dispersion. 

5.4 SAP and Surfactant Combined Treatment 

The SAP-treated samples of surfactant-adsorbed clay showed a number of interesting 
features. The method used to treat the clays with the SAP polymer was very quick and 
effortless in comparison with the other treatments. Excess SAP polymer was simply 
added neat or diluted in toluene to a dispersion of surfactant adsorbed clay particles 

and shaken by hand. 

5.4.1 SAP DODAB Laponite 

On addition of SAP to DODAB Laponite the gel rapidly reduced in viscosity and 
became a fluid yet shaking of the sample revealed large aggregates that settled out 

within 5 minutes (figure 5.20). Sustained sonication and spin mixing did not break 

down these aggregates and the excess polymer was removed by allowing the particles 
to settle and decanting the yellow coloured supernatant before adding fresh toluene. 
This process was repeated until the supernatant remained colourless. There was no 

change in the behaviour of the SAP DODAB Laponite particles and the large 

aggregates were still visible as grains on the walls of the sample tube. 

Figure 5.20. SAP DODAB Laponite at 5% w/w in toluene at room temperature with the 

excess polymer removed. The sample phase separate within a few minutes when left to 

stand. The scale bar equals 20 mm. 
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From observing the colour change in the sample it was evident that SAP adsorbed to 

the surface of the Laponite but unlike the pure SAP treated Laponite, the particles 

were not stable. It was expected that the addition of SAP to the DODAB Laponite 

would stabilise a dispersion of the particles in toluene since toluene is a good solvent 

for the polymer [25]. The addition of DODAB to Laponite occurred over the faces of 

the plates and not at the edges but the SAP adsorbed over all of the surface [26] and 

may have disrupted the gelling mechanism where edge charges have been considered 

important [4,27]. There is also the possibility of bridging flocculation between the 

exposed edges of DODAB Laponite from the succinimide head group. This does not 

fully explain the instability of the SAP DODAB Laponite dispersion in toluene and 

the cause of the SAP DODAB Laponite flocculation was a mystery, especially when 

they had adsorbed an appreciable amount of polymer that was designed to stabilise 

particles in organic media [7]. 

5.4.1.1 SAP DODAB Laponite Solvent Transfer 

The effect of changing the solvent was investigated with the transfer of the SAP 

DODAB Laponite particles to non-volatile polydecene (section 3.2.6) however, the 

particles remained unstable (figure 5.21). This was not unexpected, since polydecene 
is a branched chain alkane and hence is a slightly poorer solvent than toluene. 

Figure 5.21. SAP DODAB Laponite at 3% w/w dispersed in polydecene, at room temperature. 

The sample phase separated after 5 minutes settling to the height in the picture within 2 

hours. The scale bar represents 20 mm. 
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The concentration of the particles in the sediment where polydecene was the solvent 

was 8% w/w but 13% w/w for the particles dispersed in toluene. This indicates that 

toluene was a better solvent for the SAP DODAB Laponite as the particles formed a 

more dense network since the energy barrier to rearrangement was not too high [28]. 

If rearrangements can occur then the mechanism for particle aggregation will be a 

dynamic process and not a chemical process such as bridging flocculation. 

5.4.2 SAP DODAB bentonite and SAP Claytone 

On addition of SAP to a dispersion of DODAB bentonite or Claytone in toluene the 

gel broke down very quickly and the sample became a fluid with a low viscosity. If 

the samples were held between crossed polarisers upon addition of the SAP to the 

DODAB bentonite and Claytone, flow bireffingence was observed suggesting the 

particles were well stabilised. The excess polymer was removed by centrifugation, the 

supernatant was removed and after addition of fresh toluene, the particles were 

redispersed by spin mixing and sonication. This process was repeated 3 times. 

The slightly turbid dispersions of DODAB bentonite and Claytone became clearer 

after treatment with SAP indicating the number and/or size of aggregates was reduced 

(figures 5.22). However, the value of the refractive index of the treated particles may 

have approached the value of the refractive index of the solvent causing a reduction of 

the light scattering contrast. The refractive index of the SAP polymer was 1.5045 [26, 

29] and toluene solvent was 1.497 [29]. 
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5 Optical Inspection 

Figure 5.22a. SAP DODAB bentonite at 5% Figure 5.22b. SAP Claytone dispersed at 5% 

w/w dispersed in toluene at room temperature w/w in toluene at room temperature without 

without excess SAP removed. excess SAP removed 

Scale bar represents 20 mm. 

Unlike the SAP DODAB Laponite particles dispersed in toluene, the SAP DODAB 

bentonite and SAP Claytone dispersions did not settle out when left standing for days 

or even weeks. With toluene as the solvent and over a wide range of concentrations 

the particles remained as fluids showing no tendency to gel. However, samples of 

SAP-treated Claytone showed some slow-growing aggregates when observed through 

crossed polarisers that looked fine and wispy and took a number of days to develop 

(figure 5.23). The aggregates rapidly disappeared upon warming to 50 OC and were 

too delicate to remove from the sample intact. They were believed to be surfactant 

above the cationic exchange capacity adsorbed to the Claytone displaced by the SAP 

molecules. 
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Figure 5.23. Aggregation of excess surfactant from a sample of 3% w/w SAP treated 
Claytone in toluene. No attempt was made to purify the sample and get rid of excess 
surfactant and polymer. The picture was taken between crossed polarisers. The scale bar 

represents 20 mm. 

Flow bireffingence was displayed by the SAP DODAB bentonite and SAP Claytone 

samples and appeared when gently shaken between crossed polarisers (figure 5.24). 

The flow bireffingent patterns rapidly relaxed at low particle concentration once the 

flow of the sample ceased. 

Figure 5.24. Flow birefringence seen for a sample of SAP DODAB bentonite at 2.1 % W/w in 

toluene at room temperature. Scale bar equals 10 mm. 
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The flow birefringence remained at concentrations above 5% w/w. However, this 

permanent bireffingence was not found to occur spontaneously and was always flow 

induced (figure 5.25). For these samples the permanent bireffingence showed that a 

very weak gel was fon-ned that was broken down by a small disturbance. 

Figure 5.25. Flow induced permanent birefringence seen for a sample of SAP Claytone at 5% 

w/w in toluene at room temperature. Scale bar denotes 20 mm. 

The difference in behaviour between the dispersions of SAP DODAB bentonite and 
SAP Claytone in toluene, when compared to the SAP DODAB Laponite dispersion, 

was remarkable especially considering the much smaller size of Laponite particles. 
Aggregation of the SAP DODAB Laponite clearly occurred but the nature of the 

strong interparticle attraction was unknown. 

5.4.3 SAP Claytone Marginal solvent 

The SAP Claytone samples were stable in pure toluene and the solvent was 

marginalised with the addition of ethanol to induce gelation. A series of samples were 

made at low but constant SAP Claytone concentrations in toluene and the proportion 

of ethanol and toluene was altered. 

The dispersions in the marginal solvent were prepared (figures 5.26) with the addition 

of first toluene then ethanol and finally they were spin mixed and allowed to stand. 
The sample with the greatest amount of ethanol became the most turbid and started to 
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phase separate rapidly. The turbidity was due not only to large aggregates fon-ning but 

also the increased difference in the refractive index between the particles and the 

solvent. 
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Figure 5.26.1% w/w SAP Claytone dispersed in mixtures of toluene and ethanol at 20 IC. 

Pictures of the samples are shown below, figure 5.27. 

Figure 5.27a. SAP Claytone dispersions in Figure 5.27b. The same SAP Claytone mixed 

toluene ethanol mixtures with increasing solvent dispersions 40 IC. 

proportion of ethanol at 20 OC. 

Scale bar represents 20 mm. 

Phase separation was found as the solvent was increasingly marginalised with the 

addition of a greater proportion of ethanol (figures 5.27). This phase separation 

occurred as the total amount of ethanol exceeded 25% w/w with the sample at this 

concentration not becoming homogeneous when kept at 40 T overnight. After 

shaking by hand the nature of the samples did not alter and they all displayed the 
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5 Optical Inspection 

same behaviour as at 20 OC. The sediments of the phase-separated samples were gels 

since they held their original shape when the sample tubes were placed on a steep 

slope overnight. Using this method to marginalise the solvent conditions for the SAP- 

adsorbed particles was not productive. Another problem with this method was the 

solvent evaporation changing not only the concentration of the particles but also the 

composition of the solvent mixtures. 

5.4.4 Transfer of SAP DODAB bentonite and SAP Claytone into 

Polydecene 

The original aim of the study was to make a dispersion of anisotropic particles that 

was stable at high temperature but unstable and gel forming at low temperature 

(figures 5.28). Transferring the SAP Claytone and SAP DODAB bentonite samples 
from toluene into non-volatile polydecene [24] gave a dispersion that displayed 

temperature-dependant gelling. This transfer was carried out by placing a known mass 

of SAP-adsorbed clay in toluene in a round-bottomed flask and adding polydecene to 

make a dispersion at a known weight concentration. The toluene was removed by 

rotary evaporation to leave the SAP adsorbed clay dispersed in polydecene alone. Dry 

weight analysis could not be carried out on the particles in polydecene, because 

polydecene did not significantly evaporate under vacuum at 100 'C for 24 hours. The 

weight concentration of the treated clay in the polydecene was based upon knowledge 

the concentration and mass of the toluene samples. 

PA laz"W" 

a*A4* *v "A, 
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Figure 5.28a. 5.2% w/w samples of SAP Figure 5.28b. 5.2% w/w SAP DODAB 

DODAB bentonite, on the left, and SAP bentonite, on the left, and SAP Claytone, on 
Claytone, on the right, dispersed in polydecene the right, dispersed in polydecene at -7 OC. 

at room temperature. The samples form a gel. 

Scale bars indicate 20 mm. 

The dispersions in polydecene were opaque and fluid but more viscous than 

dispersions at the same concentration in toluene. Due to the turbidity of the samples, 

evidence for flow bireffingence was not found but particle aggregation did not occur 

as the samples only started to sediment if left to stand for weeks. Samples were 

prepared from 3.5% w/w to 10% w/w and all showed highly important temperature- 

dependant gelling behaviour. The temperature at which the gelling transition occurred 

was below 0 'C and was found by cooling the samples in a freezer. 

This behaviour was not as a result of the polymer and surfactant-fich polydecene 

freezing; the addition of free SAP and DODAB to the polydecene found in the gelling 

samples did not form a gel over a range of concentrations (see chapter 7). 
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ft II 

Placing the samples in a freezer and noting the temperature at which the samples 

gelled and then permitting them to warm back up to room temperature and noting the 

temperature at which they became fluid were the initial experiments carried out with 

the temperature-dependant gelling samples. Due to the samples' very low volatility 

and the reversible gelling behaviour displayed a rheological study was undertaken. 

5.5 Conclusions 

Both Laponite and bentonite were successfully treated at low concentration with a low 

molecular weight poly (isobutylene) polymer SAP. The particles dispersed in toluene 

showed very different behaviour with the SAP Laponite remaining stable with a low 

viscosity but the SAP bentonite scdimented completely within a few days due to 

particle aggregation. 

The highly anisotropic SAP bentonite plates displayed flow bireffingence and the 

sediment was nematic. No liquid crystalline phases were found for the stable SAP 

Laponite dispersion, however the aspect ratio of these particles was at best 4: 1 and the 

concentration required was never achieved without the particles drying out on the 

walls of the vessel. A temperature-dependant gelling transition was found for SAP 

Laponite dispersed in a toluene/ethanol mixed solvent but slight solvent evaporation 

made quantitative study of the samples difficult. 

The behaviour of dispersions in toluene of dioctadecyldimethyl ammonium bromide 

(DODAB) cationic surfactant-adsorbed clays was investigated but the dispersions 

always formed gels. However, the treatment was very simple and a commercially 

available cationic surfactant adsorbed bentonite (Claytone) with a polydisperse 

version of DODAB was also used. The samples required vigorous stirring and shaking 

to disperse in toluene making space-filling gels at concentration of a few percent by 

weight. Marginalisation of these samples with the addition of ethanol was undertaken 

and revealed that dispersion could be eased with small amounts of polar molecules yet 

no temperature-dependent gelling could be found. The characteristics of dispersions 
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5 Oplical hispeclion 

of DODAB Laponite, DODAB bentonite, and Claytone were very similar in toluene 

but Claytone was most easily dispersed in polydecene. 

The addition of SAP to Claytone and DODAB bentonite in toluene gave a colloidally 

stable system that did not form a gel at low concentration. The dispersion was flow 

bireffingent indicating the presence of anisotropic particles and did not settle when 
left to stand. At a concentration above 5% w/w, permanent bireffingence was flow 

induced but the sample remained low in viscosity. The SAP DODAB Laponite 

dispersion in toluene aggregated and sedimented very rapidly and was not stable 
despite sonication and heating. Adding SAP to very dilute dispersions of DODAB 

Laponite was not tried but would reduce the chance of flocculation as a result of 
bridging between the particles. 

Dcstabilising the SAP DODAB bcntonitc and SAP Claytone, plates with the addition 

of ethanol to the 'good' solvent, toluene, caused the particles to aggregate and phase 

separate but no temperature effect was found. 

By exchanging the solvent for polydecene, a saturated and branched chain 
hydrocarbon, a temperature-dependent gelling transition was found where the SAP 

DODAB bentonite and SAP Claytone dispersions gelled upon cooling. This behaviour 

was found over a range of concentrations and was reversible. 
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6 Electron Microscopy and Atomic Force Microscopy 

6.1 Introduction 

Simple observations and light microscopy revealed much about the macroscopic 
behaviour of the particles in dispersion. A limiting factor was that only relatively 
large features were observable. Using scanning electron microscopy and transmission 

electron microscopy it was possible to see much more detail (section 3.4.1) but the 

samples were observed dried down under vacuum. Studies into the network structure 

using SEM have been undertaken to directly observe the make up of montmorillonite 

gels [1] but careful methods were needed to dry the samples and preserve the 

structure. For all SEM samples a 15 nm thick conducting layer of gold was applied to 

prevent the sample charging under the electron beam. The samples examined using 

the Atomic Force Microscope (AFM) (section 3.4.2) were dried down on to a 

molecularly flat mica surface. Individual clay particles showed up clearly using the 

AFM and features such as the thickness of dry treated clay plates were found. 

6.2 Untreated Laponite 

In the literature many methods have been used to characterise Laponite dispersions 

and the plates that make them up [2-4] but there exist very few images of Laponite 

plates. Transmission electron microscopy (TEM) gave little contrast resulting in 

diffuse images and scanning electron microscopy (SEM) did not possess the 

resolution to give good imagcs of the Laponite particles. 

6.2.1 Untreated Laponite imaged using AFM 

The AFM experiments were all carried out in air using the tapping mode under the 

supervision of Rachel Owen in the department of Physics, University of Bristol. In the 

tapping mode a silicon nitride tip oscillates at its resonance frequency as it scans the 

surface of the sample line-by-line and experiences only intermittent contact with the 

surface [5]. A piezo electric crystal controls the distance of the tip from the surface 

and the image is built up from the tiny changes in surface height and the 
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6 Flectron Microscopy and Atomic I'Orce Microscop% 

corresponding change in the voltage applied to the piezo electric crystal. All samples 

examined under the AFM were dried onto freshly exposed molecularly flat mica 

substrates. 

AFM was used to examine untreated Laponite to find out the size and shape of the 

particles. The AFM samples were prepared from 0.001% w/w aqueous dispersions 

and dried under vacuum at room temperature on a mica stub (figure 6.1). Keeping the 

sample in a desiccator and transporting it in a covered petri dish prevented 

contamination by dust. 

1.00 5.0 nm 

0.75 2.5 nw 

i0.0 

nw 0.50 

0.25 Digital Instruments ManoScope 
Scan size 1.000 ON 
Scan rate 1.183 Hz 
Number of samples 512 

B 
B 
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Figure 6.1. A low magnification image of the dried Laponite plates showing single plates and 

aggregates. The sample was prepared from a 0.001 % w/w aqueous dispersion. 

The Laponite particles were very easily distinguished from the substrate and many 
individual particles were seen as well as a number of aggregates. It was not clear if the 

aggregates were formed as the sample dried to the stub or were present in the 

dispersion. The shape of the untreated Laponite plates was seen from a close-up 
image of the particles (figure 6.2). 
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Data type Height Data type Phase 
2 range 5.00 nm 2 range 8.00 de 

Figure 6.2. Close-up AFM image of untreated Laponite with the amplitude image on the left 

and the phase image on the right. 

The Laponite plates were disc-shaped and fairly uniform in diameter. The light 

coloured ring around the edges of the plates in the phase image was due to a small 

attractive force between the positive edges of the plates and the negatively charged 

silicon nitride tip. This attraction was only found at the edges of particles and not for 

particles lying on top of the faces of other particles. The thickness and diameter of the 

Laponite plates were measured by analysis of the image (figure 6.3). 
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Figure 6.3a. Section analysis of an untreated Laponite plate showing the thickness of a plate 

at 1.8 nm. 

The thickness of a typical Laponite plate was given as 1.8 nm, a value higher than 

found from scattering experiments [6,7]. The difference between the literature and 

the value found in this study may have been due to very short range electrostatic 

repulsion between the tip of the AFM and the face of the Laponite plates [8,9]. 
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Figure 6.3b. Section analysis of an untreated Laponite plate showing the diameter of a plate 

at 22 nm. 

The diameter of a Laponite plate was given as 22.6 nm a value close to literature 

values [9-11 ] but there was quite a wide range of particle diameters in the sample. 

Overall, the untreated Laponite particles were found to be disc-shaped with a diameter 

of between 20-30 nm and a thickness of 1.8 run. Attractive electrostatic forces 

between the AFM tip and the edges particles were found and the possibility of 

repulsive forces existed between the AFM tip and the faces of the plates. 

SAP Laponite 

: standard procedure was used to make and clean the SAP treated Laponite in 

iene (section 3.2.1). The concentration of the particles was determined by dry 

[ght analysis and a small sample of the treated particles was removed and prepared 

microscopic analysis. 
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6 Electron Micl-oscopyand Alomic tbrce Microscopy 

6.3.1 AFM of SAP Laponite 

Samples of SAP treated Laponite were prepared from dispersions in toluene, diluted 

to 0.0014% w/w at room temperature and allowed to dry on a mica stub under 

vacuum before being examined by the AFM. As for the untreated samples keeping the 

stub in a desiccator and transporting it in a covered container prevented 

contamination. 

A topological and phase image of the dry SAP Laponite sample was taken with the 

AFM showing well-dispersed individual plates with no aggregation found (figure 

6.4a). The phase image shows little difference in response of the tip between the bare 

mica substrate and the polymer-coated particles. 

Data type Height Data type Phase 
2 range 2.00 nm 2 range 5.00 de 

Figure 6.4a. AFM topological image of SAP Laponite dried from a solution in toluene at 

0.0014% w/w. The topological image on the left shows the plates clearly. 
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Figure 6.4b. AFM section analysis of SAP Laponite dried from the same solution of SAP 

Laponite in toluene as before. 

The vertical height of a typical plate was 1.5 nm with a diameter of 37 nm. The 

particle was assumed to be an individual with a dried polymer coating that made it 

thicker than the literature value for the thickness. Interestingly, the particle was not as 

thick as the bare Laponite plate as measured by the AFM. This was possibly due to 

reduced electrostatic repulsion as result of the polymer layer. The diameter was higher 

than for the untreated Laponite plate but was still in the acceptable range of particle 

sizes. 

6.3.2 Transmission electron microscopy of SAP Laponite 

TEM was used to view SAP Laponite particles. It was expected the polymer coating 

on the surface of the Laponite plates would enhance the contrast and show the 

particles clearly. 
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A dispersion of SAP Laponite in toluene was diluted to 0.002% w/w and a drop was 

added to a carbon coated copper TEM grid and allowed to dry in the air just prior to 

being placed in the microscope. The particles appeared to have aggregated on drying 

(figure 6.5). 

; 
fl 

Figure 6.5. A TEM of SAP Laponite particles dried in air at room temperature from 0.002% 

w/w dispersion in toluene. The accelerating voltage was 100 M Scale bar represents 
100 nm. 

The SAP Laponite particles have a wide size range and some appear quite dense. 

Edge-to-edge aggregation has occurred and possibly face-to-face aggregation too. In 

the top right comer of the image the wispy material consists of broken parts of the 

carbon grid that came apart with the addition of the sample in toluene. The TEM 

image is quite different to the AFM image but was prepared at a higher concentration 

on a different substrate. 

6.4 DODAB Laponite 

A 1% w/w dispersion of DODAB Laponite in toluene was prepared (section 3.2.4) 

and used as a stock solution for much more dilute samples. 
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6.4.1 TEM of DODAB Laponite 

From the 1% w/w stock solution a 0.001% w/w was prepared by dilution and a drop 

of the diluted sample was placed on a carbon coated copper TEM grid. The sample 

was allowed to dry in the air just prior to being placed in the microscope. Dispersions 

of DODAB Laponite in toluene formed a space-filling gel at a concentration of 
2% w/w and aggregation of the low concentration sample was expected as it dried 

down on the TEM grid (figure 6.6). 

Figure 6.6. TEM of DODAB Laponite dried at room temperature from 0,001% w/w dispersion 

in toluene. The accelerating voltage was 100 M The scale bar represents 200 nm. 

The sample of DODAB Laponite dried on the carbon grid had aggregated with a large 

number of the particles being joined together by the edges forming a looping chain 

and appearing flat. A range of diameters of the Laponite plates was found from 15 nin 

to 40 nm. This does not include the large dark objects that were suspected to be two or 

more particles stacked on top of each other with individuals ill defined. 

ONIF 
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6.5 SAP Bentonite particles 

After preparation of the SAP bentonite particles in toluene (section 3.2.1) the 

concentration was measured by dry weight analysis. A small sample was then 

removed and prepared for microscopic analysis. 

The diameter of untreated bentonite plates can be as high as 1000 nm [ 121 but electron 

micrographs show a wide variation of the size and shape of the particles [ 13,14]. The 

size and shape of SAP bentonite particles were expected to be similar and were 
investigated using the SEM (figure 6.7). A drop of a 0.1% w/w dispersion of SAP 

bentonite particles in toluene was placed on a small glass microscope slide and the 

solvent was allowed to evaporate in air at room temperature. The sample was then 

coated under vacuum with a thin conducting layer of gold before examination under 

the microscope. The accelerating voltage of the electrons was 10 kV. 

Figure 6.7. SEM micrograph of SAP adsorbed bentonite plates showing individual plates of 

over 1 pm in diameter. 

The dried SAP bentonite particles appear bent and twisted and some over a micron in 

size. There was no evidence of a wide size distribution as no very small particles can 

be seen. There was also quite a large amount of non-clay material of unknown origin 
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covering some of the particles. A close up of a single bentonite plate showed it was 

rectangular and quite large at about 1.5 pm by 0.7 pm (figure 6.8). 

Figure 6.8. SEM of a large individual SAP bentonite plate. 

From the SEM it was impossible to tell if the plates were stuck together face-to-face 

or dispersed individually, however the diameter of the plates can be estimated at 
between I and 2 pm. The material on their surface was unknown but seen over a large 

proportion of the plates, but only where there were high concentrations of particles 

and could have been an artefact from the dried polymer. The polymer coated 
bentonite plates appeared quite thick. The reason for this was possibly due to the 

15 nm thick conducting gold layer on all surfaces of the plates or the material 

contaminant on the surface of the particles. 

6.6 DODAB bentonite and Claytone 

Samples of DODAB bentonite and Claytone were dispersed in toluene (section 3.2.4) 

and diluted to 0.001% w/w. A drop of the dispersion was added to a freshly exposed 

molecularly flat mica substrate dried at room temperature in air and examined using 
the AFM. 
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6.6.1 DODAB bentonite 

A large area scan was taken of the sample of DODAB bentonite and many stacks of 

plates were seen. A more detailed image of a typical stack was taken (figure 6.9) 

showing it consisted of a wide range of particle sizes and shapes. 
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Figure 6.9. Topological AFM image of DODAB bentonite on a mica stub. The sample was 

dried in air from a dilute suspension in toluene and shows an aggregate with particles lying in 

stacks. 

Aggregation of the DODAB bentonite particles was found with the plates lying in a 

face-to-face arrangement. it was not known if the aggregation was a result of the 

drying of the sample on the stub or if the aggregates were present in the dispersion. 

The particles were polydisperse with a diameter from 100 nm to 1000 nm. Not many 

completely isolated single plates were found but sections of plates not covered by 

other plates were seen and used to measure the thickness of the individual DODAB 

bentonite plates (figure 6.10). 
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Figure 6.10. Section analysis from the AFM data for DODAB bentonite showing the vertical 
height of a DODAB bentonite plate was 1.5nm. 

The thickness of an individual DODAB bentonite plate was measured at 1.6 nm and 

the thickness of a short stack was measured at 4.3 nm. On inspection of the image the 

stack actually appears to be two plates high but more than twice the thickness of one 

plate. The reason for this was not known but toluene solvent may have been trapped 

between the layers of clay. From small angle X-ray scattering (section 8.3) the plate 

separation was found to be 2.7 nm for dispersed samples in toluene suggesting the 

stack found using the AFM was indeed two plates. This distance is a little larger than 

the separation found by AFM but not remarkably so. 

The excess surfactant was not removed from the dispersion of Claytone in toluene 

before the sample was dried to the mica substrate at 0.001% w/w. No free surfactant 

aggregates were found by the AFM from the dried Claytone sample. This may be due 

to the speed of the drying process not giving the surfactant time to crystallise. The 

AFM image of Claytone was typical showing plates lying next to and on top of each 

other (figure 6.11). 
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Figure 6.11. Topological AFM of Claytone AF on a mica stub. The sample was dried in air 
from a 0.001 % w1w suspension in toluene. 

The AFM image of the sample of Claytone was similar to the DODAB bentonite 

sample with the size and shape of individual Claytone plates being obvious with a size 

range of 100 mn to 1000 nm in a wide variety of shapes. Extensive aggregation was 

not found in the dried sample but the plates were usually touching the edge of 

neighbouring plates and lying on top of each other but very few stacks were found to 

be higher than 5 nrn. On top of a number of plates there were very much smaller 

plates stuck to their face. Where plates were laying on top of other plates the shape of 

the bottom plate was still very clearly identifiable underneath showing the plates were 

deformable as they dried. The thickness of a Claytone plate was determined from 

analysis of the AFM image (figure 6.12). 
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Figure 6.12. Section analysis of the AFM image for Claytone. 
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The thickness of a Claytone plate was measured from two different positions but gave 

similar results of 0.8 nm thick. The first position of measurement was from the mica 

substrate to the top of a single Claytone plate. The second measurement was from the 

mica substrate to a plate that was either suspended between two plates or had two 

plates lying over its edges. It gave a very similar result to the first measurement at 

0.8 nm thick. This value was half the measured thickness of the DODAB bentonite 

plate and thinner than the crystallographic thickness of a plate [14]. Clearly the value 

was not correct and the difference was assumed to be as a result of reduced interaction 

between the AFM tip and the Claytone plate [8] but this was not found with the 

DODAB bentonite sample. The thickness of a Claytone plate stacked on top of 

another was measured at 3.2 rim. From the image it appeared this was a single particle 

on top of another and this was supported by the fact no thinner stacks were found. It 

appears the Claytone plates lie on top of each other as at a distance greater than twice 

the thickness of the plates. The reason for this may be trapped solvent between the 

layers but even small plates (where trapped solvent molecules should have more 
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chance of escape) were held at the same distance. Also the edges of the stacks of 
plates were very steep as though the plates were firinly held and not because of 

trapped solvent between the layers. 

6.7 SAP Claytone 

A dispersion of SAP Claytone at a concentration of 0.002% w/w in toluene was 

prepared (section 3.2.5) a drop placed on a freshly peeled mica stub and allowed to 
dry in air at room temperature. The sample was examined using the AFM to find 

evidence of single plates or aggregates. From the flow bireffingence the Claytone 

sample appeared to be well dispersed as anisotropic particles. The topological image 

of the SAP Claytone sample showed thin plates on the mica stub lying together with 
touching and overlapping edges (figure 6.13). 
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Figure 6.13. AFM topological image of the SAP Claytone sample showing plates partially 

lying on top of each other. 

The SAP Claytone plates did not lie as stacks and had very little material on the 

surface such as smaller plate fragments. The AFM images of SAP Claytone the shape 
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and size of the particles was varied with a large distribution. The overlapping edges of 

plates showed a sharp change in height of the sample and suggested the plates may 

have deformed as they dried. On the surface of the plates a number of small round 

objects were seen and an amplitude image of the plates gives the impression the 

objects were bulges (figure 6.14). The amplitude image is generated as a result of 

damping of the tip oscillation in response to the surface under investigation giving an 

impression of the hardness of a sample. 
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Figure 6.14. Amplitude AFM image of the SAP Claytone. 
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The amplitude image clearly shows the SAP Claytone stuck to the mica surface but 

gives the appearance of bubbles trapped under each plate. The areas where plates 

overlapped each other also showed their own amplitude response giving the 

impression of a raised area. 
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6.8 Conclusions 

The images obtained from the microscopy techniques used have given information 

regarding the size and shape of the clay plates. The AFM has given values for the 

thickness of the dried plates of around one nanometer. Interactions between the AFM 

tip and the clay play a large role as the untreated Laponite was apparently thicker than 

the SAP treated version. The Laponite plates imaged using AFM and TEM had a 
diameter between 20 to 40 mn a size range that did not differ as a result of treatment 

with a polymer or surfactant. 
The SAP treated bentonite plates were found to be polydisperse and between I and 
2 microns in diameter. This was larger than expected and considerably larger than the 

same type of particles treated with surfactant. Claytone and DODAB treated bentonite 

were examined using the AFM and were polydisperse plates with a measured 
thickness of approximately 1.1 ± 0.4 nanometers but a polydisperse diameter of 100 to 
1000 nm. The particles dried to the mica substrate as edge-to-edge, aggregates with 

some particles stacked on top. This was found predominantly for the DODAB 

bentonite samples. The plate-to-plate distance for these samples was greater than 

twice the thickness of the plates showing something was holding them apart (trapped 

solvent between the layers). The SAP Claytone sample dried as individual plates with 

some edge-to-edge aggregation. The Claytone plates appeared to have settled with 
bubbles trapped underneath. 
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7 Thermoreversible Gelation 
6 

7.1 Introduction 

The simple observation of thermoreversible gelling for the SAP DODAB bentonitc 

and SAP Claytone samples (figures 5.28) was investigated more closely using 

rheological methods and the magnitude and temperature of the transition was 

measured using DSC. The terms and theory are introduced in section 3.4.5 and section 
3.4.12. 

The rheology of aqueous and non-aqueous clay dispersions is a subject that has been 

studied extensively [1-6] and is often motivated by the numerous industrial 

applications. In general, the rheological properties of dispersed systems depend on a 

number of factors including the size and shape of the suspended particles and their 

forces of interaction. [7]. As a result understanding the rheological behaviour of 

polydisperse clay dispersions is not easy [8,91. 

The rhcological behaviour of samples is effectively a wcll-controlled measure of the 

"feel" of a sample. For the experiments carried out during this study the sample under 

examination was placed on a fixed base with a frictionless spindle above, (conc and 

plate). The computer-controlled spindle was oscillated and the response of the sample 

to the oscillation was measured. From this details about the structure of the sample 

were built up. One of the primary pieces of information concerned the 

thennorcversible gelling nature of the sample. 

7.2 Protocol for the rheology experiments 

The protocol for carrying out the rheological experiments was very simple and 
followed throughout the study to enable direct comparisons between samples (table 

7.1). This minimised errors that were possible due to differences in the samples 

treatment before undergoing the rheological analysis. 

159 



7 Thernioro ci,; ibIc ( iclx ion 

1. A solvent trap was placed around the geometry and a much larger plastic guard 

was placed around the machine, to stop condensation on the sample. Within the 

plastic guard next to the solvent trap a Petri dish filled with anhydrous calcium 

chloride was added to dry the atmosphere. 
2. For the first measurement, the temperature of the stage was set to 30 "C and 

lowered for the temperature sweeps in increments of 5 *C until -15 T then the 

temperature was raised by 5T each time up to 30 T 

3. The cooling water bath for the Peltier stage was kept at -10 *C throughout the" 

experiments as this made for the most accurate temperature control over the full 

range. 
4. A compromise pre-shear of 50 Pa was applied for 60 seconds as any greater 

pre-shear expelled the fluid samples from the geometry but for the high 

concentration samples at low temperature the samples were not sheared. 
However for all samples at high temperature this applied pre-shear was enough 
to let the geometry move. 

5. After the pre-shear the sample was allowed to stand for 5 minutes until the rate" 

of change in the moduli became constant. 
6. For each sample the order of experiments was time sweep followed by a test 

frequency sweep from low to high frequency, then frequency sweep from 30 OC 

down to - 15 T. 

Table 7.1. Protocol used for all rheological experiments. 

7.3 Rhoological samples 

A range of concentrations of clays treated with SAP were prepared for rheological 
investigation as well as a sample of surfactant and polymer without clay to serve as a 

control. 
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Sample Description Solvent 

A Free 2% w/w DODAB and 1% w/w SAP Polydecene 364NF 

B 3.6% w/w SAP treated Claytone Polydecene, 364NF 

C 9.7% w/w SAP treated Claytone Polydecene 364NF 

D 9.8% w/w SAP DODAB bentonite Polydecene, 364NF 

E 7.1 % w/w Claytone alone Polydecene 364NF 
Table 7.2. Samples chosen tor the rheological study. 

The samples chosen for the rheological. study were all prepared dispersed in 

polydecene because these samples were found to display thermoreversible gelling 
behaviour. Polydecene was non-volatile and therefore not prone to evaporation, which 
helped reproducibility. 

The rheological, experiments undertaken were all oscillatory, carried out using a cone 

and plate geometry, either at a single frequency or over a range of frequencies starting 

with the lowest frequency first. 

7.3.1 Control sample 

The first experiment carried out was a control sample A (figure 7.1). The sample 

consisted of the solvent, polymer and surfactant at a concentration that was typical of 

the concentration of the clay sample. This was undertaken to show the gelation was 

not due to the solvent freezing or aggregation of the surfactant or polymer. 
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Figure 7.1. The variation of G' and G" with temperature for sample A, measured at an 

oscillatory frequency of 4.995 radians per second. 

The control (sample A) increased in viscosity as the temperature decreased but always 

remained a fluid over the experimental temperature range. This control showed the 

gelling found in the treated clay samples was not due to solvent freezing or polymer 

and solvent fon-ning aggregates. The presence of the clay was essential for gelation. 

7.3.2 Low concentration SAP Claytone samples 

A sample of 3.6% w/w SAP treated Claytone in polydecene (Sample B) was taken 

and a time sweep was performed to measure the rate at which the structure rebuilt 

(figure 7.2). A pre-shear of 50 Pa was applied for I minute and measurements were 

taken immediately after at a controlled strain of amplitude 5x 10-3 . The choice of 

strain amplitude was made at a value that was deemed low but without undertaking a 

strain amplitude sweep that would have shown the strain at which the sample started 

to break down. 
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Figure 7.2. Time sweep for 3.6% w/w SAP Claytone dispersion at -15 OC and 30 OC. The 

samples were pre-sheared at 50 Pa for I minute then measured at constant strain of 5x 10 -3 

over 1800 seconds. Note the difference in scale for the samples at low and high temperature. 

It is known that clay dispersions often take a very long time for the structure to 

rebuild after a perturbation [1,81. The results showed that a time of at least 300 

seconds was needed to allow the samples to rebuild after the pre-shear had ceased as 

the rate of change of G' was then linear with time. But it was clear to see the structure 

was still rebuilding as G' and G" did not reach a plateau value. After 1800 seconds the 

rate of change of the structural rebuild showed no sign of slowing down. 

The relaxation time of the sample was measured over a wide temperature range, three 

of which are plotted below (figures 7.3). The relaxation time of a sample is the ratio 

of the viscosity to the elasticity measured (10,11] and is approximately the reciprocal 

of the frequency at which G' = G" equivalent to a phase angle of 45' [121. By 

convention the frequency is measured in radians per seconds, not Hertz. 

The frequency sweep measurements were made starting from the lowest frequency 

and ending with the highest frequency to reduce disturbance of the sample. 
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Figure 7.3a. Plot of the Log of a range of frequency against G' and G" at 0 OC for a 3.6% w/w 
SAP Claytone dispersion in polydecene (sample B). 

At the temperature of 0T (figure 7.3a) the elastic modulus was greater than the 

viscosity modulus over the full range of frequencies and therefore at this temperature 

the relaxation time ( r, ) was much greater than 10 seconds. 
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Figure 7.3b. Plot of the Log of a range of frequency against G' and G" at 10 OC for sample B. 

At 10 'C (figure 7.3b) the relaxation time was still greater than 10 seconds but the 

values for the elastic and viscous moduli were of similar magnitude. 
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Figure 7.3c. Plot of the Log of a range of frequency against Gand G" at 15 OC for sample B. 
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For the sample at 15 T (figure 7.3c) the viscous modulus was larger than the elastic 

modulus over the entire range of frequencies therefore the relaxation time was less 

than 0.1 seconds. At a temperature in-between 10 T and 15 'C the relaxation time 

rapidly changed and the sample went from gel-like to fluid-like behaviour. The 

crossover point in the values of G' and G" often is taken as the "gel point" of the 

sample [13]. 

From simple observations a dramatic change was found in the behaviour of the 

samples as the temperature was dropped. This change was examined rheologically by 

performing a temperature sweep from 30 'C down to -15 'C and back up to 30 'C 

(figure7.4). The samples were run over the range of temperatures with measurements 
being made at 5 'C intervals. 
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Figure 7.4. Elastic modulus, Gas a function of temperature for (sample B) at 4.635 rad s- I. 

From the graph (figure 7.4) a dramatic increase in G' was seen as the sample cooled, 

starting slowly at 10 T with the biggest jump in the modulus at 0 'C. On warming the 

sample up from - 15 T the profile showed some hysteresis. 
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Figure 7.5. Viscous modulus, G" as a function of temperature for sample B measured at a 
frequency of 4.635 rad s" 

The values for G" (figure 7.5) show a dramatic increase in the modulus of the sample 

as it cooled which was most rapid from 5 OC to 0 OC. The overall shape of the curves 

for G' and G" was very similar but the G' values changed by a larger amount. The 

cause of the hysteresis found for both G' and G" was possibly due to thermal lag in 

the rheology experiment but 300 seconds was allowed for the structure to rebuild 

which also allowed the samples a chance to thermally equilibrate. 

The phase angle (the difference between the driving oscillation and the response of 

the sample) [12] was measured over a range of frequencies and plotted against 

temperature (figure7.6). 
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Figure 7.6. The gelation temperature found from the crossover point of phase angle and 
frequency for sample B measured as the temperature was decreased. 

The phase angle for all the frequencies tested dropped with decreasing temperature 

and at around 12 OC the response of the sample became much less frequency 

dependent indicating the formation of a gel. However, the gel-point was not at a phase 

angle of 45 ' (the point where the elastic and viscous moduli are equal). As expected, 

the temperature at which the frequency dependence was lost was within the range 

where the relaxation time reduced from 10 seconds to less than 0.1 seconds (figures 

7.3). 

7.3.3 High concentration SAP Claytone samples 

Sample C (9.7% w/w SAP treated Claytone) was examined and the main observed 

difference between sample B and sample C was that sample C became very solid-like 

on cooling in a freezer. A time sweep was carried out to find the rate at which the 

structure rebuilt (figure 7.7). However a problem was encountered concerning the 

length of time between the initial measurements and this was due to the rheometer 

being in strain mode and took some time to reach the correct strain. As a result the 

time sweeps were carried out at 30 T and 0 T. 
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Figure 7.7. Time sweep for 9.72% w/w SAP Claytone in polydecene (sample C) at 0 OC and 

30 OC. The samples were pre-sheared at 50 Pa for 1 minute then measured at constant strain 

of 5x 10-3 over 30 minutes. 

The time taken for structural reorganisation for sample C was in excess of 1800 

seconds, but the time for the moduli to increase at a constant rate was 300 seconds, 

the same time as sample A. However, there was a difference between the 

measurements in that the geometry did not move when a preshear of 50 Pa was 

applied. If the preshear was increased to much beyond this point the geometry just 

slipped over the sample. Despite the problem there was an effect and the structure did 

rapidly rebuild after the pre-shear as the graph indicates. 

Frequency sweeps were carried out on sample C at 0T and 30 IC (figure 7.8). 
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Figure 7.8. Response of sample C to a range of frequencies measured at 0 OC and 30 OC. 

Over the range of frequencies measured little frequency dependence was found. 

Unlike the low concentration (sample B) the relaxation time remained greater than 10 

seconds at both low and high temperature. This showed that over the time of the 

experiment the sample was a gel. 

A temperature sweep was performed with the high concentration sample to show how 

the values of the moduli changed with temperature. The response of the elastic 

modulus with temperature is plotted below (figure 7.9). 
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Figure 7.9. Plot of elastic modulus against temperature for sample C. The measurements 

were made at 9.991 rad S-1 . 

A large increase in the value of G' was found on reduction of the temperature. The 

increase in G' started to occur between 10 'C and 15 'C. On raising temperature G' 

did not return to the very low values until a temperature of 20 'C. The hysteresis was 

similar but at a higher temperature to the low concentration sample. 
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Figure 7.10. Plot of viscous modulus against temperature for sample C. The measurements 

were made at 9.991 rad s-1. 
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The values for G" (figure 7.10) followed a very similar trend as the G' values with an 

the onset of the increases starting between 20 'C and 15 T but with a rapid rise 
between 15 'C and 10 T. A small amount of hysteresis was seen. 

For both the high and low concentration SAP Claytone samples the temperature 

sweeps showed hysteresis. This could indicate a transition such as crystallisation of 
the surfactant alkyl chains on the surface of the clay plates. However, the potential of 
thermal lag was present as the samples were cooled from the base plate of the 

rheometer and the stainless steel geometry was only cooled through the sample. 

7.3.4 SAP DODAB bentonite samples 

Sample D (SAP DODAB bentonite at 9.8% w/w in polydecene) was very close in 

concentration to the SAP Claytone sample C and a time sweep (not plotted) gave a 

very similar profile. A frequency sweep at low and high temperature showed the 

sample had a relaxation time of greater than 10 seconds over the temperatures tested 

(figure7.1 1). 
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Figure 7.11. Plot of elastic modulus against temperature for sample D. The measurements 

were made at 9.991 rad s-1 

The samples were run through the same temperature cycle as the SAP Claytone 

samples as a comparison with the less well-characterised Claytone dispersions. The 

sample D values for G' are shown below (figure 7.12). 
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Figure 7.12. Plot of elastic modulus against temperature for sample D. The measurements 

were made at 9.991 rad s-' 

The same behaviour was shown for the DODAB bentonite sample with the elastic 

moduli becoming much larger as the temperature dropped below 10 'C. There appears 

to be less hysteresis than for the SAP Claytone samples with the structure reducing at 

the same temperature, not dependent on the temperature history of the sample. The 

magnitude of the moduli was also very similar between the high concentration 

samples of SAP DODAB bentonite and SAP Claytone. 

The profile for the viscous modulus with temperature was recorded and plotted (figure 

7.13). 
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Figure 7.13. Plot of elastic modulus against temperature for sample D. The measurements 

were made at 9.991 rad s-1 

Like the previous figure the sample showed a small difference in the values of G" 

between the cooling and warming stages of the measurement with the values 

converging as the sample temperature was raised above 10 T. In comparison with the 

SAP Claytone sample little difference could be found. 

From the compafison between the SAP Claytone and SAP DODAB bentonite samples 

the differences in the way the samples behaved was small and the overall values for 

elastic and viscous moduli were close. 

7.3.5 Claytone in Polydecene 

To contrast with the rheology of the SAP treated samples a sample of Claytone was 

dispersed in polydecene at a concentration of 7.2% w/w (sample E) and the same 

rheological tests were carried out. The dry Claytone was added to the polydecene 

without excess surfactant removed and dispersed using the method described in 

section 3.2.4. A temperature cycle was not performed as the sample showed little 

response as the temperature was dropped from 30 OC to -15 OC (figure 7.14). 
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Figure 7.14. Plot of G' and G" against temperature for sample E. The measurements were 

made at 9.991 rad s-' 

The sample of Claytone without adsorbed SAP was a gel and starting at 30 'C and 

decreasing in 5 'C steps little temperature dependence on the values for the elastic and 

viscous moduli was found. However, the values for the storage modulus were 3 times 

as large as the higher concentration SAP Claytone and SAP DODAB bentonite 

samples. 

7.4 Differential Scanning Calorimetry (DSC) 

When a sample of a dispersion changes phase there is either a release or absorption of 

energy and this could be measured using DSC. For this experiment the individual 

samples were heated up at a constant rate and the amount of energy taken to keep that 

the change in temperature constant was plotted against the temperature of the sample 

[14]. For samples such as thermoreversible clay dispersions the peaks found were 

over a wide temperature range and were of a small value due to the large temperature 

range of the transition and small energy difference. To reduce thermal lag in the 

samples under analysis only 20 to 30 mg of the dispersions were weighed into the 

aluminium sample holders before being sealed. 
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Quantitative analysis of the data from the DSC was possible as the mass of each 

sample was accurately measured and the area under the peaks gave an overall value 
for the energy of the transition. The values are given as enthalpy values, (AH) and 

converted to specific enthalpy in Joules per gram of surfactant, the values of which 

were estimated from elemental analysis and adsorption isotherm data. Errors in the 

values for the specific AH (J g-1 of surfactant) were large (± 20%) as the concentration 

of the particles was low, the AH values low, and the mass of the samples was very 

low. The biggest error came from measuring by hand the area under the peaks as the 

precise location of the beginning and end of the transition was often not well defined. 

However, the trends were easy to show and the AH values for each of the sample 

types were in broad agreement. 

7.4.1 DSC protocol 

To make the comparison of the dispersions more straightforward the samples were 

analysed using the same protocol (Table 7.3). 

Cool samples to -30 T and hold for 5 minutes 

2. Heat samples at 10' Cmin- up to I 10 T and hold for 2 minutes 

3. Cool samples at 20' C min-' to -30 OC. 

Table 7.3. The protocol tollowed tor the Db(; measurements. 

Note: When carrying out the experiments the cooling curve was never a straight line 

and no definite sample peak could be identified making repeated cycled temperature 

scans difficult to interpret. 

7.4.2 DSC samples 

The DSC experiments were rapid and relatively simple to undertake and a number of 

sample concentrations and types were examined (table 7.4). 
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Sim ýIe Description Solvent 

DSC. A Free 2% w/w DODAB and 1% w/w 

SAP 

Polydecene 364NF 

DSC. B 3.6% w/w SAP treated Claytone Polydecene 364NF 

DSC. C 9.7% w/w SAP treated Claytone Polydecene 364NF 

DSC. D 10.2% w/w SAP treated Claytone Polydecene 364NF 

DSC. E 9.8% w/w SAP DODAB bentonite Polydecene 364NF 

DSC. F 
I 

7.2% w/w Claytone 
I 

Polydecene 364NF 

Table 7.4. Codes for the samoles submitted for DSC ana lvsis. 

For small transition energies a rapid heating rate was required to make the transition 

obvious on the graph but by heating the sample up more rapidly the onset of the 

transition occurred at a higher temperature. A calibration plot was carried out using 

the melting point of an Indium metal sample with a known melting point of 156.6 T 

[15] to show how the thermal lag was related to the rate of change in temperature 

(figure 7.15). 
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Figure 7.15. Calibration plot using Indium metal melting point as a standard to show variance 

of heat rate with onset temperature. 

The calibration plot showed that the onset temperature at a heat rate of 10 'C min-' 

was I 'C above the temperature of the transition if measured at 0 'C min-'. The 

melting temperature of Indium metal is 156.6 'C and therefore the predicted 
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temperature of melting at zero heat rate was 0.5 OC below this temperature. The error 

for the samples in the onset temperature was taken as less than I degree. 

The first samples to be analysed were made up of DODAB and SAP dispersed in 

polydecene without clay to act as controls (figure 7.16). 
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Figure 7.16. Control samples of SAP, DODAB and both dispersed in polyclecene (samples A, 

B, and C). 

For the sample of free SAP in polydecene no peak in the DSC data was found from 

0 'C to 100 T but for the DODAB sample an endothermic peak due to the surfactant 

dispersing was seen at 64 T to 74 T. A peak of the same shape and at almost exactly 

the same point was found for the sample that contained both SAP and surfactant. The 

magnitude of the endothermic change was given (table 7.5). 

Percentage mass 
of DODAB 

Peak 
onset (T) 

Peak end 
(OC) 

Peak 
top (T). 

AH values 
(i g-) 

Specific AH Q g-' 
of surfactant) 

DODAB alone 
2.3 64.9 72.3 1 68.1 2.85 145.0 

DODAB and SAP 
2.5 66.2 73.5 1 68.7 118.9 

Table 7.5. Enthalpy values for the endothermic transition found for DODAB dispersing in 

polyclecene. 
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The transition of the DODAB dispersing in the polydecene was highly visible as the 

dispersion became colourless as the sample was warmed above 65 T. SAP polymer 

alone showed no such transition and rapidly dispersed in the solvent at all 

temperatures. 

The samples DSC. B, DSC. C, and DSC. D were all the SAP Claytone but at a range of 

concentrations (figure7.17). 
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Figure 7.17. DSC for SAP Claytone samples with an endothermic transition. The scale for the 

Y-axis is over a smaller range than for the control samples to make the peaks visible. 

The full range of SAP Claytone concentrations examined using DSC consisted of a 

number of intermediate concentrations of samples giving similar results (table 7.6). 

SAP Clayt ne samples 
Percentage mass 
of particles 

Peak 
onset (T) 

Peak end 
(T) 

Peak 
top (T). 

AH values 
(i g-) 

Specific AH (J g- I 

of surfactant) 
3.6 12.6 34.2 29.4 0.23 21.6 
5.2 12.7 34.9 24.7 0.36 23.0 
7.2 15.3 32.5 23.4 : =0.43 19.9 +- 
9.7 13.9 34.8 34.8 1 1.01 34.6 

Table 7.6. Enthalpy values for the enclothermic transitions found for all SAP Claytone 

samples submitted for DSC. 
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For DSC. B and DSC. C an endothermic transition was found with the onset 

temperature from 12 'C to 150 C. The magnitude of the transition was much smaller 

than the free surfactant values but this was not surprising as the surfactant molecules 

attached to the surface of the clay were held further apart than free surfactant 

molecules in the solvent and were not able to closely aggregate. No endothermic 

transition was found for the highest concentration sample (DSC. D). However, this 

highly concentrated sample showed no thermoreversible gelling transition and 

remained a gel over all the temperatures tested. At this concentration the movement 

and free rotation of the polydisperse particles in the sample were very possibly 

hindered by neighbouring particles causing the dispersion to gel at all temperatures. 

There was no other difference between this sample and the lower concentration 

samples. However, the behaviour of the concentrated sample did suggest a clear link 

between the transition found from the DSC measurements and the rheological 

behaviour of the lower concentration samples. 

Samples of SAP DODAB bentonite (sample E) were analysed using the DSC 

technique and showed a similar endothermic transition as the SAP Claytone samples 
(figure 7.18). 
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Figure 7.18. DSC for SAP DODAB bentonite sample E. The scale for the Y-axis is over a 

smaller range than for the SAP Claytone samples to make the peak visible. 
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The energy of the transition was measured over a range of concentrations of SAP 

DODAB bentonite in polydecene (table7.7). 

SAP DODAB bentonite 
Percentage mass 
of particles 

Peak 
onset (T) 

Peak end 
(T) 

Peak 
top (T). 

AH values 
(i g-1) 

Specific AH (J g-' 
of surfactant) 

5.2 5.4 26.0 17.7 0.31 19.7 
7.1 4.2 24.1 18.9 0.60 28.0 
9.8 5.7 17.7 11.7 0.71 30.0 

Table 7.7. Enthalpy values tor the enclothermic transitions tound tor all SAP DODAB 

bentonite samples submitted for DSC 

The size of the peak for the SAP DODAB bentonite was comparable to the SAP 

Claytone samples but the onset of the transition was consistently at a lower 

temperature than the SAP Claytone. The reason for this was the DODAB surfactant 

adsorbed to the bentonite samples was of slightly longer chain length and of lower 

polydispersity giving it a lower "freezing" temperature on the surface of the clay. 

A sample of Claytone dispersed in polydecene without further treatment (sample F) 

was analysed using DSC (figure 7.19). 
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Figure 7.19. DSC for Claytone dispersed in polyclecene (sample F) 

The transition for the Claytone dispersion occurred at a higher temperature than for 

the SAP Claytone and SAP DODAB bentonite samples and the specific energy was 

also larger (table7.8). 
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Cla tone 
Percentage mass 
of particles 

Peak 
onset (T) 

Peak end 
(T) 

Peak 
top (0c). 

AH values 
(i g-, ) 

Spe ific AH (J g-1 
of surfactant) 

7.2 29.4 49.0 41.4 1.26 58.2 
Table 7.3. Enthalpy values tor the enclothermic transitions found for Claytone samples 
dispersed in polyclecene (sample F). 

The dispersion of Claytone in polydecene showed an onset temperature of a peak at 

29 'C. The transition was thought to be due to desorbed surfactant from the Claytone 

sample dispersing and the transition was 30 T lower than the free DODAB surfactant 

value but the 2HT surfactant adsorbed to the Claytone was expected to have a lower 

transition temperature. 

7.5 Discussion 

From the rheological data it was found that all SAP and surfactant treated samples, 

apart from the lowest concentration, were gels over the entire temperature range 

investigated. All the SAP treated samples showed a dramatic increase in the value of 

the elastic modulus and viscosity modulus below 10 'C to 15'C. The size and shape of 
the moduli profile for the SAP treated Claytone and DODAB bentonite samples was 

very similar despite the differences in their surface treatment. The initial simple 

observations showed that the samples became rigid when placed in a freezer but 

clearly structural changes occurred at a much higher temperature. The DSC data 

showed a 20 T wide transition at around the same temperature as found using 

rheology, but the transition of the treated bentonite samples began just above zero. 
Little difference in the gelling temperature was found between the samples using 

rheology. The broad DSC peaks were small and similar to kinetic transitions such as a 

glass transition or polymer melting transitions [14]. The transition seen for the DSC 

was taken as the same gelling transition found from the rheological experiments. This 

was because the difference in temperature between the two experiments was not great 

and nowhere near the temperature of free surfactant or even surfactant adsorbed to the 

surface of the untreated Claytone sample. Also the very high concentration SAP 

Claytone sample that was rigid at all temperatures showed no DSC peak as further 

evidence of a gelling transition for the lower concentration samples but this sample 
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was not examined rheologically because it was a stiff gel at all temperatures and 
thought to be of less interest. 

7.6 The role of polyclecene 

The DSC vividly showed how free surfactant went into solution at a temperature of 
64 T to 66 T and the well dispersed sample of free SAP in polydecenc showed no 
transition from 0 'C to 100 'C (figure 7.16). The SAP molecules consisting of poly 
(isobutylene) chains were not expected to aggregate over any temperature range. The 

stability of the SAP Claytone and SAP DODAB bentonite particles dispersed in 

polydecene was govemcd by the stability of both SAP and surfactant. It was assumed 

at low temperatures the surfactant molecules adsorbed to the surface of the plates 

either aggregated or froze on the surface of the plates, destabilising and gelling the 

dispersion. The thermoreversibility of the dispersion and the small magnitude of the 

transition showed the interaction between destabilised particles was physical and not 

chemical in nature and the hysteresis found in the rhcology experiments was very 

possibly due to a nucleated transition such as "crystallisation" of the alkyl chains. 
Conformation of this was possible with DSC but the experiment was not carried out 

as there were problems with cooling temperature control on the instrument. 
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8 Small Anqle X-ray scattering 

8.1 Introduction 

Small angle X-ray scattering (SAXS) is a very powerful and widely used technique 

available for the study of colloidal suspensions [1,2]. For SAXS, as with all scattering 

methods, the change in direction of the propagated radiation due to interactions with 
inhomogeneities within the sample provides the basis of the method [2]. X-rays are 

scattered by electrons so the pattern is as a result of the electron density distribution in 

the sample. Only the elastically scattered radiation (the wavelength of the incoming 

and outgoing wave the same) contributes to the scattering pattern detected. 

The scattering from dispersions of treated clays in organic solvents using SAXS can 

show periodic structures in the sample such as stacks of clay plates and the separation 
between the layers of clay in a stack [4,5]. The size range accessible by the 

equipment used was from 10 A to 150 A. The thickness of individual clay plates was 

not reliably accessible because the signal generated at a value of to A was at the very 
limits of the range of q (q = 0.61A-1) and the data was noisy and inconclusive. The 

diameter of Laponite plates was not found using SAXS as only a few points probed 

this size range and the diameters of Claytone and bentonite plates were well out of 

range. Scattering from the periodic interlayer distance of the clay samples was easily 
identified (figure 8.1). This information was very useful as it showed how well 

dispersed the particles were in the sample. 

Figure 8.1. The intensity of scattered X-rays on the position sensitive detector (brighter 

colours indicate higher intensity). 
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When the Laponite was treated with cationic surfactant dioctacecyl dimethyl 

ammonium bromide (DODAB), and dried under vacuum small but broad peaks 

appeared in the SAXS data (figure 8.4). This was evidence of a periodic structure in 

the powder and showed the plates were not randomly onentated anymore but 

organised with respect to each other. 

DODAB treated La 
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Figure 8.4. Scattering from DODAB treated Laponite powder. The intensity is plotted as a 

function of the wave-vector. The plotted error bars are very small. 

The shoulder at Q=0.29 A` in the sample of DODAB treated Laponite is equivalent 

to a 21 A interlayer spacing. The plate separation is IIA assuming that Laponite has 

a thickness of 10 A as given by the manufacturer [7] and determined from the crystal 

structure 

The peaks for the sample of DODAB bentonite and Claytone were not at the same 

positions (figure 8.5) and this was due to the differing surface treatments. The 

Claytone surface comprised of an industrial grade of DODAB made from animal fat 
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called 2HT (di -hydrogenated tallow) [6]. Also the Claytone has been shown from 

elemental analysis to have a greater amount of surfactant adsorbed to the surface than 

DODAB bentonite thus swelling the Claytone layers [9,101. 
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Figure 8.5. Scattering from DODAB treated bentonite and Claytone powders. The intensity is 

plotted as a function of the wave-vector. Error bars are plotted but are very small. 

The DODAB treated bentonite and Claytone showed higher peaks than the DODAB 

Laponite, i. e. more ordering with the higher plate radius appearing to favour stack 

formation (figure 8-5). Claytone showed three peaks which is a sign of extremely low 

polydispersity in the periodicity within the stacks. Compared to DODAB Laponite the 

first peak is shifled to lower q and with a value of 0.18 A-' giving an interlayer 

spacing of 35 A (distance from midpoint to midpoint) again assuming a plate 

thickness of 10 A. The second peak is a second order peak with q=0.34 A-' 

equivalent to 18 A and the third order is found at q=0.52 A-' equivalent to 12 A. The 

peaks of DODAB treated bentonite shift back towards the DODAB treated Laponite 

peaks. With q=0.25 A-' and q=0.5 A` they result in roughly the same interlayer 

spacing of 25 
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8.3 Small angle X-ray scaftering from suspensions in organic 

solvents 

Suspending the clays in an organic solvent produced a clear shift of the peaks to 

smaller q values in the SAXS data meaning the inter-particle separation had increased. 

Laponite treated with DODAB and dispersed in toluene using the method described in 

section 3.2.4 showed the smallest peak from 0.12 A` to 0.13 A-'. The data still 

showed evidence of stacking, the shallow peak, but the separation compared to the 

powder increased from 21 A between the plates to 48 A to 52 A (figure 8.6). The van 
der Waals forces of attraction between the plates at this separation was expected to be 

completely negligible [I I] but similar plate separations have been reported by other 

workers for surfactant treated clay dispersions [12]. 
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Figure 8.6. Scattering from 3% w/w DODAB treated Laponite dispersed in toluene. The 

intensity is plotted as a function of the wave-vector. Error bars are plotted but tiny. 
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The overall shape of the scattering curves was that expected for free tumbling plates 

but like the powders the orientation of the particles was random with a gradient close 
to -2. (figure 8-7). 
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Figure 8.7. Intensity verses wave-vector plot of the scattering from 3% w/w DODAB treated 

Laponite dispersed in toluene. The overall orientation of the plates was random. 

The sample of SAP DODAB Laponite dispersed in toluene settled very rapidly and 

clearly aggregated. The nature of the aggregates was investigated using SAXS but the 

sample showed less periodic structure than anticipated. A peak was found at q of 

0.12 A to 0.13 A-' representing a distance of 48 A to 52 A (figure 8.8). This 

separation was the same as the pure DODAB treated swnple but the scattering 
intensity tailed off more slowly at higher q. This could be indicative of a very wide 

range of separations between plates. It was found from simple observations that the 

SAP DODAB Laponite sample in toluene formed huge flocs that phase separated 

after approximately 5 minutes. The peak at q=0.13 A-' (distance of 48 A) showed the 

plates were still separated by a layer of solvent but did not give inforrnation regarding 

the nature of the aggregates. 

193 



During the course of the SAXS experiment the SAP DODAB Laponite aggregates 

settled to the bottom of the Lindemann tube below the X-ray beam. This process took 

more than I hour to complete and did not affect the shape of the scattering curve. 
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Figure 8.8. Scattering from 5% w/w SAP DODAB treated Laponite dispersed in toluene. The 

intensity is plotted as a function of the wave-vector. 

The original sample made was Laponite treated with SAP alone suspended in toluene. 

This sample did not settle or aggregate over a number of months. Similarly, a 
dispersion of SAP Laponite in polydecene was expected to behave as free tumbling 
discs. The scattering pattern showed no peaks at any q value (figure 8.9) indicating 

the particles were well dispersed. 
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Figure 8.9. Scattering from 6% w/w SAP treated Laponite dispersed in polydecene. The 

intensity is plotted as a function of the wave-vector. No peaks were visible. Error bars are tiny. 

The log-log plot for the scattering intensity of SAP treated Laponite in polydecene 

showed roughly an overall q -2 dependence (figure 8.10). 
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Figure 8.10. Intensity verses wave-vector plot of the scattering from 6% w/w SAP treated 

Laponite dispersed in polydecene. The overall orientation of the plates was random. 

The plate separation of DODAB treated bentonite suspended in toluene was similar to 
DODAB treated Laponite suspended in toluene, but three prominent peaks can be 

seen (figure 8.11). Their positions were at q=0.13 A-', q=0.26 A-' and q=0.39 A-'. 

The distance between the plates is therefore 38 A as the peaks at higher q are 
harmonics. A number of plates organise in stacks since the three peaks were very well 
defined. The sharpness of the peaks and their number also indicate that the distance 

between the plates and the plate thickness is of low polydispersity. This behaviour 

seems to match the powder samples of DODAB bentonite (figure 8.5) and indicates 

the difficulty in breaking down aggregates of DODAB bentonite when dispersing in 

toluene. However the spacing increases so solvent does penetrate between the layers. 
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Figure 8.11. Scattering from 7% w/w DODAB treated bentonite dispersed in toluene. The 

intensity is plotted as a function of the wave-vector. 

The dispersion of SAP DODAB treated bentonite in polydecene showed a small 

shoulder at q=0.17 A` equivalent to an inter platelet separation of 38 A 

(figure 8.12). The small peak was well-defined and shallow indicating the clay 

behaved mostly as a free tumbling particle and only a few plate aggregates were 

present. 
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Figure 8.12. Scattering from 7% w/w SAP DODAB treated bentonite dispersed in 

polydecene. The intensity is plotted as a function of the wave-vector and only a small peak is 

visible. 

SAP bentonite particles dispersed in toluene showed a huge but broad peak at q=0.42 
A-' corresponding to an interlayer spacing of 15 A (figure 8.13). This is a very small 
distance and is strong evidence that the particles aggregated face-to-face during the 

grafting procedure despite the low concentration during preparation (section 3.2.1). 

The fact the peak was broad showed that a distribution of particle layer spacing was 

evident. The plate-to-plate distance of 5A was too small for polymer chains to occupy 

so the aggregation almost certainly occurred as the solvent was transferred from water 

to propan- I -ol. However once the polymer was adsorbed to the exposed surface of the 

bentonite the aggregates were well stabilised but too large to remain suspended. 
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Figure 8.13. Scattering pattern from SAP treated bentonite dispersed in toluene at 10% w/w. 

The intensity is plotted as a function of the wave-vector. 

A suspension of Claytone in toluene (figure 8.14) showed very similar peaks as 

DODAB bentonite suspended in toluene (figure 8.11). A third peak was no longer 

visible, but the First two peaks appeared at a value of q=0.13 A-' and q =0.26 A-. it 

showed that toluene as a solvent for 2HT and DODAB gave a inter platelet spacing of 

38 A. 

Im SAP bentonite in toluene I 
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Figure 8.14. Scattering from 4% w/w Claytone dispersed in toluene. The log of intensity is 

plotted as a function of the wave-vector with a peak visible at q=0.13 k' and a much smaller 

one at q=0.26 k' 

It seemed that polydecene was not as successful at extending the alkyl chains of the 

2HT and DODAB molecules. The Claytone in polydecene peak is at Q =0.17 A-' and 
Q=0.34 A-' which meant the plates were separated by 27 A only, i. e. 10 A less than 

in the case of toluene (figure 8.15). 

0 

0 

nip m 

as 

0.1 0.2 0.3 0.4 

200 



100 

101 m 
I 

0.1 

0.01 

jm Claytone in polydecene 

1E-3- 

IE-4- 
0.0 0.1 0.2 0.3 

IP 
OA 

Ma 16m m 
nip % 

lp 
'6 

0 

0.4 0.5 0.6 

Q/K I 

0.7 

Figure 8.15. Scattering from 7% w/w Claytone dispersed in polydecene. The intensity is 

plotted as a function of the wave-vector. 

Addition of the SAP molecule to the surface of Claytone, seemed to break up the stack 

of the particles in polydecene (figure 8.16) but did not shift the peak position of the 

remaining first peak. The main repeated distance remained at 37 A but the spacing 
between the clay plates varied in polydecene much more when the additional 

stabiliser was present. 
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Figure 8.16. Scattering from 5% w/w SAP Claytone dispersed in polydecene. The log of 
intensity is plotted as a function of the wave-vector. 

8.4 Conclusions 

SAP treated Laponite dispersed in polydecene was a well-stabilised colloidal 
dispersion showing no periodic structure. The surfactant treated samples showed 

plates were held as highly ordered stacks and the ordering was not completely 

removed when the particles were dispersed. Combination of the stabilisers DODAB 

and SAP with the solvent polydecene gave good results with only a small peak due to 

particle stacks. Interestingly, there was greater evidence for particle stacks for the 

samples dispersed in toluene. The plate separation was reduced for SAP Claytone 

dispersed in polydecene indicating the surfactant chains did not extend very well in to 

the polydecene solvent. The behaviour of the surfactant chains was believed to be the 

cause of the thermoreversible gelation found for the SAP Claytone and SAP DODAB 
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bentonite. The SAXS data confirms this assumption and is directly related to the 

then-noreversible gelling behaviour found for these samples. 

The SAP DODAB Laponite particles aggregated and sedimented rapidly but the 

SAXS showed no ordered structure within the aggregates giving few clues to the 

nature of the aggregation. 

Further analysis of the SAXS data is possible. This is carried out by fitting the data to 

a model [13]. Using the model the number of plates in a stack and the overall 

percentage of stacks in the suspension can be obtained. This is beyond the scope of 

the present work, however. 
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1) Conclusion and Future work 

9 Conclusions and Further Work 

9.1 Conclusions 

The aim of this project was to make novel particles stable in an organic solvent at 
high temperature but unstable at low temperature. Laponite and bentonite clay were 

selected as they show good gelling behaviour in aqueous suspensions at low 

concentration due to particle anisotropy. It was expected for well dispersed stable 

particles a thermoreversible gelling transition could be induced with the right 

combination of solvent, surface treatment, and clay. Gels in organic solvents can be 

produced using cationic surfactant adsorbed bentonite and a commercial product, 
Claytone. Claytone made from montmorillonite clay is available as a rheological 

modifier in organic solvents but with a large concentration of polydisperse surfactant 

adsorbed to the surface. 

Laponite and bentonite treated with DODAB surfactant showed very similar 

behaviour to Claytone when dispersed forming gels at all temperatures. By increasing 

the polarity of the solvent the samples went, as expected, from gelling to forming 

large flocs but crucially no region of stability was found. A stable dispersion was 

needed in the first place that subsequently could be destabilised. 

Colloidally stable dispersions of clay have been produced by treatment with a short 

chain poly (isobutylene) polymer acting as a steric stabiliser. Treatment in this way 
for the bentonite produced a sample that sedimented under gravity but colloidal 

stability was achieved for the polymer treatment of the Laponite plates. The difference 

between the treated clays was size of the particles and the amount of polymer 

adsorbed with the bentonite being bigger but with a lower density of polymer. 
However the bentonite sediment displayed vivid flow birefringence when stiffed and 

settled as a nernatic phase. For the polymer treated Laponite a reversible temperature 
dependent gelling transition was induced by careful marginalisation of the solvent. 
The gels were not space filling even when concentrated and the samples were difficult 

to make in any quantity. Also, partial evaporation of the mixed solvent made a 

systematic rheological investigation impossible. 
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9 Conclusion and Future work 

A surfactant and polymer treated Laponite sample was not stable under any conditions 

and sedimented rapidly, however the same treatment applied to bentonite and 
Claytone produced stable dispersions that showed flow birefringence at low 

concentration and flow induced permanent bireffingence at higher concentrations. 
Temperature controlled destabilisation was achieved by transferring to a medium 

weight, low volatility organic solvent, polydecene, used for commercial cosmetic 

applications. The relatively low concentration particles were stable at room 

temperature characterised by their low viscosity and lack of phase separation but 

formed a space filling gel on cooling that could be returned to a more fluid state by re- 

warming. Due to the low volatility of the solvent the samples were ideally suited for 

low temperature rheological studies and their properties were also investigated using 
differential scanning calorimetry to find the temperature of the transition, and small 

angle X-ray scattering to find evidence of particle aggregation. 

9.2 Future Work 

The temperature dependent gelling transition occurred at a low temperature and may 
be raised by making the particles more stable. From our observations it appears this 

could be achieved by adsorbing a longer chain surfactant or polymer to the surface of 

the clay; or by reducing the molecular weight of the solvent thus making the stable 
dispersion entropically more favourable. Choosing slightly different clay particles that 

adsorbed more surfactant or polymer may give a higher gelation temperature, 

however the interaction is complex and better stabilisation is not guaranteed. 

Alternatively, optimising the gelling transition for the polymer and surfactant treated 

bentonite samples could be achieved by examining the factors that govern the gelling 

transition. It is known the samples are not fully dispersed and in other types of 
dispersion this leads to slow sedimentation and though not observed for these samples 

undoubtedly there is an effect. 

The crystallisation of the surfactant alkyl chains on the surface of the plates could be 

investigated using low temperature SAXS experiments to find the variation of the 
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interparticle separation and interparticle association. Also investigations into the 

crystallisation of the surfactant alkyl chains could be undertaken using cycled 
temperature scans with DSC showing the freezing transition as well as the melting 

transition for thcse chains. 
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Appendix I 

Appendix I 

Calculation of the Cationic Exchange Capacity and Area per 
Surfactant Molecule from the Elemental Analysis results. 

The elemental analysis results were given in percentage mass of the sample. The 

errors in the values were ±0.3% w/w but each sample was tested at least twice to 

reduce the crrors. The clay samples were assumed to contain no nitrogen, carbon, or 
hydrogen in their elemental make up. In actual fact about 0.5% of the mass of the clay 
in the sample was hydrogen from the interlayer hydroxyl groups. The elemental 

analysis results for untreated Laponite particles is given below (table Al). 

Sample % Nitrogen % Carbon % Hydrogen 

Untreated Laponite 0.00 0.08 1.50 

TablO A1.11. wernental analysis results for untreatea vacuum oven dried Laponite. only 

nitrogen was completely absent from the samples. 

The untreated Laponite sample showed no nitrogen adsorption to the surface, a trace 

of carbon and a small amount of hydrogen (mostly from adsorbed water). After 

adding Laponite and the short-chain cationic surfactant together the washed and dried 

sample was submitted again for elemental analysis (table A2). 

Sample % Nitrogen % Carbon % Hydrogen 

Laponite average 0.73 11.28 2.84 

Elemental mass ratio 1.00 15.45 3.89 

TWO Al. Z. I no amount ot tetraDutyl ammonium adsorbed to the surface of the Laponite 

The nitrogen, carbon, and hydrogen were all assumed to come from the adsorbed 
surfactant or contaminants making up 14.85% of the mass of the sample. The 
Laponite plates were assumed to make up the rest of the mass (85.15%). As a check 
for contaminants adsorbed to the surface of the Laponite, the elemental mass ratio was 

compared to the pure surfactant (table A3). The elemental mass ratio was obtained by 

dividing all the percentage mass values by the value for nitrogen and was not 
dependent on the actual mass of the element present in the sample. 
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Sample % Nitrogen % Carbon % Hydrogen 

Stochiometric mass value for 

tetrabutyl ammonium hydroxide. 

5.79 79.34 14.88 

Elemental mass ratio 1.00 13.70 2.57 

vablO AI. J. i ne expectea elemental analysis Tor tetraDutyi ammonium ion. txpectea results 
and elemental mass ratio. 

From the elemental mass ratios of the stoichiometric formula of the surfactant 

compared to the actual surfactant adsorbed to the Laponite it was clear excess carbon 

and hydrogen were present. The origin of the hydrogen was assumed to be from 

adsorbed water and the carbon was assumed to be from longer chain surfactant 

molecules. For this reason the nitrogen values alone were taken for the CEC 

calculation. 

In order to transform these values to molar amounts it was assumed there was 100 g 

of sample and therefore the value for the percentage mass was equivalent to the mass 

of the element in grams. The number of moles of surfactant was assumed to be the 

same as the number of moles of nitrogen adsorbed as all surfactant molecules 

possessed only I nitrogen atom. From the Laponite average (table A2) 0.73 g of 

nitrogen was spread over 85.15 g of Laponite. The number of moles of nitrogen was 
0.73/14 = 0.052 moles. The CEC is given in meq/100g of clay where meq is equal to 

millimoles. The amount of surfactant adsorbed to 100 g of clay is therefore 

0.052 x 
100 

= 0.061 molcs or 61 mcq/100 g of clay. 85.15 

This simple calculation can be taken a stage further and the number of surfactant 

molecules per meter2 can be found. The area of the clay plates was taken from 

crystallographic data and for Laponite this was 800m2g-1. The amount of clay in 100 g 

of sample was 85.15 g. The total surface area was 68120 m2. The number of 

surfactant molecules spread over this surface was 0.052 x 6.02 x 102' 
= 3.14 X 1022 

. The 

number of molecules per meter2 was 
3.14xlO" 

= 4.61 x 10". The area per molecule 68120 

was 2.17x 1 0-18 M2 or 2.17 nm2 per molecule. 
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Appendix 11 

SAP adsorption to Laponite and bentonite 

The amount of SAP adsorbed to the clay particles was determined from the elemental 

analysis results. The percentage mass values for nitrogen were taken for the 

calculations as the polymer was known to be polydisperse and the carbon and 
hydrogen values were unreliable as a method for determining the number of 

molecules adsorbed. It was assumed that the adsorbing molecule possessed 4 nitrogen 

atoms in the head group. A sample of free polymer was submitted for elemental 

analysis and compared to the expected elemental analysis results from the molecule 
formula of SAP (figure A2.1). 

Sample % Nitrogen % Carbon % Hydrogen 

2.25 82.38 15.09 
Average Pure SAP 

mass values 

1.00 36.61 6.71 
Pure SAP Mass 

ratio 

2.41 81-58 13.26 
Stoichiometric 

mass values 

1.00 33.85 5.50 
Stoichiometric 

Mass ratio 

Table A2.1. Elemental analysis result tor pure SAP polymer and the expected mass values 
for the stoichlometric formula. 

The mass ratio was obtained from dividing all the elemental analysis results by the 

value for nitrogen for ease of comparison between samples. The elemental analysis 
for SAP Laponitc and SAP bentonite is given below (figure A2.2) 
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Sample % Nitrogen % Carbon % Hydrogen 

Average SAP 2.90 41.48 7.24 

Laponite 

1.00 14.30 2.50 
Average SAP 
Laponite Elemental 
ratio 
Average SAP 2.45 28.78 5.14 

bentonite 

1.00 11.75 2.10 
Average SAP 
bentonite Elemental 
ratio 
vigure Az. z. tiementai anaiysis resullS Tor bAV Laponite ana bAIJ nentonite 

The mass ratios of SAP adsorbed to Laponite and bcntonite are very different to the 

ratio found for the pure sample of SAP and the expected values from the 

stoichiometric formula. This was evidence that low molecular weight polymer 

molecules adsorbed preferentially. 

It was assumed that all the nitrogen, carbon, and hydrogen mass did not come from 

the clay sample. For a 100 g sample of SAP Laponite 51.62 g was from adsorbed 

polymer and 48.68 g was from Laponite with an area of 39840 m' (800 m'g" [1]). 

The number of moles of SAP adsorbed was calculated as 
2.90 

= 0.05 18 moles of N4 
56 

head group. The number of molecules was 0.0518 x 6.02 x 1023 = 3.12 x 1022 and the 

number per square meter was 3.83 x 10". The area per molecule of SAP adsorbed to 

the Laponite was 1.3 x 10-" m2 or 1.3 nm2 per molecule. 

For a 100 g sample of SAP bentonite 63.63 g was due to the clay and 36.37 g of the 

sample was due to SAP. The surface area of the bentonite in this sample was 47850 

rný (752 M2g-I [2]). The number of moles of polymer (from the nitrogen values) was 
2.45 
56 = 0.0438. The number of polymer molecules was 

0.0438 x 6.02 X 1023 
= 2.64 x 1022 The number of molecules per square mctre was 

5.5 x 1017 and the area per molecule was 1.8 x 10' m2 or 1.8 rim 
2 

per molecule. 
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Appendix III 

Adsorption Isotherm Calculations 

The measurement made for the adsorption isotherms was a measurement by depletion 

from the absorbance of light from the unadsorbcd SAP polymer at IcR in the 

supematant at a wavclength of 284 run. 

The ratio of the transmitted intensity, 1, to the incident intensity, 10, at a given 
frequency is called the transmittance, T, of the sample at that frequency: 

10 
All 

It is found empirically that the transmitted intensity varies with the length, 1, of the 

sample and the molar concentration, [. 1], of the absorbing species J in accordance with 

the Beer-Lambert Law: 

I= lo 10-614 A3.2 

The quantity c is called the molar absorption coefficient and depends on the frequency 

of the incident radiation and is greatest where the absorption is most intense. Its 

dimensions arc I /(concentration x length), and it is normally convenient to express it 

in litres per mole per centimetre, (L mol" cm7 1). Alternative units are square 

centimetres per mole (cm 2 mol-1). This change of units demonstrates that c may be 

regarded as a molar cross-section for absorption and the greater the cross-sectional 

area of the molecule for absorption, the greater its ability to absorb incident radiation 
M. 

The form of equation 2 suggests that it is sensible to introduce the absorbancc, A, of 
the sample at a given wavelength as 

A= logLO or A= -logT A3.3 
I 

Then the Beer-Lambert Law becomes 

A= e[Jl' A3.4 
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The product e[J]' was known formerly as the optical density of the sample and for a 

set path length and chemical the absorbance increases linearlY with molar 

concentration [A [1]. 

The sample of SAP was found to have an absorbance peak at a wavelength of 284 nm. 
(figure 2.5) and a calibration plot of the concentration of the SAP versus the 

absorbance was made (figure A3.1) 
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Figure A3.11. Concentration of SAP dispersed in toluene versus absorbance measured at a 
wavelength of 284 nm. 

The graph demonstrates how absorbance depends linearly on the concentration of the 

absorbing species. During the absorption isotherm work the concentration of the 

unadsorbed SAP polymer was found by measuring the absorption of SAP in the 

supematant. 

The procedure for the preparation of the samples for the adsorption isotherm can be 

found in section 3.4.7 

The precise amount of clay in each sample was noted and the total surface area was 

calculated from published crystallographic data [2]. The mass of SAP added to the 

samples was noted as was the mass of toluene. The density of SAP was taken as 0.9 
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Appendix 3 

gcm 3 and toluene as 0.867 gcm, 3 [3]. The total volume of the sample was then 

calculated and the concentration of the SAP in the solution was obtained. 

The supernatant of the centrifuged samples was collected and the UV-Vis analysis 

was carried out using a quartz glass 1.0 cm. path length sample cell. The absorption 

measurements were repeated to reduce errors and the results were collected and 

analysed. 

The concentration of the SAP in the supernatant was calculated from the gradient of 
the calibration graph using the equation of a straight line. The number of moles of 
SAP was then obtained from knowing the total volume of the solution. This value was 

compared to the number of molcs of SAP added at the beginning of the experiment to 

give the number of moles of SAP adsorbed. From knowing the surface area of the 

clay the number of moles of SAP per m2 was found and from the molecular mass of 
the SAP the mass per m2 was reached. 

The actual mass of the SAP adsorbed to the clay was an over-estimate as it was 
assumed that lower molecular weight SAP molecules preferentially adsorbed. 
However the absorption peak in the UV was due to the succinimide group on the 

molecule so the molar amount of SAP adsorbed was correct. 

An exampic of data handling. 

Mass of Claytone 

Surface area of sample 
Mass of toluene 

Volume of toluene 

Mass of SAP added 
Volume of added SAP 

Total volume of sample 
Measured absorption 
Conc. of SAP in supernatant 

= 0.5020 g 

= 377.5 m2 

= 19.9305 g 

= 0.02299 dm3 

= 0.0699 g 

= 7.769x 10-5 dm3 

= 0.02307 dm3 

= 0.0153 

= 0.00019842 mols dni73 

No. ofmolcsof SAP insupcmatant =4.5777xlO-6 
Mass of SAP in supernatant = 0.0105 g 
Mass of SAP adsorbed = 0.0594 g 
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No. of moles of SAP adsorbed 

Adsorbed amount in moles M-2 
-2 Adsorbed amount in mg m 

References 

= 2.587x 1 0-5 MOIS 

= 6.854x 10-8 MOIS M-2 

= 0.157 mg m. 
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Appendix IV 

Mysterious particle aggregation 

Dunng the course of the study a number of different cationic surfactant and solvent 

types were attempted in the search for particle stability. A strong candidate was cetyl 

trimethyl ammonium bromide C16H33(CH3)3N+Br- (CTAB) adsorbed to Laponite and 

dispersed in benzyl alcohol (made and dispersed in the same manner as the DODAB 

clay samples in toluene). The dispersions formed gels and were transparent but the 

system was never adopted as the benzyl alcohol was very hygroscopic and the 

particles always settled slightly when the samples were left to stand for any length of 

time despite prolonged sonication. Out of all the samples produced two high 

concentration samples formed aggregates that were initially thought to be desorbed 

surfactant. The aggregates were highly bireffingent thin plates, the biggest being 4 

mm by 5 mm and remarkably robust withstanding heat treatment and sonication, 

unlike surfactant aggregates that quickly redispersed after heating. One of the 

aggregates was removed using tweezers and washed in acetone and ethanol to remove 

all gel coating the plate and studied under the polarising microscope (figure A4.1). 

Figure A4.1 Polarising microscope image of CTAB Laponite aggregate in benzyl alcohol 

solvent observed through crossed polarisers. The scale bar represents 200 pm. 
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The elemental content of the particle was assessed using the EDAX spectrometer 

attached to the scanning electron microscope and found carbon, silicon, magnesium, 

and oxygen present in the scan area suggesting the presence of CTAB Laponite plates 

(figure A4.2). 

keV 

Figure A4.2. EDAX scan of aggregate found in the CTAB Laponite in benzyl alcohol 

dispersion. 

The exact composition of the aggregate was unknown and electron diffraction was 

attempted but the particle proved too thick for the electron beam to penetrate. All 

attempts to reproduce the result failed and no other CTAB adsorbed Laponite 

dispersions in benzyl alcohol ever resulted in such obvious aggregation. 
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