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Abstract

On Clay Minerals: Adsorption and Modification
Finian John Allen

Clay minerals are prevalent in nature and are a key component of sandstone-based oil reser-
voirs. Understanding the behaviour of organic components at clay mineral surfaces is therefore
important for elucidating the mechanisms of oil recovery. These clay - organic interactions are
of interest both in the context of oil components adsorbed to clay minerals, and for the action
and attrition of surfactant packages employed in enhanced recovery.

The surprising adsorption of anionic molecules onto the anionic mica surface from aqueous
solution, mediated by specific cations, has been investigated. A key variation in cation behaviour
down group 1A was demonstrated, where the caesium salt of the surfactant bis(2-ethylhexyl)
sulfosuccinate (AOT) showed adsorption to mica, in contrast to the lack of adsorption of the
sodium salt. This ‘cation bridging’ by monovalent ions is a novel finding of the work. Further
investigations with added cations revealed potassium to also mediate adsorption, and probed the
importance of the ratio of cations in solution. The sodium salts of carboxylic acids were found
to adsorb to mica, representing a significant difference between the behaviour of these acids and
the sulfonate head-grouped AOT.

The behaviour of an adsorbed layer of the cationic surfactant didodecyldimethylammonium
bromide (DDAB) adsorbed on mica was studied on exposure to different species in solution,
including anionic and non-ionic surfactants. Very different behaviour was seen depending on
the nature of the solution species. The effect of the anionic surfactant sodium dodecyl sulfate
was found to be particularly complex; below the CMC there was partial layer replacement but
a thickening of the total organic layer, but significantly at the CMC complete desorption of all
adsorbed material occurred. This may represent an approach to remove such strongly bound
cationics.

As many surface techniques require large and very flat clay surfaces, methods to produce
flat surfaces on a macroscopic scale with different surface charge densities were investigated.
Two candidate approaches were shown to result in modified charges. Cation exchange then heat
treatment of mica was shown to partially neutralise the surface charge, in line with the literature,
and sodium aluminate treated silica was shown to display an imparted negative charge.

Finally, the technique of fluorescence microscopy was developed as an alternative exper-
imental method for investigation of adsorption to mica. Through different imaging regimes,
species in solution and on the surface were selectively imaged. Adsorption of cationic dyes was
explored, and the surface mobility was investigated using bleach recovery measurements.
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Chapter 1

Introduction

1.1 Clay Minerals

Clay minerals are abundant in nature, and of industrial relevance in fields ranging from
agriculture to ceramics to lubricants. Behaviour at the surfaces of clay minerals is of
particular interest in oil recovery, as clays are present in many sandstone reservoirs and can
be pore lining minerals1. This means that the solid surfaces contacting the oil residing in
pores will in part be clay surfaces. There is also evidence that the presence of clays is linked
to determining which reservoirs show incremental recovery from lowered salinity water
flooding2, a process discussed in more detail in Section 1.5.

1.1.1 Structure

Clays minerals are phyllosilicates (layered silicates), composed of sheets of silicon atoms
tetrahedrally coordinated by oxygens and sheets of octahedrally coordinated aluminium or
magnesium atoms3. These sheets are combined differently in different clays.

The structure of the tetrahedral sheet is shown in Figure 1.1a. Of the four oxygens
forming each tetrahedron, three are shared with neighbouring tetrahedra and one apical
oxygen oriented away from the plane, upwards as shown in the figure. In the octahedral
sheet the metal ions are coordinated by six oxygen or hydroxyl groups which are shared by
adjacent octahedra, as shown in Figure 1.1b. These types of sheets can associate by sharing
of the apical oxygens from the tetrahedral sheet with octahedra in the octahedral sheet, as
shown in Figure 1.1c. This can occur on just one side of the octahedral sheet as shown,
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which results in a 1:1 clay (also referred to as ‘TO’), or on both sides of the octahedral sheet
resulting in a 2:1 clay (‘TOT’). These combinations of sheets form layers which then stack to
give the three-dimensional clay structure.

(a) Tetrahedral sheet (b) Octahedral sheet

(c) Tetrahedral and octahedral sheet forming layer,
as in a 1:1 clay.

Fig. 1.1 Structures of tetrahedral and octahedral structures in clay minerals. (Images repro-
duced from Encyclopaedia Britannica4.)

The occupation of the octahedral metal ion site in the sheet varies; if the metal ions are
trivalent Al3+ ions then only two of each three positions will be filled and the clay is termed
dioctahedral, whereas if the ions are divalent Mg2+ then all three positions are filled and the
clay is trioctahedral3. The 2:1 mineral with complete dioctahedral occupancy and no further
substitutions is pyrophillite, and in the case of complete trioctahedral occupancy the mineral
is talc. The lack of isomorphic substitution in these clays leads to idealised neutral structures.

As discussed in Section 1.2.1, isomorphic substitution in the clay structure gives a
permanent structural negative charge, compensated by cations occupying positions between
the clay layers and on exposed surfaces. The nature of the cations and the degree of
substitution are important in determining aspects of the behaviour of the clay. Depending on
the structure of the clay, some minerals may incorporate water in the interlayers and expand
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or even exfoliate into their component sheets, and these are termed swelling clays5. Clays
which do not do this are termed non-swelling.

Swelling of clays may be of two types: limited hydration of the interlayer cations and
surfaces, termed intracrystalline swelling, or unlimited hydration of the interlayers from
the osmotic pressure due to the high effective ion concentration in the interlayer, termed
osmotic swelling6. The extent of isomorphic substitution also has a profound effect on the
clay particle flocculation behaviour when dispersed in water.

The surface cations may be exchanged for other cations in solution, and if the clay swells
when in contact with water then the interlayer cations also become accessible to exchange.
These cations are termed exchangeable cations, and the cation exchange capacity (CEC) of
a clay is the number of exchangeable cations per unit mass. As the cations are present to
neutralise the structural charge, the CEC gives a measure of surface charge. Care must be
taken with interpretation of this quantity as non-swelling clays can only exchange cations on
their exposed surfaces.

Isomorphic substitution can occur in either the tetrahedral or the octahedral sheet, and
this distinction can influence surface behaviour. If the charge sites are in the tetrahedral layer,
which is closest to the surface, the localisation of the charge site will be felt more strongly
by an adsorbate due to the greater proximity. If the substitution is in the octahedral layer,
and therefore below the outer most silicate layer, there will be less localisation of the charge
on the surface7. The extent of substitution and resulting charge varies between classes of
clay mineral and within each class depending on the specific sample of naturally occurring
material.

The behaviour of the basal planes of clay mineral particles differs strongly from the
behaviour of the edges of the plates. As described earlier, the surfaces carry a negative and
mostly pH independent charge due to isomorphic substitution in the crystal structure. The
edges however are made up of ‘broken’ edges of the clay sheets with dangling hydroxyl
bonds: aluminol and silanol. The edges may therefore display behaviour of both these groups
The point of zero charge of alumina has been reported in the pH range 7-9, so at pH values
below this components of edge sites might be expected to carry a positive charge8,9.
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1.1.2 Muscovite Mica

Muscovite mica is the focus of this project, and is a 2:1, non-swelling clay which occurs
naturally in much larger crystals than most other clays. Muscovite provides a convenient
model system for the study of the basal surface of clay minerals. Mica has been utilised
extensively as a substrate for many surface techniques due to the perfect basal cleavage that
the crystal exhibits. This can yield surfaces which are atomically flat over the order of square
centimetres in area10. Mica carries a negative surface charge from isomorphic substitution of
Si4+ by Al3+ in the tetrahedral layer of the mineral, giving a negative charge site per 47 Å2

area11, or -0.33 C/m2 charge density12. In the natural material this charge is compensated by
K+ present between the mica sheets and on the exposed basal surfaces. In aqueous solution
these ions can dissociate or be exchanged for other cations. The surface charge of mica is
generally higher than other common clays.

In addition to the wide employment of mica as a substrate or substrate support for tech-
niques such as atomic force microscopy (AFM) and sum frequency generation spectroscopy
(SFG), there are also various industrial applications which make use of the high thermal and
electrical insulating properties of the structure.

1.1.3 Montmorillonite

Montmorillonite is also a 2:1 clay mineral but unlike mica it is a swelling clay. Montmo-
rillonite typically exists as a fine powder with particles of approximately 1 µm in diameter.
No large crystals are readily available. Isomorphic substitution of Mg2+ for the Al3+ in
the octahedral layer results in the layer charge, and the exchangeable cations are typically
Na+ and Ca2+. In a given montmorillonite sample generally there is one predominant ex-
changeable cation. The surface charge density has been estimated as -0.1 C/m2 from CEC
measurements13.

Amongst other uses, montmorillonite is employed in pharmaceuticals preparations,
catalysts, and as a precursor for organically modified clays14. The nature of the counter ion
is central to the swelling and represents a subtle balance between binding to the charged clay
surface and the extent of hydration that can restrict close approach of the ions to the clay,
weakening the attraction. Related effects will be relevant in this work.
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1.1.4 The Hofmann-Klemen Effect

The fixation of small cations, specifically Li+ and Mg2+, into clay minerals and associated
reduction in layer charge and related properties was first reported in 1950 by Hofmann and
Klemen15 and this effect has since occasionally been referred to in the literature as the
Hofmann-Klemen effect. Nishimura et al.16 investigated this effect on mica and observed
with atomic force microscopy (AFM) that the basal plane was not damaged by the cation
fixation, and proposed that the cations were fixated in the hexagonal cavities on the mica
basal plane. Various other studies using IR spectroscopy of treated montmorillonites have
suggested that the cations in fact migrate to, or near to, vacant octahedral sites17,18.

1.2 Surfaces and Surface Charge

1.2.1 Origins of Surface Charge

Surface charge at the solid - aqueous solution interface may arise from different physical
processes, which can result in differing behaviour. Charge may originate from structural
considerations, pH dependent groups, or from preferential dissolution of one ion over another.
The specifics of each of these are discussed in more detail below, with particular reference to
clay minerals which are the subject of this thesis.

Structural Charge

The form of structural charge of interest here typically originates from elemental substitution
in the crystal lattice. Isomorphic (or isomorphous) substitution is the replacement of one
element for another, without significant alteration of the crystal structure. If the substituting
species has a lower valency this substitution results in a negative charge. As described in
Section 1.1, clays have a layered structure and this isomorphic substitution leads to negatively
charged layers. The charge is compensated by cations which sit between the layers in the
stack and on exposed surfaces. The extent of substitution and resulting charge varies between
classes of clay mineral and within each class depending on the specific sample of naturally
occurring material.
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pH Dependent Groups

Surface groups capable of being protonated or de-protonated will also give rise to a surface
charge. Unlike charge arising from structural origins, this charge will depend on the pH of
the solution in contact with the surface.

Phyllosilicates will be expected to have some surface silanol groups (-SiOH). These
groups can be protonated ( – SiOH2

+) or de-protonated ( – SiO– ), depending on the pH of the
solution, resulting in a charged surface. At a given pH value the surface will be net neutral;
this is termed the Point of Zero Charge (PZC) when determined by acid-base titration. The
pH at which the charge at the plane of shear in electrokinetic measurements, discussed further
in Sections 2.4 and 2.5, is zero is termed the Iso-Electric Point (IEP)9.

The degree to which pH dependent charges play a role in clay mineral behaviour will
depend on the extent of surface hydroxylation.

Preferential Dissolution

Charge can arise from preferential dissolution. In an ionic solid in contact with a solvent,
unequal chemical activity of the ionic species can result in enhanced dissolution of one ion
relative to the others. This will leave the surface with the charge of the less soluble ion, and
magnitude determined by solution conditions. The classic example of this effect is for silver
chloride, in which silver ions preferentially dissolve to yield a surface with a negative surface
charge.

Clearly the same arguments may be applied to precipitation from saturated solution as to
dissolution, and pH dependent charging could be considered as a specific example of this
effect involving the hydrogen and hydroxide ions. Preferential dissolution of ions other than
H+ and OH– does not play a major role in the charge behaviour of clay minerals under the
studied conditions.

1.2.2 Electrical Double Layer

When a charged surface is exposed to an electrolyte solution, a structure known as the
electrical double layer (EDL) forms. The double layer was first proposed by Helmholtz
who considered counterions bound to the charged surface giving a linear potential variation
from the surface. This model was developed by Gouy and Chapman to include the effects of
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thermal motion and co-ions, resulting in a model with an exponential decay of the potential
from the surface into the bulk19. Finite size of the ions is neglected in this model. Stern 20

combined these theories into the model that is described here.

The variation in potential away from the surface is schematically illustrated in Figure 1.2.
A layer of tightly bound unhydrated (or unsolvated) ions forms at the surface, and the inner
Helmholtz plane (IHP) is defined by a plane through the centre of these ions. The potential
falls linearly and steeply in this region due to the high counterion density, and the ions in this
region are considered fixed to the surface. Beyond this is a layer of hydrated ions which are
not specifically adsorbed to the surface and these define the outer Helmholtz plane (OHP)21.
Together the IHP and OHP are often referred to as the Stern layer. Beyond this is the diffuse
layer extending into the bulk, which balances the remaining Coulombic charge of the surface.
The potential decays exponentially in this region.

Fig. 1.2 Variation in potential of the electrical double layer as described by the Stern model.
The surface has potential Ψ0, the inner Helmholtz plane (IHP) has potential Ψ1, outer
Helmholtz plane (OHP) has potential Ψ2, and diffuse (Gouy) layer are shown.

The diffuse layer structure may be described by the Poisson-Boltzmann equation, Equa-
tion 1.122,23, where Ψ(r) is the potential at the distance r from the OHP, ε0 the permittivity
of free space, εr the dielectric constant, n0

i is the number density of species i as Ψ → 0 (in
the bulk), zi is the valency of species i, and e, kb, and T are the electronic charge, Boltzmann
constant, and temperature respectively. This equation can only be solved analytically in
specific cases, and neglects any solvent-ion interactions. The equation performs well for
monovalent ions at low concentrations but does not adequately describe the behaviour of
multivalent ions23.
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∇
2
Ψ(r) =− 1

ε0εr
∑

i
n0

i zi exp
(
−eziΨ(r)

kbT

)
(1.1)

In the limit of low potentials (|Ψ|< 25mV)22, the Poisson-Boltzmann equation can be
linearised to give the Debye-Hückel theory result, shown in Equation 1.2. The Debye length,
κ−1, is a characteristic length scale of the system and at this distance away from the OHP
the potential has fallen to e−1 (e now referring to Euler’s number) of its value at the OHP.
I is the ionic strength, given by I = 1

2 ∑i ciz2
i where ci is the concentration of species i with

valency zi. At higher ionic strength the Debye length is smaller so the potential decays more
rapidly, over a shorter length scale. This is due to the higher electrolyte concentration more
effectively screening the surface charge.

∇
2
Ψ(r) = κ

2
Ψ(r) where κ =

√
2e2I

ε0εrkbT
(1.2)

1.3 Surfactants

Surfactants are amphiphilic molecules which have an affinity for interfaces. Typically they
contain a hydrophilic head-group and at least one hydrophobic tail, which is often an alkyl
chain. Above a certain concentration in solution, and solubility constraints withstanding,
surfactants self-assemble into aggregates. The structure of these aggregates can be considered
to depend on the relative volumes of the head and tail sections of the molecule.

The molecular packing parameter can be calculated for a surfactant molecule and used
to predict the aggregate structure in solution24. The formula for the packing parameter (pp)
is given in Equation 1.3, where Vc is the volume of the surfactant tail, a the cross-sectional
area of the head group, and lc the extended tail length. An example of a generic surfactant
molecules, with these parameters labelled, is shown in Figure 1.3.

pp =
Vc

alc
(1.3)

For pp ≤ 1
3 spherical micelles are favoured, when 1

3 < pp ≤ 1
2 cylindrical micelles are

favoured, and when 1
2 < pp vesicles or bilayers are favoured24.
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Fig. 1.3 A schematic of a surfactant, with the head group shown as a blue cylinder. The
parameters used to calculate the packing parameter are labelled; the cross-sectional area of
the headgroup ‘a’, the extended tail length ‘lc’, and the tail volume ‘Vc’.

The concentration at which micelles form is known as the critical micelle concentration,
or CMC. Below this concentration there is insufficient driving force from the hydrophobicity
of the tails for aggregates to form. The CMC value depends on the structure of a given
surfactant and conditions. It is expected that at the CMC the driving force for aggregate
assembly on a surface also increases, and adsorption becomes more likely. Adsorption of a
molecule below the CMC suggests a specific interaction between the surface and adsorbate.

1.4 Adsorption and Adsorption Isotherms

Molecules adsorbing to surfaces may do so in different ways. If the molecule is held at
the surface by attraction arising from weak forces, such as Van der Waals forces, this is
termed physisorption. Xenon adsorbing to graphite is an example of physisorption25. If
however a chemical bond forms between the molecule and the surface then this is known
as chemisorption and the interaction is much stronger than physisorption. An example of
chemisorption is thiols adsorbing to a gold surface, where the gold chemically bonds to the
sulphur and hydrogen is released. A binding energy of > 50 kJ/mol is generally considered
to be classified as chemisorption26.

Adsorption isotherms are descriptions of the amount of adsorbed species at an interface
as a function of either the pressure in the gas phase or concentration in solution, at a constant
temperature. Measurements of adsorption isotherms can be made in one of two broad ways,
either measuring amount adsorbed at the surface or the amount depleted from solution.
In many cases depletion studies are a relatively straightforward method and a powerful
experimental tool for investigating a system. Further fitting of the data can reveal the
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thermodynamics of the system, as well as the area per adsorbate molecule and thus the
molecular orientation by inference.

A variety of models exist to describe the many possible isotherm shapes corresponding
to different adsorption characteristics19. A widely applied and simple model is the Langmuir
isotherm27. This model is based on the assumptions that adsorption does not proceed
above monolayer coverage, all sites are equivalent, and that there are no inter-adsorbate
interactions. The Langmuir equation, which can be derived from these assumptions, is given
in Equation 1.4, where θ is the fractional coverage, p is the equilibrium partial pressure of
adsorbate or concentration if in solution, and K is the equilibrium constant for adsorption
defined as ka

kd
where ka and kd are the rates of adsorption and desorption respectively. A

schematic plot of the Langmuir isotherm is shown in Figure 1.4. Note the rapid rise in
adsorption to a high concentration plateau.

θ =
K p

1+K p
(1.4)

Fig. 1.4 Simulated isotherms for adsorption following a Langmuir (blue) and an S-shaped
isotherm (red), plotted according to the Meghea equation28.

In the case of an adsorbate showing strong inter-adsorbate interactions, the behaviour
will deviate strongly from the Langmuir model. For strongly co-operative adsorption, where
an adsorbate molecule on the surface increases the driving force for further molecules to
adsorb as is often the case for surfactants in solution, S-shaped isotherms can occur. In this
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case there is little or no adsorption up to some concentration, but a further small increase
in equilibrium concentration leads to a large increase in adsorbed amount. This can occur
at or close to the CMC for a surfactant solution. Various models exist for fitting S-shaped
isotherms29,30. A simple example without physical basis is the Meghea equation28 which
has been used to plot the example of an S-shaped isotherm shown in Figure 1.4.

1.5 Oil Recovery Mechanisms

There are broadly three stages to current conventional oil recovery31:

1. Primary recovery is the oil produced directly from the natural pressure of the formation.
This can continue for some time depending on the pressure of the given reservoir.

2. Secondary recovery involves increasing the pressure in the reservoir once primary re-
covery has slowed or stopped. The pressure is generally increased using water flooding,
though gas and other material can be injected. For offshore oil wells seawater is often
used. Recovery rates after primary and secondary recovery have been implemented are
mostly in the range 40-50%.32

3. Tertiary recovery refers to ‘enhanced’ or ‘efficient’ methods of oil recovery (often
referred to as Enhanced Oil Recovery, EOR). There are various methods of EOR,
including the use of surfactants33, polymers34, and more recently, low salinity water
flooding35.

There is still much about the mechanisms of EOR techniques that is not well understood,
and considerable work is being done to elucidate these processes. In addition to greater
understanding allowing development of new and furthering of current EOR techniques, a
key question is the prediction of how individual reservoirs will respond to different EOR
techniques and where implementation is worthwhile. During the transition from fossil
fuels to renewable energy, EOR will continue to be at least as important as it is currently;
nearly all models of the energy transition include a reliance on fossil fuels for the next
decade and beyond, used with increasing levels of carbon capture and storage (CCS). During
this transitional period it will be vastly more carbon efficient and environmentally friendly
to produce more oil from established fields, rather than development of new assets with
all the associated environmental and fiscal costs of discovery, mapping, and production
infrastructure.
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A specific EOR method of interest here is the use of low salinity water flooding, as in the
LoSal™ method developed by BP plc.35,36 This process involves flooding using water of
significantly reduced salinity, and specifically lowered concentrations of divalent ions. Many
mechanistic theories have been proposed for the method of action for enhanced recovery with
this process. It has been reported that the effectiveness of reduced salinity water flooding is
linked to the presence of clays in the reservoir37.

One of the proposed mechanisms of enhanced recovery is the replacement of divalent
cations, which are reported to ‘bridge’ between anionic oil molecules and anionic clay
surfaces, with monovalent cations which it is assumed cannot bridge in this way38. This has
been termed ‘multivalent ion exchange’, or MIE. A schematic of this effect is shown in Fig-
ure 1.5. The release of adsorbed polar components is then proposed to release oil associated
hydrophobically with these species, often described as the rock surface transitioning from
‘oil-wet’ to ‘water-wet’. Cation bridging is discussed further in Section 3.1.1.

Fig. 1.5 Schematic of one of the suggestions for the mechanism for low salinity oil recovery,
Multivalent Ion Exchange (MIE). On the left the divalent ion can bridge between the anionic
clay surface and the anionic oil molecule, but when replaced with the monovalent ion, as
shown on the right, bridging does not occur and the oil molecule is liberated from the surface.

An alternative mechanism which has been suggested is ‘double layer expansion’, or
DLE38. This postulated mechanism is that as the ionic strength is decreased on introduction
of lowered salinity water, the expansion in the electrical double layer from the increase in
Debye length is sufficient to move organic molecules bridged by cations in this layer further
from the mineral surfaces and into the sweeping flow.
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The incredibly complex and varied nature of both reservoirs and crude oils makes study of
these effects difficult. Core flooding experiments, where rock cores either from real reservoir
rock or more commonly a substitute, are the closest laboratory analogue39. Generally more
model systems are utilised to attempt to glean the key parameters and driving forces, and
develop fundamental insight.

1.6 Thesis Overview

In this thesis I will outline my findings and developments in the fields of surfactant adsorption
and interaction at the mica surface, with reference to the relevance of these effects to enhanced
oil recovery. The main objectives are to further the understanding of behaviour of charged
organic species at clay mineral interfaces, and develop new techniques with which to study
these systems experimentally. The content of the remaining chapters is given below:

• Chapter 2: the principles and specifics of the experimental techniques used in this
work.

• Chapter 3: results and discussion relating to adsorption of anionic and non-ionic
surfactants to the mica surface from aqueous solution, including the effect of inorganic
cations on anionic adsorption.

• Chapter 4: the complex interplay of surfactants in solution with a pre-adsorbed and
strongly bound surfactant layer on mica, and the relative driving forces for layer
removal or addition are discussed.

• Chapter 5: attempts to measure and control surface charge of macroscopic ultra-flat
surfaces.

• Chapter 6: the application of fluorescence microscopy to adsorption studies.

• Chapter 7: conclusions and potential avenues for further study.





Chapter 2

Experimental Methods

2.1 Neutron Reflection

Behaviour at ‘buried’ interfaces, such as the solid - liquid interface, is experimentally difficult
to access. Many of the techniques capable of investigating interfaces of this type operate by
introducing a second interface into the system. Examples of this are the tip in AFM, where
deflection or frequency response of a cantilever is measured as it traverses a region, or the
second surface in the use of the surface force apparatus, where the attractive or repulsive
force is recorded as a function of separation between two surfaces approaching or retracting.
The use of an external solid probe has the potential to perturb the system either by inducing
ordering through ‘frontal confinement’40,41 or by removal of transiently bound species.

Neutron reflectivity is a well established technique which has been used extensively as a
non-invasive probe for studying behaviour at a number of interfaces, including the solid -
liquid42–45. A particular advantage of neutron reflectivity is the ability to resolve organic
molecules in aqueous or organic solvents. An advantage of neutron over X-ray reflectivity is
that the former does not suffer from the problems of radiation damage, which can be induced
by high intensity X-ray sources46,47.

Plainly a neutron source is required for experiments to be carried out. Different types of
source exist, as discussed further in Section 2.1.2. Experimental time is granted in cycles
via an application process with a peer review panel. Because of this limited availability
significant preparation and planning must be conducted before any neutron experiment.
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2.1.1 Neutron Reflection Theory

Classical Optics

Reflection of neutron waves can be treated using classical optics, as for electromagnetic
radiation. For a wave traversing an interface between two media with refractive indices
n1 and n2, the incident and transmitted angles are related using Snell’s Law48, as given in
Equation 2.1. The angles are defined as between the plane of the interface and the wavevector,
as illustrated in Figure 2.1, and it is noted that this definition is not the same as the convention
for optics where the angle with the surface normal is usually used.

n1

n2
=

cosθ2

cosθ1
(2.1)

The neutron reflectivity work described in this thesis is the result of specular neutron
reflection. In specular reflection, intensity is measured at an angle of reflection equal to the
angle of incidence on to the sample. The information content in specular reflection relates
purely to the structure of the sample in the direction normal to the interface (z-direction),
and an in-plane (xy) average structure is seen. Other techniques, such as off-specular
diffuse scattering and grazing incidence scattering, can give some information about in-plane
structures and ordering, but have not been employed here.

A schematic of a neutron wavevector interacting with a single interface between two
phases is shown in Figure 2.1. In this case there is both a reflected wave, with wavevector kR,
and a transmitted wave, with wavevector kT . For specular reflection θI = θR.

Fig. 2.1 A schematic representation of a wave interacting with a single interface between
phases with refractive indices n j and n j+1 respectively. Some of the wave is reflected, and
some transmitted into the second medium.
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Neutrons interact with the nuclei of atoms, unlike the more common technique of X-
ray scattering where X-rays interact with the electron density surrounding the nuclei. The
potential neutrons experience on interacting with a bound nucleus is described in Equation 2.2,
where mn is the neutron mass, and b is the neutron scattering length.

V (r) =
2π h̄
mn

b (2.2)

The scattering length is composed of both a coherent and incoherent component, com-
prising the real and imaginary parts respectively. When the neutron is passing through a
medium the potential described is modified to the one given in Equation 2.3, where ρ is the
scattering length density (SLD) defined as ρ = 1

volume ∑i bi for a unit volume. The SLD may
therefore be calculated for a given material from the molecular volume, which can usually be
calculated from the bulk density, and the molecular formula.

V (r) =
2π h̄
mn

ρ (2.3)

The scattering length varies in a pseudo-random manner across the periodic table, and
between isotopes of the same element. This provides a useful tool in the ability to distinguish
between chemically very similar species through selective isotopic substitution. In particular,
the scattering lengths of 1H and 2H (deuterium, D) are very different, at -3.74 and 6.67
fm respectively49. Thus selectively deuterating solvent or surfactant molecules, or even
specific regions within surfactants, can be used to increase the scattering contribution from
a component or allow multiple datasets to be collected from essentially identical systems.
These datasets can then be used to co-refine a model, reducing the chance of a non-unique
solution being found.

Contrast matching is a technique where a mixture of protonated and deuterated solvent
molecules are selected with ratios such that the scattering length density of the solvent is
equal to that of a specific component in the system, often the substrate or an adsorbate.
As neutrons only scatter when travelling through an interface between regions of different
scattering length densities, contrast matching can be used to negate scattering from particular
interfaces.

Neutron wavevector interactions obey the same rules as regular optics. For reasons dis-
cussed in Section 2.1.2 it is convenient to combine the incident neutron angle and wavelength
into a single parameter: the momentum transfer in the direction of the surface normal, Qz.
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This may be calculated from the difference between the reflected and incident wavevectors,
k f and ki, to give Equation 2.4. For brevity Qz is frequently abbreviated to simply Q or q,
and this notation is used in the remainder of the thesis.

Qz =
4π sin(θ)

λ
(2.4)

A neutron refractive index may be defined for a given material in the same way as for
electromagnetic radiation, by the ratio of the wavevector in a vacuum to the wavevector in
the material. The equation for the refractive index is given in Equation 2.5, and as ρ is much
less than one for most materials a truncated Taylor series may be used and the refractive
index is well approximated by the form given in Equation 2.650. These equations neglect the
absorption component, which will be imaginary and is only significant in the case of strongly
adsorbing materials. Including this term gives Equation 2.7, where σa is the absorption cross
section.

n2 = 1− λ 2ρ

π
(2.5)

n ≈ 1− λ 2ρ

2π
(2.6)

n ≈ 1− Nb
2π

λ
2 +

Nσa

4π
iλ (2.7)

Snell’s law dictates that in the case of a reduction in refractive index across the interface
there will be an angle (for a given wavelength) below which there will be no transmitted
wave. This is termed the critical angle, and gives a critical value of Q which is termed Qc.
From Snell’s law it is clear that a critical angle will only be present for a decrease in refractive
index, n, across the interface, which from Equation 2.6 corresponds to an increase in SLD.
The formula for Qc is given in Equation 2.8, where ∆ρ is the change in SLD across the
interface. For Q ≤ Qc there is total reflection.

Qc =
√

16π∆ρ (2.8)
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Fresnel Coefficients

Reflectivity is defined as the ratio of the reflected intensity to the incident intensity. From
considerations of the components of the wavevector parallel and perpendicular to the surface,
and from the continuity of the wavefunction, the Fresnel coefficient for reflection may be
derived. The equation for the Fresnel coefficient for an interface is given in Equation 2.9,
in terms of the components of the wavevectors perpendicular to the surface. Taking the
square of the modulus of the amplitude, r j, j+1, gives the intensity, R j, j+1. This is given in
Equation 2.10.

Reflectivity for a single interface modelled using this equation is shown in Figure 2.2, for
various changes in SLD across the interface. The position of Qc increases for larger SLD
differences.

r j, j+1 =
k j⊥− k( j+1)⊥
k j⊥+ k( j+1)⊥

(2.9)

R j, j+1 =
∣∣r j, j+1

∣∣2 (2.10)

Fig. 2.2 Modelled reflectivity for a single interface between two bulk phases, for a range
of SLD differences. Reflectivity is calculated from Equations 2.9 and 2.10. Total internal
reflection and a critical edge is only seen for an increase in SLD across the interface.
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Born Approximation

Applying peturbation theory to the Schrödinger equation yields the Born approximation51,
which may be used to calculate the reflectivity for Q ≫ Qc, far from the critical edge
and is useful for rudimentary fitting. Here the reflectivity has a Q−4 dependence (in the
absence of roughness, discussed in the following section). The specific relation is given in
Equation 2.11, and a comparison of the reflectivity calculated from the Fresnel coefficient
and Born approximation is shown in Figure 2.3, showing the validity at high Q only.

R =
16π2

Q4 ∆ρ
2 (2.11)

Fig. 2.3 Comparison of modelled reflectivity from the Fresnel coefficient (Equation 2.9), and
from the Born approximation (Equation 2.11). Above Q ≈ 0.05 Å-1 the Born approximation
agrees well with the Fresnel reflectivity, but for Q closer to Qc it breaks down.

Roughness

Roughness at an interface will reduce the intensity of the specular reflected signal. This may
be accounted for by applying a Nevot-Croce factor to the Fresnel reflectivity52. The modified
Fresnel reflectivity with the included Nevot-Croce factor is given in Equation 2.12, where the
roughness σ depends on the root-mean-square of the height variation h at the interface. The
effect of increased surface roughness on a single interface is shown in Figure 2.4, illustrating
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the dramatic effect of roughness on reflectivity. This can limit the use of neutron reflectivity to
situations with surfaces of lower roughness than the layer thickness of interest. For molecular
adsorbates roughnesses of lower than approximately 5 - 10 Å are therefore required.

r j, j+1 = r j, j+1e−2k jk j+1σ2
where σ =

√
⟨h2⟩ (2.12)

Fig. 2.4 Reflectivity from a single interface with varying roughness, as calculated from
Equation 2.12. The reduction in intensity, particularly at higher Q, for increased roughness is
clearly visible. An experimentally realistic background of 1×10−6 has been included.

Reflection by a Thin Layer

Figure 2.5 schematically illustrates the case of a thin layer at the interface between two bulk
phases. The waves reflected from the lower interface will interfere with those reflected from
the first interface, along with waves multiply reflected between the two. The interference can
be constructive or destructive, depending on the relative phases of the waves. Calculating the
reflectivity requires consideration of all of these waves, which can be solved by recognising
that the amplitude of this series of waves reaching the detector forms a geometric progression.
By taking the sum of this series, the reflectivity may be calculated, as given in Equation 2.13,
where r j, j+1 are the Fresnel coefficients given earlier, and d1 the thickness of the layer at the
interface. The intensity can then be calculated from R = |r|2 as before.
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The reflectivity modelled for a thin layer at an interface, from Equation 2.13 is shown in
Figure 2.6 for two different layer thicknesses. For the thicker layer the fringe spacing, given
by 2π/d, is clearly reduced. The fringes are often referred to as Kiessig fringes.

Fig. 2.5 A schematic representation of a wave being reflected at a thin layer between two bulk
phase. Reflection and transmission occurs at both interfaces, and the resultant reflectivity is
the result of interference between the waves, with the phase differences being dictated by the
path length in the thin layer.

r012 =
r01 + r12e−i2β1

1+ r01r12e−i2β1
where β1 = k1d1 (2.13)

Matrix Method

For systems with more than two layers, summation of the beams arising becomes overly
complex, and instead a different method of calculating reflectivity is used. This is the Abeles
matrix method48,51,53, or optical matrix method, and involves assigning an optical transfer
matrix to each layer. The form of this matrix is given in Equation 2.14.

c j =

[
eβ j r jeβ j

r je−β j e−β j

]
(2.14)

The matrices for all the layers in the system are multiplied together to give a resultant
matrix, as in Equation 2.15. From this the reflectivity is calculated from Equation 2.16.

M =
j

∏
j=0

c j (2.15)
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Fig. 2.6 Modelled reflectivity for a single layer with different thicknesses, as calculated from
Equation 2.13. The SLDs of the substrate, layer, and subphase are 1, -2, and 3 × 10-6 Å-2.
When the SLD of the thin layer is between that of the substrate and bulk then the fringes in
the reflectivity profile appear below the profile for the single interface. The fringe spacing is
related to the thickness of the layer, with the periodicity given by 2π/d.

R =

∣∣∣∣M11

M21

∣∣∣∣ (2.16)

Coherence and ‘Thick’ Layers

The discussion above holds for ‘thin’ layers where the waves reflected at the first and second
interface can interfere. In this context, ‘thin’ refers to layers with thickness less than the
coherence length of the neutron radiation. The coherence length is the distance over which
the information about the phase of the radiation is lost19. For ‘thick’ layers, where the
thickness is greater than the coherence length, a different treatment is required. In this case
the intensities of the reflected waves must be summed, rather than the amplitudes54.

Here the reflectivity may be calculated from Equation 2.17, where L is the path length
in the layer, N the number density of atoms, and σtot the absorption cross section55,56. As
described in Section 2.1.3, a combination of thick and thin layers is required in this work.
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Rtot = R01 +
(1−R01)

2e−2LNσtot

1−R12R01e−2LNσtot
(2.17)

Model Fitting

Because of the ‘phase problem’, where only the intensity and not the phase of the incident
waves is measured, analysis of neutron reflectivity data is conducted through model-fitting.
The model consists of a stack of layers, from which the reflectivity is calculated. The
thicknesses, roughnesses and SLDs of the layers are then refined to minimise the differ-
ence between the calculated and measured reflectivity. The background signal may also
be included, as well as the resolution although this can generally be determined by the
experimental arrangement and not fitted. As much constraint as possible is applied to the
fitting, with as few independent parameters as are required and a physically reasonable model.
The result of the fitting is an SLD profile normal to the surface, representing the structure
and composition of the interfacial region.

In this work, the simplest possible model with physical grounding was attempted at all
stages. If the simplest model was not able to fit the data adequately then the next most simple
model was attempted.

2.1.2 Instrumentation

Two types of research neutron source exist: spallation sources, such as the ISIS Neutron and
Muon Source, and reactor sources, such as the Institut Laue Langevin. Spallation sources
work by accelerating pulses of protons to high speed in a particle accelerator, then impacting
them onto a target which ejects neutrons. These neutrons pass through moderators which
control the speed and therefore wavelengths produced for particular experiments. For the
work here where low Q is generally of interest, long wavelengths are preferred and so a
‘cold’ source might be used. Reactor sources use highly enriched uranium fuel and produce
neutrons through nuclear fission, which are then moderated in the same way.

Neutrons are delivered from the moderator to the instrument by neutron guides, which
are made from surfaces highly reflective to neutrons such as nickel-coated glass. Guides
allow high flux at the instrument. Slight curvature of the guides also allows reduction of
background gamma signal which would otherwise arrive at the instrument directly from the
source.
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Measurements of neutron reflectivity are typically made with two methods. Time-of-
flight (TOF) measurements calculate the wavelengths of packets of incident neutrons by
measuring the speed of the neutrons from the time taken to travel a well defined path length,
usually from the source to the detector. The wavelength is calculated from the de Broglie
equation λ = h/mv. Spallation sources are particularly suited to TOF measurements as the
neutrons are produced in pulses by the target. At reactor sources, choppers may be used to
define pulses. All data described in this thesis were collected using TOF measurements. An
alternative to TOF is monochromated mode, where a fixed wavelength of neutrons is used
and the angle to the sample is continuously varied to build up the reflectivity profile. The
sources produce a wide spectrum of wavelengths and monochromation is therefore generally
inefficient.

In a single TOF pulse, a limited wavelength range is available, depending on the specifics
of the target, moderators, and other factors. A number of incident angles are therefore used
to cover the desired range in momentum transfer. The angles are chosen that the reflectivity
profiles produced from each angle overlap in Q and these are then ‘stitched’ together using
the overlapping regions. This can be convenient where the absolute intensity is not known.
For example, at low Q there may be a critical scattering region where the reflectivity must be
unity. Any experimental data can be scaled to ensure unity of reflection in this region and
any other data collected at higher reflection angles correctly scaled.

The footprint of the neutron beam on the sample is controlled by a series of adjustable
slits along the incident beam. These slits also serve to collimate the beam. As the incident
angle is varied the slits are controlled to maintain the same footprint on the sample. The
footprint was set as 75 mm along the beam direction and 30 mm across it, slightly smaller
than the size of the substrate trough described in Section 2.1.2, to ensure no edges were
clipped by the beam.

To correct for inefficiencies in the detector and for absorption in the substrate, data is
reduced against data collected with a ‘straight-through’ beam (incident angle of 0°, and beam
offset to pass through the entire silicon wafer without reflection), with the same slit settings
as the angles used for reflectivity measurements. The resolution, defined as ∆Q/Q, was set
at 3% for measurements at ISIS. At the ILL the resolution varied slightly over the Q range,
but was approximately 4%.
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ISIS: Inter and Offspec Reflectometers

The majority of the neutron experiments contained in this thesis were performed at the ISIS
Pulsed Neutron Facility, Oxfordshire, on the Inter57 and Offspec58 reflectometers. These
have vertical scattering geometry (horizontal surface of interest) and operate in time of flight.

On Inter incident angles of 0.4°, 0.9°, and 2.3° were used, and on Offspec 0.3°, 0.9°, and
2.3° prior to a slit alteration and 0.4°, 0.9°, and 2.0° in later experiments after this change
had been made to the instrument.

ILL: D17 Reflectometer

Work was also carried out at the Institut Laue Langevin, Grenoble, on the D17 reflectometer59.
This instrument has horizontal scattering geometry (vertical surface of interest). D17 can be
operated in either TOF mode, as with the reflectometers at ISIS, or in monochromatic mode
which was not used in this work.

The broader nature of the wavelength packet on D17 compared to the reflectometers at
ISIS required the use of only two incident angles to cover the required range in momentum
transfer with sufficient overlap for stitching; angles of 0.8°, and 3.2° were used.

Alignment Procedure

For a reflectivity experiment to be successful, it is necessary to know the position and angle of
the surface of interest to an extremely high degree of accuracy. A high contrast between the
substrate and cell solution is advantageous in the alignment procedure, so before alignment
cells were filled with D2O to give a large Q-range with total reflection and therefore high
overall reflectivity. Initially the approximate horizontal and vertical position of the sample
were ascertained using a laser. The beamline experimental chamber, ‘blockhouse’, was then
locked for safety reasons and the neutron beam used for the remainder of the alignment
procedure.

Initial ‘coarse’ alignment takes place with measurements of intensity with the incident
beam, sample, and detector aligned; the ‘straight through’ beam is measured. A height scan
was performed around the approximate interface position; the intensity of signal dropping
as the beam moves from silicon wafer substrate to solution reservoir which attenuates more
strongly. An error function may be fitted to this profile and the centre of the drop taken as
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the height of the interface. A rocking curve was then measured, varying the substrate angle
between the beam and scattering direction. A peak results from occlusion of the beam by
the sample when not parallel, and a Gaussian fit may be used to find the peak centre. These
scans are iterated until self-consistent.

After this step, the detector and sample angle are altered to move the geometry into
reflection. Similar height scans and angle scans are then performed with a peak generated in
each case when the reflected signal is on the detector position, and the scans are iterated. A
final horizontal translation scan, and cross beam angle (ψ) scan may be conducted if deemed
necessary. All angle and translation positions are controlled by high precision motors.

Mica Substrates

Substrates for neutron reflectivity measurements were prepared using the method of Browning
et al. 55 , with the modification of Griffin et al. 56 to access a larger substrate size. Silicon
wafers of dimensions 100 × 50 × 10 mm and polished to a roughness of < 5 Å on the (111)
face were obtained from either PI-KEM Ltd or Sil’tronix. n-type doped (P) wafers were used
to avoid any inclusion of boron, which is strongly attenuating. The wafers where cleaned
by immersing in concentrated nitric acid for 5 h using a custom teflon holder, followed by
soaking in ultra pure water overnight and repeated rinsing. Loctite® 3301 (approximately
2 ml), a low viscosity UV-curable glue, was passed through a syringe filter (5 µm, nylon
membrane) then spin coated onto the dried wafers at 5000 rpm for 5 min to yield a thin layer.

A mica sheet (10 cm × 5 cm × 25 µm, Attwater & Sons Ltd) was cleaved by laying
adhesive tape onto both sides, and gently peeling the sides apart. As the mica was cleaved a
small volume of water was dropped into the freshly forming surface to lower the free energy,
and facilitate the cleaving. Generally the cleaving procedure resulted in a visibly thicker
and thinner side, and the thicker side was retained. The freshly cleaved face was carefully
laid down onto the glue layer on the silicon wafer. A stiff card was swiped across the top
of the mica as it was deposited to aid the prevention of trapped bubbles between the silicon
and mica. A small overlap over the edge of the silicon block of a few millimetres was left,
to aid the second cleaving as discussed later. The mica was then clamped against the glue
layer using a highly polished Pyrex block (OptoSigma). The glue was cured with a UV lamp
(UVP CL-1000, λ 254 nm) for 30 min.

The overlapping end of the mica was gently scored on the back face with a scalpel, and
the mica was finally cleaved once again by peeling back the adhesive tape to yield a fresh
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top surface of mica for investigation. As before, a small volume of ultrapure water was
introduced during cleaving. The fresh mica surface was then blown dry with a jet of clean
N2. In almost all cases, and where not specifically mentioned in the text, the mica surface
was UV-O3 cleaned (BioForce Nano) for 20 min. The silicon block with mica surface was
clamped against a teflon trough to form the solid - liquid reflectivity cell.

A schematic of the neutron path through the multilayered substrate is shown in Figure 2.7,
with the thicknesses of the layers not to scale. Example values of fitted layer thicknesses are
given in Table 2.1.

Fig. 2.7 Schematic of the multiple layers of the supported mica substrates used for neutron
reflectivity experiments, with the path of the neutron beam shown and an example surfactant
layer on the mica surface. Layer thicknesses are not to relative scale.

Solid - Liquid Cells

Reflectivity measurements were carried out using custom machined teflon troughs, clamped
against the substrate of interest to create a reservoir for solutions and a solid - liquid interface.
An example of the troughs used is shown in Figure 2.8. The dimensions of the trough are 85
mm along the beam direction and 40 mm across it, and the seal with the surface of interest
is made by a machined lip approximately 0.5 mm in height. The deformation of this lip
provides the liquid-tight seal. The volume of the reservoir was determined as approximately
2 ml through controlled filling experiments.

HPLC fittings and pump connected to the trough were used to fill and exchange the cells,
in situ on the neutron instruments. This is significant as it means that different solution
contrasts can be used without removal, emptying, refilling and re-aligning of the sample
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cells, which is very time consuming and can be very challenging with weakly scattering
contrasts. The assembly was held together by aluminium plates on each side, with a rubber
mat between the bottom plate and silicon wafer to evenly distribute the clamping load.

Fig. 2.8 The sample cells used to conduct reflectivity experiments. Left is the teflon trough
which seals against the surface of interest. HPLC fittings thread into the solution ports
labelled. Right is the full assembled cell; the rubber mat between the silicon wafer and top
plate is not visible, nor are the glue and mica layers on the face of the silicon wafer contacting
the teflon trough. The ports visible on the top and bottom plates are for connection to the
recirculating glycol bath for temperature regulation.

The top and bottom plates of the cells are drilled with channels and have fittings to allow
connection to a recirculating glycol or water bath for control of temperature. This was utilised
in some experiments where temperature control was of importance, but where not stated in
the text the cells were run without specific temperature control and at the ambient conditions
of the instrument blockhouse, approximately room temperature. When temperature control
was employed, the temperature of the silicon wafer was monitored by a thermocouple taped
directly to the side of the wafer, and the recirculating glycol bath was adjusted until the
measured temperature stabilised at the desired value. The glycol bath had to be set a few
degrees higher than the desired value due to losses between the heated plates and the sample
itself.

The cells were assembled by clamping the components together evenly across the cell and
to the minimum torque at which the cell was found to seal during pump driven exchange at a
flow rate of 2 ml/min. This was achieved using a torque screwdriver, and typically required
torques were 0.4 - 0.6 N m-1. The minimum torque was used so as to minimise the pressure
applied to the mica surface, and the chance of inducing curvature or fracturing. Due to the
creep of teflon under load, the cells were re-tightened to the initial sealing torque after a 12 h
delay.
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Each cell was initially filled with care by hand using a syringe while oriented vertically,
to avoid trapping bubbles. After the cells were connected to the HPLC pump they were
gently rocked and tapped during flow to attempt to remove any further bubbles. Subsequent
solution exchanges were carried out with an HPLC pump using a volume of 30 ml and a
flow rate of 2 ml/min. Previous work has shown this to be more than sufficient for complete
exchange of the cell solution. HPLC lines were flushed between different solutions to avoid
contamination across cells.

The HPLC pumps used can take up to four input solutions, and are capable of mixing
given ratios of these inputs to dilute the stock solutions as appropriate. This allows accurate
and automated sweeping of concentrations. Testing revealed that at very low percentage
selections the mixing ratios pulled by the pump were not accurate, and so a minimum of
10% of any single feed solution was used. In some experiments, specifically those described
in Chapter 4, it was important that the solution entering the experimental cell was very
thoroughly mixed prior to moving into the cell and no variation in concentration of species
was translated to the cell. The HPLC pump incorporates a mixing chamber, but for added
certainty an additional external mixing chamber was added before the lines to the cells.

In cases where there was any possibility of precipitation of additives occurring on
mixing of solutions, the desired final solution was tested ‘offline’ prior to the experiment.
Examples of such situations were mixing of two oppositely charged surfactants, and mixing
surfactant solution with salt solution. In these cases the desired solutions were prepared in
the same manner that would occur in the pump (by mixing more concentrated solutions of
the components), and observed for any turbidity or precipitation.

With such a small surface area under investigation, cleanliness is of great importance
and enhanced cleaning methods were used to avoid contamination. The teflon troughs were
cleaned with nitric acid in the same manner as the silicon wafers, as were any glass bottles
used for making up solutions. All items not compatible with acid cleaning, such as HPLC
fittings, were cleaned by soaking overnight in Decon 90, rinsing 10 times with water, further
soaking overnight in water, then rinsing 10 times and drying. HPLC tubing was flushed with
a large volume of 1:1 ethanol:water, then a large volume of water.

The major complications associated with the neutron reflectivity samples were found
to be trapped bubbles and leaking. Air bubbles were evidenced by lower than expected
reflectivity, and enhanced off-specular scattering. Bubbles trapped during cell filling were
generally hard to remove, and in some cases only disassembly and refilling of the cell was
successful.
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Sample Mounting

For all experiments, samples were mounted to an automated sample changer in the beamline.
These are motor-controlled to a very high degree of accuracy and operated remotely, which
allows alignment of a number of samples (in general either three or four samples were
mounted adjacent to each other) and measurement of different samples without the need to
open the blockhouse or remove and realign samples. This ability, when combined with the
automated solution exchanges provided by the HPLC pump, is extremely valuable in the
intensive experimental environment of a neutron experiment. Removal of any single sample
from the sample stage has the potential to change the balance of the table, so whenever
a sample was removed the alignment of the other samples on the table was checked and
corrected if necessary.

For experiments at ISIS the reflectivity cells were attached to the sample changer table
by magnetic kinematic mounts provided by the facility. This was not possible at the ILL due
to the space constraint and vertical sample geometry on D17. The purpose of the kinematic
mounts is both to allow easy removal and replacement of samples, as unbolting is not required
with the magnetic fixings, but primarily to allow near exact replacement of the samples in
the same location back onto the stage. This dramatically speeds up the alignment procedure
as the coarse horizontal alignment procedure was not required and in nearly every case it
was possible to go straight to fine alignment in reflection mode without any straight-through
alignment.

2.1.3 Neutron Reflectivity Data Analysis

As mentioned in Section 2.1.2, measured reflectivity data is divided by the measured intensity
for a straight through beam, and converted from wavelength and angle into Q in a process
termed data reduction. The ‘coherent summation’ method of Cubitt et al. 60 , implemented in
the data reduction software COSMOS61, was utilised on the data from D17 to account for
a small degree of curvature of the mica surface. This method involves binning the data in
‘constant Q’, rather than the conventional method of summing over constant wavelength then
converting the data to Q and re-binning. A full explanation of the analysis, and the appropriate
treatment of the resolution is described further by Cubitt et al. 60 . For the reflectometers at
ISIS, data was reduced in Mantid62 in the usual manner by converting TOF to wavelength,
then normalising by monitor counts and transmission measurement. For D17 a region of
the multi-detector outside the specular condition was used to subtract the background from
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the data. Any remaining background was accounted for during data fitting, as was the
background in data collected from ISIS.

Due to the complex nature of the substrates used, comprised of layers both thicker and
thinner than the coherence length, a specialised fitting routine must be used to fit a model to
the reflectivity data. I-CALC, a custom program properly taking into account this analysis
has been developed by prior members of the group, and was used and modified through the
course of this work. The routine properly accounts for the ‘thin’ and ‘thick’ layers, for which
the amplitude and intensity must be respectively considered. The attenuation of neutrons,
in the mica and more significantly the glue layer, is also accounted for. This attenuation is
wavelength dependent, and to account for this the attenuation has been directly measured
using a thin section of each material, and a polynomial fitted to the wavelength dependence.
Resolution is dealt with by convolution of a Gaussian, of width selected appropriate to the
resolution, with the calculated reflectivity.

The attenuation will also vary with the path length of the neutrons in each medium, and
this is also calculated and accounted for. The details of I-CALC are further described in
the work of Browning et al. 55 and Griffin et al. 56 , including the parameters fitted for the
polynomials to the wavelength dependent attenuation of both mica and the glue. Valida-
tion of I-CALC has been performed against a well established neutron fitting routine55,
MOTOFIT53,63.

Due to slight imperfections away from the idealised crystal structure of the natural mica
mineral the classically forbidden Bragg peak at 0.32 Å-1 is visible for some substrates. In
these cases the data was truncated at 0.24 Å-1, just below the onset of the peak, for the
purposes of fitting to avoid contribution from the Bragg peak to the fitting routine. The full
reflectivity profiles are still displayed in figures.

Development of Fitting Algorithm

As discussed above, a specialised fitting routine must be utilised to fit a structural model
to the neutron reflectivity data generated from the multilayered supported mica substrates.
During initial use of the fitting program, it was observed that the fit produced by the script
occasionally varied depending on the dataset being fitted; even with the same input parameters
a small shift in q was observed in the simulated reflectivity in some cases. After significant
investigation it was found that the effect depended on the number of datapoints in the dataset
being fitted.
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In the routine the ‘smearing out’ of reflectivity data caused by instrumental resolution and
sample effects is included in the calculation by convolution of the calculated reflectivity with
a Gaussian, with a width chosen to reflect the broadening for a given experimental set-up.
The Gaussian used for convolution is not a true continuous function but discrete, and in the
original program composed of the same number of data points as the measured reflectivity. It
was found that in the implementation when the Gaussian was formed from an even number
of points convolution resulted in an offsetting of the calculated reflectivity. This behaviour
was verified using a step function, as shown in Figure 2.9. The fitting routine was therefore
modified to ensure the Gaussian profile was always composed of an odd number of points to
prevent this issue.

Fig. 2.9 Convolution of a step function (blue) with a Gaussian constructed from either an
odd (orange) or even (green) number of points.

This correction was verified by confirming that the critical edges fall at the positions
calculated from the SLDs of the relevant phases when using the new implementation of the
fitting algorithm.
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Substrate Characterisation

A large number of mica substrates were used in the experiments described in this thesis. Each
substrate was initially characterised in three water contrasts prior to addition of any salts or
surfactants; H2O, D2O and either a mixture contrast matched to the silicon substrate (CMSi)
or to the mica layer (CMMi). The three datasets were then co-refined using the procedures
described in Section 2.1.3 to give the thickness and roughness for each of the silicon, silicon
oxide, glue, and mica layers.

An example of reflectivity data collected from the bare mica - water interface is shown
in Figure 2.10 with fits superimposed, and the associated fitted parameters are given in
Table 2.1. The SLD value for the glue is based on measurements of glue composition and
density carried out by prior group members, and the SLD for the mica is calculated from
the idealised formula and crystal structure. Both of these parameters were allowed to vary
within tight bounds. As Figure 2.10 indicates, the agreement between the experimental data
and the model described above is very good indeed, particularly given the complexity of the
experimental system and highly constrained nature of the fitting.

Fig. 2.10 Reflectivity profiles collected from the bare mica surface exposed to H2O, water
contrast matched to mica (CMMi), and D2O. Profiles offset for clarity.

The fitted parameters for the glue layer are found to depend largely on the adsorption
correction and attenuation of the glue. They were found to have significant uncertainty and
hence a reasonably wide range of values are consistent with the data. A reasonable value
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Table 2.1 Fitted parameters for bare mica surface from KAOT adsorption.

Material SLD / ×10−6 Å-2 Thickness Roughness / Å
Silicon 2.07 - 6
Silicon oxide 3.49 15 Å 6
Glue 1.08 9 µm 14
Mica 3.79 12 µm 3

is included in the fitting. Importantly this parameter makes essentially no difference to the
fitting of layers on the surface of the mica, which are of central interest in this work.

Parameters for all the substrates used in this thesis were found to be consistent within
reasonable bounds, and reflectivity profiles and parameters from every bare surface are not
shown for brevity.

2.2 X-Ray Reflectivity

2.2.1 X-Ray Reflectivity Theory

X-ray reflectivity (XRR) is a complementary technique to neutron reflectivity; it can give
information about the composition and structure of layers in a sample. The principles of
optics described in Section 2.1.1 with reference to neutron reflectivity still hold for X-ray
reflectivity and govern the behaviour observed. Whereas neutrons interact with the nuclei of
atoms, X-rays interact with the electron density surrounding the nuclei so a different contrast
is seen and this technique is more suitable to observing species with significant atomic mass.

The issue of beam attenuation is a more constraining factor for XRR when compared to
neutrons. Passage through even thin (centimetres path-length) layers of solvent will attenuate
the X-ray beam significantly, leading to reduced intensity and higher background signal.

For X-rays, the refractive index includes components for dispersion and absorption. The
full refractive index is given in Equation 2.18:

n = 1−δ − iβ (2.18)

where the dispersive component, δ is given in Equation 2.19 and the absorption component,
β is as defined in Equation 2.20.
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δ =
λ 2

2π
reρ (2.19)

β =
λ

4π
µ (2.20)

λ is the wavelength, re the electron radius, ρ the electron density of the material, and µ is
the absorption length.

More details of the background theory may be found elsewhere64,65.

2.2.2 Instrumentation

X-ray measurements were carried out using a monochromated beam with the incident and
reflected angles continually varied to build up the reflectivity profile. Measurements were
performed on the I07 beamline at the Diamond Light Source66, using a beam monochromated
at 0.7251 Å with a width of 300 µm.

The high intensity of the X-ray beam from the synchrotron, even the reflected signal, can
be sufficient to damage the detector. To avoid this, attenuating filters are generally used to
reduce the intensity of the beam incident on the sample. As the incident angle is increased
and the intensity of the measured signal reduces, less attenuating filter-sets are utilised to
allow greater measured intensity and a higher signal to noise ratio. The much greater intensity
of the mica Bragg peak also required additional filters to be in place. The result is that the
reflectivity profile is constructed in a series of discrete sections, much like during neutron
reflectivity. These were stitched together using a script provided by Diamond, which also
accounted for any over-illumination of the sample area at low angles, which would lead to
lower than expected reflected intensity.

The high intensity of the source can be sufficient to cause changes or damage to the
surface and structures of interest. This is frequently referred to as ‘beam damage’, and may
be mitigated by horizontal translation of the sample during measurement. In this way a fresh
unaltered region of the sample can be probed. The system under study in this work was of a
layer under aqueous solution, which will help dissipate any heat build up and make beam
damage less likely. Mitigation through horizontal translation was planned, but not conducted
due to other experimental issues.
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Custom reflectivity cells were used, the design of which is discussed further in Section 3.3.
PEEK components were cleaned by sonication in ethanol, then soaking and sonicating in
water. Substrates were prepared in the same manner as for neutron reflectivity, as described
in Section 2.1.2, but with two different wafer sizes for the appropriate cells. 50 × 50 × 10
mm wafers, and 10 × 10 × 3 mm wafers were used, all polished to a roughness of < 5 Å.

2.2.3 X-Ray Data Analysis

X-ray data was fitted using the fitting routine GenX67 (Version 2.4.9). In this routine
scattering lengths are calculated by inputting layers as formula units per Å3. As in neutron
data fitting each layer in the model is described by composition, roughness, thickness, and
hydration. The model is refined to minimise the difference between the calculated reflectivity
and experimental data.

2.3 Powder X-Ray Diffraction

2.3.1 Theory

Diffraction of X-rays from a powder allows identification of the crystalline minerals present
in the sample. The diffraction pattern generated by a crystal is the 3D Fourier transform of
the real space structure, though a more physical interpretation may be reached by considering
electrons scattering from planes of atoms in the sample.

Depending on their relative phases, the beams scattered by different atoms in the crystal
may interfere constructively leading to a peak in the diffraction pattern, or they may interfere
destructively resulting in no peak. A simple schematic of the situation is given in Figure 2.11.
The condition for constructive interference can be derived geometrically and is given by
Bragg’s Law (Equation 2.21).

nλ = 2d sin(θ) (2.21)

In Equation 2.21, n is an integer, λ the wavelength of the X-rays, θ the angle of incidence
and d is related to the unit cell dimensions and angles. Due to the random orientations of
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Fig. 2.11 X-ray diffraction from adjacent planes in a crystal, of layer spacing d in PXRD.

crystals in a powder, all lattice planes are represented and should be evident in the pattern as
the incident angle is scanned.

2.3.2 Experimental

Powder X-ray diffraction measurements were conducted using a Bruker D8 Advance diffrac-
tometer, with Cu Kα radiation (λ = 1.541 Å). Due to the large d-spacings under investigation,
an instrument capable of low angle measurements with low background was required.

Samples for XRD analysis are often prepared by dispersing and grinding the powder of
interest in a small volume of acetone, spreading this across an amorphous glass slide, then
allowing the solvent to evaporate to yield a relatively flat and well dispersed sample. The
specific nature of the organically modified clays under study with this technique, described
in more detail in Section 4.2.5, is such that organic solvents can swell the interlayer spacing.
There was therefore concern that this acetone preparation method might alter the parameter
under investigation.

To test this effect, measurements from a sample prepared through the described acetone
method were compared with a sample prepared through an alternative method; organically
modified clay sprinkled ‘dry’ through a fine copper mesh onto a small amount of vacuum
grease on a glass slide. This method was less convenient and difficult to produce a well
dispersed and even sample from. Preparation of samples was conducted by Holly Smith, a
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Masters student under my supervision. The results of X-ray diffraction measurements from
each of the two preparation methods are shown in Figure 2.12.

The signal from the acetone preparation is much less noisy, with a sharper peak at
2θ ≈ 4.25°, and a second order peak visible at 2θ ≈ 8.5°. An increase in layer spacing
would result in a shifting of the peak to smaller angle. Whilst it is difficult to locate the exact
centre of the broad peak in the mesh-prepared sample it is clear that the peak position of
the acetone-prepared sample is essentially the same as for the mesh-prepared, or if anything
at marginally higher angle/lower spacing. Therefore it was concluded that the acetone
preparation of samples did not lead to significant swelling, and this preparation method was
used for all subsequent experiments.

Fig. 2.12 X-ray diffraction data from the same organically modified clay, with diffraction
samples prepared either by dispersion in acetone or ‘dry’ dispersed through a fine mesh. Data
are offset but are the same scale. The position of the peak for the acetone prepared sample is
shown for comparison.

Preferential alignment of sample with the support can be an issue for X-ray diffraction,
in particular for ‘platey’ layered samples such as the clays used here. As diffraction was
only conducted to measure the basal spacing of the clays, and preferential alignment of the
flakes would orient these planes parallel to the substrate and enhance the contribution of this
scattering, this alignment was not of concern in this work.
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2.4 Zeta Potential Measurements

2.4.1 Zeta Potential Theory

The motion of colloidal particles in an applied electric field gives information about the
potential at the plane of shear in the electrical double layer, termed the zeta potential. Light
scattering may be utilised to measure the mobility of these colloids; if a laser is incident on
a colloidal sample then the frequency of any scattered light will be shifted relative to the
incident frequency by an amount proportional to the velocity of the particle scattering the
light. The Doppler shift of this light will be very small relative to the incident laser frequency,
but through optical heterodyning becomes detectable. A reference beam is split from the
main beam before interaction with the sample, and the reference is recombined with the
scattered light after modulation to a lower frequency. The frequency shift on scattering is
now detectable relative to this lower frequency.

The relation between mobility (which is the velocity per electric field, (m s−1)/(V m−1))
and zeta potential is not straightforward. Two limiting cases are commonly applied depending
on the ionic strength and particle size (a), where κa « 1 and where κa » 1, though a more
detailed analysis is possible68. For the former case, where the Debye length (κ−1) is much
larger than the species radius, the Hückel limit applies as given in Equation 2.22 where µe is
the electrophoretic mobility, η the viscosity of the fluid, ζ the zeta potential, and the other
symbols have their usual meanings.

µe =
2εε0ζ

3η
(2.22)

Whilst this limit might be valid for atomic ions or in non-aqueous systems, it is not well
met for aqueous colloidal systems where Debye lengths are generally much smaller and
radii are larger. In the limit of κa » 1, the Smoluchowski equation given in Equation 2.23
applies69.

µe =
εε0ζ

η
(2.23)

In this work the Smoluchowski model was utilised in all cases, though in the case of
colloidal silica in 1 mM KCl the limit is not well met. In this electrolyte concentration
and if the silica is unaggregated then κa ≈ 1, but conditions were chosen such that some
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aggregation is likely and ‘a’ will be increased. Despite this, the calculated zeta potential
values will show some deviation from the true values, and no major conclusions were drawn
from exact magnitudes of zeta potential data.

2.4.2 Experimental

Ludox™ colloidal silica stock was sonicated for 15 min, then samples were diluted to 10
wt%, and made to 1 mM KCl. pH was adjusted with addition of 0.1 M HCl or NaOH. After
equilibration approximately 2 ml of the sample was removed, passed through a 0.2 µm nylon
syringe filter, and used for zeta potential analysis. The pH of the remainder of the sample
was measured.

Zeta potential measurements were carried out using a Brookhaven ZetaPlus instrument.
The laser was allowed to stabilise for at least an hour before measurements, and the electrodes
were cleaned between samples. Measured mobility was converted to zeta potential values
using the Smoluchowski equation in the integrated software.

2.5 Streaming Potential Measurements

2.5.1 Theory

For large flat surfaces, rather than colloidal systems, determining the zeta potential is exper-
imentally more challenging. Clearly moving the solid is not possible, but by moving the
electrolyte over the surface and measuring the potential or current, the zeta potential may
still be determined. When an electrolyte flows under some applied pressure through a plug or
through a narrow channel composed of a charged material, the displacement of ions from the
electrical double layer creates a potential difference across the plug or channel, termed the
‘streaming potential’.

ζ =
dU
dp

η

εε0

L
A

1
R

(2.24)

ζ =
dI
dp

η

εε0

L
A

(2.25)
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For a narrow channel cell this potential difference is related to the zeta potential by the
Helmholtz - Smoluchowski equation70 as given in Equation 2.24, where dU

dp is the streaming
potential per unit pressure, L is the length of the channel, A the cross-sectional area, and R

the resistance across the cell. All other symbols have their usual meanings. The component
L
A

1
R is equivalent to the electrical conductivity. The current causing this potential is related to

zeta potential by the related Equation 2.25.

2.5.2 Experimental

Instrumentation

A SurPASS electrokinetic analyser by Anton Paar, equipped with integrated titration unit,
was used for measurements of streaming potential71. All measurements were conducted in
a background electrolyte of 1 mM KCl, and pH was controlled by addition of 0.1 M HCl
or NaOH as with zeta potential measurements. The electrolyte reservoir was continuously
purged with nitrogen during operation to reduce pH changes due to CO2 dissolution. The
essence of the measuring device is straightforward; two gas-tight syringes driven by syringe
pumps control flow across the sample and can generate a pressure gradient, and two electrodes
mounted each side of the sample measure potential difference and current flow.

Various mounting cells exist for different substrate types, and for the flat surfaces of
interest a ‘clamping cell’ arrangement was selected. This utilises a polypropylene spacer to
create a narrow channel, which can be bounded above and below either by the surface of
interest on both sides, or by the surface of interest on one side and a reference surface on the
other. A schematic of the clamping cell set up is reproduced in Figure 2.13. For the mica and
silica surfaces being measured it was not possible to easily introduce holes for electrolyte
flow, so a reference surface provided by Anton Paar was used to make up the top side of the
channel.

This was a polypropylene film, and the relation of the zeta potential of the surface
of interest is given by ζsurf = 2ζtot − ζref where ζsurf is for the surface of interest, ζtot is
the measured zeta potential, and ζref is for the reference surface. Any contribution to the
measured zeta potential from the spacer used to separate the surfaces was not included in
the calculation, but as the material is polypropylene and will not have a significant surface
charge, and the surface area is approximately 9% of the total channel71, this is likely to be a
reasonable approximation.
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Fig. 2.13 Schematic of the clamping cell for the SurPASS device, reproduced from Bukšek
et al. 71

The instrument operates by linearly increasing the pressure across the cell and measuring
the response of the current and potential, then repeating this process in the converse direction.
This is repeated a number of times for each new electrolyte pH value. Standard operating
procedures for the SurPASS were followed for all measurements72, and flow checks were
conducted before zeta potential determination. Zeta potentials were calculated from the
pressure ramps automatically using Equation 2.25.

Operation of the instrument was not without complication, with numerous faults arising
over the course of the experimental period. Gas-tight syringes were found to develop leaks
after some period and required maintenance and finally replacement. The motors driving the
syringe pumps for electrolyte transport were also prone to unexplained errors and stalling
with no obvious cause. Great care was also required to prevent bubbles in the electrolyte
transport hoses and measurement cell.

Validation

pH and conductivity electrodes were calibrated prior to each use and maintained such that
the cell parameters fell within the acceptable limits. For validation of the electrodes, Anton
Paar provide both a ‘single point’ validation sample of viscose fibres, which should produce
a specified zeta potential at a given pH, and a reference foil with a supposedly known IEP.
This same surface is also the foil used as a reference surface in the clamping cell, as the
opposing surface to a surface of interest.
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The viscose fibres validation limits are a zeta potential of −9±3 mV in 1 mM KCl at
pH 6. Measurement of the validation material resulted in an experimentally determined
zeta potential of −11±3 mV in 1 mM KCl at pH 6.2, so within the accepted limits. This
gave some confidence that the instrument was operating correctly and electrodes were in
acceptable condition.

For the validation reference foil a number of measurements over a broad pH range were
made over several different days to assess variability. The results of these measurements are
shown in Figure 2.14, and it can be seen that there is reasonable consistency at near-neutral
pH values but the zeta potential showed significant deviation between measurements at lower
pH; whether this is variation in the true zeta potential of the polypropylene film or in the
measurement is unclear. The stated IEP of the reference72 was pH 4± 0.2, whereas the
measurements show no IEP within the tested range and by extrapolation an IEP of pH 2 - 3
can be estimated.

Fig. 2.14 Experimentally measured zeta potentials for the polypropylene reference foil, con-
ducted over a range of pH values. Four separate tests are shown, which were different samples
of foil and with extensive cleaning and flushing of all equipment between measurements.

Despite a number of enhanced cleaning cycles and re-calibrations of pH and conduc-
tivity electrodes, no difference to the measured zeta potential profile was found. After a
maintenance visit by Anton Paar and discussion with technicians it was suggested by them
that the literature value of the supplied reference foil might be incorrect, and given that the
single point calibration measurement was successful that the machine was functioning as
intended. Despite this unsatisfactory conclusion, the relative consistency of measurements
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at near-neutral pH was deemed sufficient to cautiously proceed with measurements, even if
results may only be analysed comparatively.

Substrate Preparation

Substrates were prepared as per the standard operating procedures for the clamping cell;
a section of reference foil was cut to shape and had two holes punched using the supplied
apparatus, to allow electrolyte flow. A spacer was then applied and the surface of interest
clamped against the reference to create the channel for electrolyte flow.

Mica substrates for zeta potential analysis were prepared in an analogous way to those for
neutron reflectivity studies, as described in Section 2.1.2. The same cleaving and cleaning
procedure was applied but there was no requirement to glue the mica sheets to a support so
they were clamped against the reference surface using a polished glass block. Silicon wafers
(roughness < 10 µm) were nitric acid cleaned then rinsed with copious ultrapure water, as
with the preparation for neutron experiments. Oxidisation of the surface of the silicon wafer
results in the measured surface being silica, and so is comparable to the Ludox colloidal
silica particles. Some wafers were also UV-O3 cleaned prior to measurement as discussed in
Section 5.3.

Data Analysis

As previously mentioned, calculation of the zeta potential for a measured surface requires
knowledge of the zeta potential of the reference surface at the same pH values. To collect this
data, a measurement/titration programme was performed on a cell consisting of two opposing
reference foils. The lower surface was swapped to the surface of interest and the same
measurement/titration programme was repeated with a new electrolyte. This generated zeta
potential measurements at essentially identical pH values for the reference and investigated
cell. Calculation of zeta potential from reference and investigated surface was calculated by a
custom program which accounted for slight variations in pH between the two measurements
by linear interpolation between points, and discarded data outside of an acceptable range.
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2.6 Surface Charge Calculations

The Poisson Boltzmann equation may be solved in the case of a planar interface and a
symmetric electrolyte to give the potential at a particular distance, x, away from the surface
relative to the potential at the surface, Ψ0. Equation 2.26 gives this form, where the specific
distance x is the plane of shear and the potential here is the zeta potential ζ . All symbols
have the meanings defined in Section 1.2.2.

tanh( zie
4kT ζ )

tanh( zie
4kT Ψ0)

= exp(−κx) (2.26)

The concentration of ions and counter-ions integrated to an infinite distance from the
flat surface into solution must exactly balance the surface charge density. By assuming
only a diffuse layer, and integrating the exponential decay of the potential away from the
surface, the Grahame equation may be derived as given in Equation 2.27. This relates the
surface potential to the surface charge density. c is in the non-standard concentration units of
‘mol m-3’, which is equivalent to ‘mM’.

σ0 = (8RT cεrε0)
1/2 sinh
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2kT
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)
(2.27)

An empirical modification to this formula for spherical surfaces is given in Equa-
tion 2.2873.
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Where appropriate, surface charge densities were estimated from zeta potential data using
Equations 2.26, 2.27 and 2.28. These neglect the presence of any Stern layer and are based
purely on the Guoy-Chapman model of the EDL; the calculated surface potentials and surface
charge densities are likely under-estimates, and are intended only as very approximate values.
The functionality of the equations used was verified against examples in the literature were
similar conversions have been performed74,75.
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2.7 Inductively Coupled Plasma - Atomic Emission
Spectroscopy

Inductively coupled plasma (ICP) is an elemental analysis technique used for the detection
of trace metals and other elements. A nebuliser converts the liquid sample to a fine mist,
and high temperature plasma is generated and used to ionise the sample. The ions then emit
radiation at wavelengths characteristic of the element as they recombine repeatedly with
electrons. Recent advances in ICP have been reviewed by Donati et al. 76

Samples were prepared by dissolving a known mass of species in 1 wt% nitric acid and
diluting with more acid of equal concentration until the sample was dilute enough to be
within the detection limits for the element of interest without saturating the detector.

ICP measurements were conducted in the Department of Geography, University of
Cambridge, by Laura Healy. Samples were diluted to the measurable range, which var-
ied depending on the ion being measured. Concentrations were calculated by comparing
measurements with those of calibration solutions (TraceCERT®).

2.8 AOT Counter-Ion Exchange

As discussed in Section 3.1, the role of different inorganic counter ions in clay and organic
binding is under study in this work. To aid this, it was useful to prepare salts of the anion
dioctyl sodium sulfosuccinate (AOT) with different cationic counterions. AOT is most
commonly available as the sodium salt, here referred to as NaAOT.

2.8.1 Salt Metathesis

A method based on that of Eastoe et al. 77 was used to exchange counter ions. A saturated
aqueous solution of the metal chloride salt (50 ml) was added to a solution of NaAOT in
ethanol (1 M, 25 ml) and shaken vigorously. Diethyl ether (10 ml) was added and the organic
phase extracted and washed repeatedly with water until no chloride was present as indicated
by silver nitrate. The organic phase was evaporated with a rotary evaporator and the product
dried in a vacuum oven at 40◦C under vacuum for 48 h.
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2.8.2 Ion Exchange Column

An alternative method for exchange which is more appropriate for ions with a lower affinity
for the AOT anion was employed, also based on a method by Eastoe et al. 78 A solution
of NaAOT (10 g, 0.022 M) in 1:1 water:ethanol (20 ml) was eluted through a column of
Amberlite IR-120 ion exchange resin in its H-form (height 20 cm, diameter 2 cm) at a rate of
2 drops/s. The acid form of AOT generated was neutralised to pH 7 by a dilute solution of
the hydroxide of the relevant counterion (e.g. tetramethylammonium hydroxide) as measured
with a Metrohm pH probe. The solution was carefully evaporated in a rotary evaporator and
the product dried in a vacuum oven at 40◦C under vacuum for 48 h.

2.8.3 AOT Exchange Results

The method described in Section 2.8.1 was attempted using KCl as the counter salt with
the aim of synthesising KAOT, but upon the addition of ether to the salt mix, precipitation
occurred. This prevented the extraction of the desired AOT salt, and it has been subse-
quently noted that others have seen a similar effect specifically with the potassium salt79.
The method detailed in Section 2.8.2 was therefore used to synthesise KAOT and also
tetraethylammonium-AOT by the use of KOH and tetraethylammonium-OH respectively to
neutralise the acid AOT. In both cases the initial product was a translucent jelly like substance,
as shown in Figure 2.15a, which after drying in a vacuum oven at 40◦C for 48 h dried further
to a white waxy solid as shown in Figure 2.15b.

(a) KAOT after rotary evaporation of the neu-
tralised acid AOT solution.

(b) KAOT after further drying in vacuum oven,
yielding a white waxy solid which could not
be dried further.

Fig. 2.15 Drying stages of KAOT after synthesis.
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ICP analysis of highly diluted samples of the KAOT was performed, with a range
of dilutions of Na and K ICP standards run concurrently as calibration. This analysis
revealed a final molar proportion of K in KAOT as 84±4% as calculated from the relative
concentrations of Na and K determined and assuming no other cations were present. This
incomplete exchange is most likely due to the ion exchange column not being fully converted
to the acid form prior to exchange, or elution occurring too rapidly, or through a column of
insufficient length.

The tetraethylammonium-AOT salt was synthesised in an identical manner and was
therefore assumed to have a similar percentage exchange. ICP cannot easily detect nitrogen,
making direct measurement of exchange difficult for this salt. Despite prior observations that
NaAOT does not bind to mica, this level of exchange was not deemed to be sufficient for the
use of the synthesised AOT salts in further experimentation. Repeated exchanges through the
column of the produced species should increase the percentage exchange, and this could be
used in future experiments, but would increase the risk of introducing hydrolysis products
with further exposure to a low pH environment and so this was not conducted.

2.9 UV-O3 Cleaning

In various cases a UV-O3 treatment was used to clean substrates prior to experiments. In
the cleaning process, UV radiation causes atmospheric O2 to decompose into O(3P), which
can combine with other O2 molecules to generate ozone, O3. UV radiation then causes
dissociation of the O3 into molecular oxygen and the reactive species O(1D). It is this O(1D)
which causes the oxidative cleaning process, removing organic contaminants by oxidising
them into volatile species which will leave the surface. This treatment is an effective cleaning
method for a variety of contaminants80.

UV-O3 treatment was conducted using a BioForce Nano UV Ozone Cleaner.

2.10 Cation Exchange Capacity Measurements

As discussed in Section 1.1, knowledge of the CEC of a clay mineral is a proxy for direct
measurement of the surface charge density, assuming the surface area is known. Two methods
were considered for the determination of the CEC, both involving depletion of a cationic
species from solution. The standard units of CEC are eq/100g, where an equivalent (eq) is



50 Experimental Methods

the number of moles of an ion multiplied by its valence, and so is interchangeable with a
mole of monovalent cations. The unit is therefore identical to moles of charge sites per 100 g.

2.10.1 CEC - Methylene Blue Method

Adsorption of the cationic dye methylene blue to clays is a commonly used test due to its
simplicity and convenience. A standard test method exists to calculate the Methylene Blue
Index of a clay81, and this protocol was used essentially unchanged. A known mass of
clay (approximately 2 g), which had been previously dried in an oven at 100°C for 5 h to
ensure removal of water and hence an accurate mass, was stirred into a slurry with 300 ml of
ultrapure water. Sufficient sulfuric acid was added to bring the pH to 2.5 - 3.8 as determined
with pH indicator paper. A solution of 0.01 M methylene blue was titrated slowly into the
slurry with stirring until the end point was reached as determined by a ’blue halo’ persisting
around the drop when a droplet of the slurry was placed onto filter paper. The end point
determination for a standard kaolinite KGa-2 sample is shown in Figure 2.16 as an illustration
of the technique.

Fig. 2.16 End point determination with the "blue halo" test for determination of CEC by
Methylene Blue. The example shown is for Kaolinite KGa-2.

To test the methodology of the methylene blue method outlined in Section 2.10.1 a
validation measurement was conducted with the source clays Kaolinite KGa-2, a low CEC
non-swelling clay, and Montmorillonite SWy-2, a high CEC swelling clay. The determined
end points gave CEC values of 4 meq/100g and 25 meq/100g respectively, compared to
literature values82 of 3.3 meq/100g and 76.4 meq/100g.
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Whilst the value determined for the kaolinite is close to the literature value, that deter-
mined for montmorillonite is significantly below the expected range. This is likely to be due
to the saturation of the surface with methylene blue molecules before all the exchangeable
cations have been exchanged due to the large area occupied (130 Å) by the molecule83. As
montmorillonite is more highly charged than kaolinite, this issue arises. Mica is expected to
have a much lower CEC (in per mass units) than montmorillonite due to its non-expanding
nature resulting in the interlayer cations being fixed and not exchanged. The surface charge
density is higher however, with an area per charge site of 47 Å2 which is significantly less
than the area of methylene blue55. Another issue with the methylene blue method is the
difficulty of increasing the accuracy of the method by determining the concentration pho-
tometrically, as methylene blue partially aggregates in solution, changing the adsorption
properties84. The methylene blue method was demonstrated to be a reasonable approach in
some cases but was not utilised further here because of these issues.

2.10.2 CEC - CuII Method

An advancement on the Methylene Blue Index method for CEC determination has been
proposed and developed in the literature85–87. This involves the use of a copper complex,
specifically Cu(trien)2+ where ‘trien’ refers to triethylenetetramine. The concentration of
the copper complex in solution can be determined photometrically at 577 nm making this
technique experimentally straightforward88. The Cu(trien) method has been shown to be
consistent with other methods and reliable within certain constraints, being robust to pH
except in the case of strongly acidic samples, and exchange occurring quickly with no
over-adsorption artificially inflating the measured CEC (a common problem associated with
the methylene blue method)86,87. This method has been previously applied to mica powder
which had been partially delaminated with a treatment by hot lithium nitrate to give a larger
surface area, and found to be a valid method for CEC determination89.

A stock solution of 10 mM CuII(trien) was made up by mixing 500 ml of 10 mM
triethylenetetramine (Sigma, ≥ 97%) and 500 ml of 10 mM CuSO4. Approximately 2 g of
clay powder (less for the montmorillonite validation measurement due to the high CEC)
was weighed into a centrifuge tube with 10 ml of either 5 mM or 10 mM CuII(trien). The
mixture was tumbled for 1 h then centrifuged at 15000 g for 30 min. The supernatant
was extracted and passed through a syringe filter (pore size 0.2 µm) into cuvettes, and the
absorption determined at the extinction maximum of 577 nm. The syringe filter was found
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to be necessary as particles could still be seen in suspension in the supernatant and gave
absorbances higher than the stock solution. Calibration of the stock solution with and without
syringe filtering showed no absorbance of the copper complex to the filter membrane. A
series of calibration samples were used to convert the absorbance into concentration, and the
calibration was retaken for each round of CEC measurements.

CEC values for the samples clays KGa-2 and SWy-2 were measured with the Cu complex
depletion method described in Section 2.10.2 and calculated as 2.1 ± 0.6 meq/100g and 70 ±
1 meq/100g. The errors estimates are based on repeat readings. These are in good agreement
with the literature values82 of 3.3 meq/100g and 76.4 meq/100g. and this method of CEC
determination was used for further measurements.

2.11 Mica Powder Modification

As detailed in Section 1.1.4, there is significant literature evidence that exchanging the
surface cations of clays, including mica, for relatively small cations such as Li+ or Mg2+

and then calcining the clay (heating at high temperature) can lead to a reduction in surface
charge.

A method was developed to investigate these effects on both samples of mica powder or
mica sheets. Mica powder (20 g) was first suspended in ultrapure water (150 ml) then filtered
under vacuum. The mica was split evenly into three vessels and equilibrated by tumbling in a
1 M solution (20 ml) of the chloride salt of the desired metal ion (e.g. MgCl2), or in ultrapure
water as a control, overnight. The mica was removed from the solution by vacuum filtration,
and placed into silica crucibles and calcined at 300°C for 7 h in air. Studies have shown that
changes to the mica crystal structure do not occur at temperatures below 800°C so destruction
or alteration to the crystal structure is not expected90, and powder X-ray diffraction data of
mica powders post-treatment were identical to those of the untreated powder, confirming this
hypothesis. Silica crucibles were used to avoid leaching of sodium into the clay slurry from
glassware as has been noted in the literature91. After calcination the mica was allowed to
cool, re-suspended in water (150 ml) to remove excess salt, filtered, and dried in a vacuum
oven under reduced pressure for 5 h.
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2.12 Mica Ion-Exchange Isotherms

2.12.1 Initial Potassium Saturation

The hypothetical mica structure has each isomorphic substitution site compensated for by
a potassium sitting between the layers or on the surface. In the natural mineral a small
number of these potassium ions may be replaced by alternative inorganic cations in small
quantities; EDX analysis of the mica powder revealed trace impurities of sodium. To increase
the accuracy of mica cation exchange isotherms, initial potassium saturation of the mica
powder was carried out to ensure that all the surface cations of the sample were potassium.

Mica powder (6.0 ± 0.1 g) was weighed into 50 ml centrifuge tubes, and 0.1 M KCl
solution (20 ml) was added. Samples were equilibrated for 24 h, then filtered under vacuum
using Whatman™ filter paper, and washed on the filter with water (2 × 40 ml). Samples were
re-suspended in water (30 ml) and further equilibrated, filtered under vacuum and washed on
the filter (20 ml), then re-suspended as before and re-filtered and washed. The powder was
then dried under vacuum at 60°C for two days.

2.12.2 Exchange Isotherm Protocol

K-saturated mica (2.00 ± 0.02 g, accurate masses used for analysis) was weighed into 50
ml centrifuge tubes. Solutions of the desired concentration of magnesium or lithium were
introduced by adding the appropriate volume of 10 mM stock solution and water to make
up 10 ml. The exact concentration of stock solutions was determined with ICP analysis.
Samples were equilibrated for 24 h, then centrifuged at 15000 g for 30 min. The supernatant
was carefully extracted, and as there was some mica powder still visible the supernatant was
syringe filtered using a nylon membrane, and the first 2 ml of filtrate discarded. 5 ml of
filtrate was measured out for ICP analysis, and acidified with 52 µl of 10 wt% concentrated
nitric acid. This volume change was accounted for in concentration calculations.

The remaining filtrate was retained for pH measurement; the pH of each sample was
measured and though a slight decrease in pH was found as equilibrium salt concentration
increased, all samples were between pH 7.9 and 6.5 so action of protons as alternate cations
was neglected in the analysis.

With mica, and clay minerals in general, comparison between the use of powders and
behaviour on the basal surface is complicated by the marked difference in behaviour between
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the basal surfaces and edge sites. For this reason no organic adsorption work on powders is
included in this thesis, as adsorption on edges could make a significant difference to the bulk
measurement. As the ion exchange isotherms discussed in this section focus solely on the
exchange of cations, which ideally are present only on the basal surfaces, it is expected that
the use of a powder will not lead to significant edge contributions in the results. The edge
sites are likely to be dangling aluminol bonds, which will carry a positive charge at neutral
pH and not interact with the cations being measured.

2.13 Fluorescence Microscopy

2.13.1 Background

Certain molecules or atoms may absorb a photon of a specific incident wavelength and be
promoted to a higher energy level. The species may then relax to the ground state some
time later, in part by emission of another photon. Generally the emitted photon is of a lower
energy and correspondingly longer wavelength than the absorbed photon, because of energy
transfer from the excited species to the surroundings. The delay from excitation to emission
is typically a few nanoseconds19.

This phenomenon of fluorescence is used for a large number of techniques, and is so
effective as through fluorescence a signal is measured against an effectively blank background.
Applications range from selective imaging to more complex techniques such as fluorescence
resonance energy transfer (FRET) and fluorescence lifetime imaging (FLI)92. Fluorescence
techniques have historically been used in the most part for biological imaging, though more
recently also for physical chemistry and engineering applications. In the biological studies,
one or more fluorescent probes are typically introduced to bind selectively to desired species
or environments. How much the introduction of probes perturbs the system under study is an
open question.

Recent developments in imaging have allowed increases in spatial resolution, to what
has been termed ‘super-resolution’ microscopy93. Through the use of stochastic emission,
and localisation of the point spread function of the emitted photons, resolution to single
molecule levels may be achieved down to 10 - 20 nm. It is noted that while this is extremely
impressive, and ideal for imaging of the large molecules typical of biological systems, this is
still some way above the molecular area occupied by surfactants in an adsorbed layer, which
is ultimately the focus of this work.
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Exposure to high intensity of light may have the effect of ‘photobleaching’ the fluorophore,
destroying the fluorescence. This can also occur at lower intensities, including those used
for normal imaging, over longer time-scales which can cause problems with imaging. In
contrast, the effect can be exploited by monitoring recovery of fluorescence after bleaching,
to give information about mobility of fluorophores in the sample.

The spectral properties of some dyes, specifically the emission wavelength, can vary
depending on the local environment. In this way properties such as pH, hydrophobicity, or
local viscosity may be mapped with high spatial precision94.

2.13.2 Imaging Methods

A number of methods of fluorescence based imaging are possible, and are widely used
both for study of biological and other systems95. The use of the technique for adsorption
studies of the type described here is a novel development. In this work two distinct imaging
regimes were employed: epifluorescence (EPI) and total internal reflection fluorescence
(TIRF) imaging. Schematics of the two imaging orientations used are shown in Figure 2.17.
In EPI, the laser is introduced normal to the substrate, and all dye molecules above the
surface in the path of the laser are excited and emit. In this way the bulk solution is imaged.

In TIRF the laser is inclined at a sharp angle to the substrate. This angle must be below
the critical angle, where the critical angle is defined between the surface and the laser, using
the convention described earlier, rather than the more common optics convention of the angle
between the surface normal and incident light. The laser therefore undergoes total internal
reflection at the interface, but an evanescent wave propagates into the sample. The intensity
of this evanescent wave decays exponentially, and so only fluorophores within approximately
100 - 200 nm of the surface will be excited96. TIRF is analogous to attenuated total reflection
- IR in principle, where an IR spectrum is recorded by an evanescent wave propagating into
the sample from a high refractive index crystal. Two configurations of TIRF imaging are
possible, where the objective lens is on the opposite side of the sample to the substrate in
which the laser reflects, termed trans, or where the objective and laser are on the same side,
termed cis. TIRF was operated in cis configuration in experiments described in this work.

A further possible imaging configuration is HILO where the laser is inclined at a sharp
angle but above the critical angle, and passes refracted into the medium above the substrate.
The imaging height is increased relative to TIRF and varies depending on the angle, but
background noise is reduced compared to EPI. In the work in this thesis the maximum amount
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(a)

(b)

Fig. 2.17 Schematic of (a) epifluorescent and (b) TIRF microscopy set-ups. The green dots
represent fluorophores in solution which are excited by the laser, and the dark blue dots
fluorophores in their unexcited state.

of surface selectivity was desirable, so TIRF was used rather than HILO imaging. During
imaging of all types, a bandpass emission filter may be used to remove any Rayleigh scattered
light from the incident laser; as this filtering causes only light of the emitted wavelength to
be recorded, a very high signal-to-noise ratio may be achieved.
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2.13.3 Instrumentation

The experiments were performed on a bespoke instrument with Dr. Aleks Ponjavic in the
group of Dr. Steve Lee, Department of Chemistry, University of Cambridge. A 100X,
1.49 numerical aperture oil immersion objective lens (Nikon, MRD01991) housed in the
microscope (Eclipse Ti-U, Nikon) was used for excitation and acquisition. For TIRF imaging
the laser was focused on the back focal plane of the objective off axis at an angle greater
than the critical angle, by reflecting the laser off a dichroic mirror (Di01-R405/488/532/635-
25x36, Semrock). Epifluorescence images were taken by focusing the laser on axis. The
fluorescence emission was filtered by a bandpass emission filter (#67-031, Edmund Optics),
and focused onto an EMCCD camera (Evolve 512 Delta, Photometrics).

Bleach recovery measurements were conducted by continuously recording images while
reducing the laser filters for a short period of time to bleach a region of the dye smaller than
the imaged area, then reducing the intensity back to normal imaging intensity and recording
the recovery of the bleached region. Image processing was conducted in ImageJ97,98.

2.13.4 Substrates

High quality mica discs (Attwater & Sons Ltd) of dimensions 100 µm thickness and 25 mm
diameter were used for fluorescence microscopy. Initial work used thinner substrates but
these were found to be overly flexible and experimentally hard to handle. The mica discs
were cleaved using a scalpel, by lightly scoring the face of the disk then gently flexing it to
remove a sheet from the top face. The freshly exposed surface was then UV-O3 cleaned for
20 min as in the neutron substrate preparation.

During preliminary experiments, a glass slide was used to support a thin mica sheet. For
the evanescent wave to propagate through to the mica - solution interface of interest from the
glass interface a very thin layer of mica is required. This was experimentally challenging to
support. Subsequent experiments then utilised a mica disc as the complete substrate, with
the objective lens directly in contact (via immersion oil) with the bottom of the mica. The
specific set up of the substrates used for imaging was altered as work progressed, and is
explained in more detail in Section 6.3.





Chapter 3

Surfactant Adsorption at the Mica -
Aqueous Solution Interface

This chapter presents a body of experimental data and analysis of the adsorption and desorp-
tion of surfactants at the mica - aqueous solution interface.

3.1 Adsorption of Anionics to Mica

3.1.1 Background

Electrostatic interactions frequently play a key role in determining adsorption behaviour, and
studies into adsorption of charged surfactants onto oppositely charged surfaces are prevalent
in the literature99. It is perhaps expected that charged molecules adhere strongly to an
oppositely charged substrate.

It has been found that adsorption of some anionic surfactants on surfaces of the same
charge can in fact occur when certain cations are present, described as cation ‘bridging’. It
was assumed that only divalent (or higher valency) ions could lead to this ‘bridging’ and that
monovalent ions would not cause binding. Numerous examples of divalent ions bridging have
now been reported, including on silica100, mica101 and montmorillonite102. This form of
binding has been suggested as an important mechanism of crude oil adsorption onto mineral
surfaces103.
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Using neutron reflectivity measurements Griffin et al. 101 found that the anionic surfactant
bis(2-ethylhexyl) sulfosuccinate (AOT) did not adsorb to mica when present as the sodium
salt even above the CMC. The calcium salt was however seen to adsorb at the CMC, forming
a multilayered structure.

Mica is also commonly used to image DNA, typically using AFM, bound to the mica by
added cations. A wide variety of multivalent cations have been used to enhance the mica -
DNA binding104,105. Redeker and Briscoe 106 also reported that calcium ions stabilised
bacterial lipopolysaccharide layers on mica.

3.1.2 CsAOT on Mica

Experimental data in this section was collected by Dr. Lucy Griffin, Dr. Seung Yeon Lee, and Prof. Stuart

Clarke prior to my joining the group, using the same methods described in this thesis. Analysis of the reflectivity

data was my own work.

Results

In this work the surfactant AOT has been used to investigate selective ion binding behaviour.
The structure of AOT is given in Figure 3.1; the key group involved in the bridging interaction
is the sulfonate anion. This surfactant has been studied extensively in the literature107,
including for prior work into cation binding100,101,108, in part because the counterion may be
exchanged using the methods of Eastoe et al. 77

Fig. 3.1 Structure of NaAOT

Caesium exchanged AOT was prepared from sodium AOT according to the method
of Eastoe et al. 77 and dried in a vacuum oven. Elemental analysis indicated greater than
99% ion exchange. Surface tension measurements were performed to confirm there was no
evidence of a minimum, which would have suggested a surface-active impurity, and gave the
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CMC as 2.8 mM. The caesium salt has been observed to form disc-like micelles at 1 wt%
compared to oblate micelles for the sodium salt109.

A range of values for the bulk density of NaAOT are reported78,110–112 between 1.14
and 1.16 g cm-3. The molecular weight of NaAOT (444 g mol-1) and the density give a
molecular volume of 636 - 648 Å3. Assuming a density of 1.15 g cm-3 the molecular volume
of the NaAOT was calculated as 641 Å3. The volume of the Na and Cs ions are a very small
fraction of the volumes of the overall species, and hence to a reasonable approximation the
molecular volume of the CsAOT may be taken as 641 Å3. Using this molecular volume the
SLD of the whole CsAOT group is 0.68 × 10-6 Å-2.

It is also possible to attribute volumes to the head and tails separately, but the apportion-
ment between the head and the tail is more subjective. By comparing volumes of simple
hydrocarbons, molecular volumes may be roughly estimated for hydrocarbon ‘building
blocks’. In this way volumes of 56.2, 26.5, and 0 Å3 were calculated for CH3, CH2, and CH
respectively113. Whilst a volume of 0 Å3 for CH is clearly non-physical, this is a reflection of
a minimal increase in volume from an additional CH group. It is noted that these estimations
will be affected by molecular packing in the compounds they are calculated from.

The AOT hydrocarbon tails consist of 10 CH2, 4 CH3, and 2 CH groups giving a total
volume of 490 Å3 and hence an SLD of −0.42 × 10-6 Å-2. The headgroup can therefore be
attributed a volume of 151 Å3 (641 less 490 Å3) yielding an SLD of 4.25 × 10-6 Å-2. Others
have made similar but slightly different apportionments112. Different fitting models were
applied to the experimental data, with both a single layer of uniform SLD and a three layer
model of heads and tail regions being considered.

Figure 3.2 presents neutron reflection data from the mica substrate exposed to 1 CMC of
CsAOT in two different water contrasts. It is evident from this figure that there are significant
changes in reflection and hence it was concluded that there was significant adsorption of
CsAOT at 1 CMC. This adsorption is somewhat surprising given that both the mica and
the AOT molecule will be significantly negatively charged at this pH. This contrasts with
previous neutron reflectometry measurements, carried out in the same way, of AOT in the
presence of the monovalent ion sodium, where no adsorption was observed101.

Similar data collected at the higher concentration of 2 CMC gave an identical reflectivity
profile. Neutron reflection data taken after washing the surface with copious amounts of
water indicated that the AOT layer was lost and the scattering returned to that of the bare
mica. On re-exposure to the 1 CMC CsAOT the reflectivity returned to that of the initial layer.
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(a)

(b)

Fig. 3.2 (a) Reflectivity profiles for the mica surface in D2O (red), water contrast matched
to silicon (CMSi)(green), and with 1 CMC CsAOT in each of these contrasts (blue and
magenta). D2O contrasts are offset by a factor of 10. (b) SLD profiles of the fitted layer
structure.

This reversibility is in marked contrast to the adsorption of a cationic surfactant reported
previously55.
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Two related samples were also considered: a freshly cleaved substrate and the same
substrate after it was dismantled, UV-O3 cleaned for a period of 20 min, and then returned
to the cell. The reflectivity profile of the subsequently adsorbed CsAOT layer was the same
on the cleaned substrate as for the layer adsorbed to the freshly cleaved mica. This suggests
that here the UV-O3 treatment did not alter the surface in any way that affected adsorption
behaviour. For the verification experiment, described later and referred to as ‘Experiment 2’,
the mica substrate used had been UV-O3 cleaned as in the normal case.

The reflectivity profile of an alternative mica surface, which had been UV-O3 cleaned
for 20 min, exposed to 1 CMC CsAOT was recorded at pH 4, pH 7 and pH 9. The same
reflectivity profile was observed in each of these cases, as illustrated in Figure 3.3, indicating
that the adsorbed layer structure is independent of pH over this pH range. This is in good
agreement with the structural charge of mica where isomorphic substitution leads to the
negative surface charge and pH dependence is not expected, in contrast to silanol groups on
silica where protonation and deprotonation lead to surface charge. The anionic headgroup of
the AOT is the conjugate base of a strong acid, and is therefore also not expected to show pH
dependence over this range.

Fig. 3.3 Reflectivity profiles of mica exposed to 1 CMC CsAOT in D2O at pH 4 (blue), pH 7
(red), and pH 9 (magenta).

The structural parameters of the CsAOT layer deduced from fitting the NR data are given
in Table 3.2 below. In this model, the AOT is represented by a single layer with uniform
scattering length density, as the most simple model consistent with the experimental data.
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The extended chain length of a monolayer of AOT is reported to be ~18 Å110,114, which is
approximately the thickness of the single block fit to the data. The mica surface is highly
charged and hydrophilic and so the AOT might be expected to adsorb ‘head down’. This
would leave a surface covered by hydrophobic tails which is unfavourable. Hence a second
layer of AOT may adsorb to make the external surface hydrophilic however the overall layer
thickness is significantly less than the 36 Å expected for two AOT molecules end to end.
The AOT molecules must therefore be significantly interdigitated and/or tilted at the surface
and the layer might be described as a bilayer-like monolayer. The scattering length density
indicates that there is little solvent in the layer and hence the layer is essentially all CsAOT.
A schematic of the structure is shown in Figure 3.4.

Fig. 3.4 Schematic of the fitted structure of CsAOT adsorbed to the mica surface from
aqueous solution. A dense and interdigitated structure is shown, with a layer thickness
approximately equal to the extended chain length.

More complex models, such as a three-layer model where the head and hydrocarbon
tail regions are treated separately, were also considered but when the SLDs of the layers
were fixed at the values calculated in Table 3.1 for the heads and tail layers (without mixing)
no reasonable fit of the data could be achieved. This was true over the parameter space
spanned by physically reasonable layer thickness, roughness, and hydration values, and was
attributed to the enhanced contrast that arises when the heads and tails are separated. When
the SLD of the head layer region was allowed to decrease with some alkane penetration
into this region, the fits improved. It was concluded that there is significant mixing of head
and tail components in the head group region, either from interdigitation or undulation in
the adsorbed layer, consistent with the fitted layer thickness of close to the extended chain
length. The head group layer thickness has been estimated as approximately 7.1 Å.115 It was
therefore concluded that some of the tails must overlap the opposite head group regions.
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Table 3.1 Calculated SLDs for the CsAOT molecule.

Component Formula Volume / Å3 SLD / ×10−6 Å-2

CsAOT C20H37CsO7S 641 0.68
CsAOT headgroup C4H3CsO7S 151 4.25
CsAOT tailgroup C16H34 490 -0.42

Table 3.2 Fitted parameters to CsAOT layer.

Experiment Thickness / Å Roughness Å SLD / ×10−6 Å-2 Hydration / %
1 18 ± 2 1 ± 1 0.68 8 ± 2
2 18 ± 2 3 ± 2 0.68 10 ± 5

To verify the unexpected observation that CsAOT did adsorb to mica, in a separate later
experiment with an alternate sample of CsAOT the adsorption was repeated. The reflectivity
profile of the mica surface when exposed to 1 CMC CsAOT in this second experiment is
shown in Figure 3.5, and the fitted parameters are included in Table 3.2. This data shows
clear adsorption as with the previous experiment, and the layer structures are consistent
within error margins, giving confidence that the CsAOT does indeed adsorb into a dense
layer.

Fig. 3.5 Reflectivity profiles for bare mica in D2O (red), and 1 CMC CsAOT in D2O (blue)
from Experiment 2.
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Discussion

The area per surfactant molecule may be calculated from the thickness and volume fraction
hydration of the fitted structures, and the molecular volume as calculated from the bulk
density, by Equation 3.1.

APM =
Vmolec

thickness× (1−hyd)
(3.1)

From the fitted parameters, the area per molecule is calculated as approximately 40 ± 7 Å2.
A fully close packed alkyl chain has an area of approximately 19 Å2 116, so two alkyl chains
should take up at least 38 Å2. AOT has branched alkyl chains so an even larger area might
be expected. The calculated area per molecule is consistent with this estimate, suggesting
close-packing of the tails in the layer. If a bilayer-like arrangement is assumed, the area per
pair of molecules is calculated as 80 ± 14 Å2. This is consistent with values found by others
for AOT salts; Stocker et al. 108 found an area of 86 ± 27 Å2 for NaAOT and 61 ± 14 Å2 at
the calcite - water interface, and Wang et al. 100 found an area of 70 ± 5 Å2 for NaAOT at
the water - silica interface.

It is not considered that many water molecules will be in the headgroup region, and this
is supported by the low hydration determined experimentally by the fit to the data, on the
order of one per headgroup. This is attributed to the low energies of hydration of the Cs+ and
the RSO3

– head groups, meaning they can more easily lose water molecules and prefer to
bind directly without intervening water, forming an inner sphere complex. Similar behaviour
is expected for the Cs+ ion on the mica. The hydration of Cs+ is reported to be much lower
than that of the other group IA elements, particularly Li+ and Na+ 117. The lack of hydration
is also consistent with the results of Li et al. 118 , who found that caesium dodecyl sulfate
adsorbed to the (positively charged) sapphire - aqueous solution interface with essentially no
hydration.

Importantly, the adsorption of the anionic surfactant on the anionic surface in the pres-
ence of the monovalent Cs+ cation cannot arise from the usual explanation of divalent (or
multivalent) ion ‘bridging’ where the divalent ions form a bridge between the two negatively
charged species, a concept found in several related areas from DNA binding119–122 to oil
recovery36,37. This is especially evident as previous work indicted that the monovalent
sodium salt of AOT did not show any adsorption on mica or silica100,101. The interesting
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behaviour of the monovalent caesium ion reported here shows that it is not simply the valency
of the ion that is significant.

The charge density of these ions seems to form part of the explanation; this also charac-
terizes several aspects of solution behaviour, such as the Hofmeister series and the swelling
or non-swelling nature of smectite clays. In outline, the interaction of these ions with water
is strongly dependent on the charge density. If the ions are small and highly charged, water
molecules are strongly bound to the ion and the complex is reluctant to bind to the mineral
surface or the surfactant headgroup. However, if the ion has a lower charge density (such
as Cs+ compared to Na+) then the interaction strength with water is significantly reduced.
Hence, the loss of water is relatively easy, and the bare ion can bind more effectively to
the mineral surface and to the AOT anionic groups. This hypothesis is consistent with the
observation that for divalent ions the larger ions bind DNA less tightly to mica than smaller
ions, making it harder to image with AFM105. Through simulations Boek et al. 6 found that
potassium ions were much less able to hydrate fully in smectite interlayers compared to the
more charge dense sodium and lithium cations.

As discussed previously, the divalent Ca2+ ion, which is strongly hydrated, was also
found to mediate adsorption of AOT to mica101. The hydration effect might not fully explain
which cations will cause bridging but may be an important consideration when comparing
cations of the same valency.

3.1.3 AOT Adsorption from Mixed Salt Solutions

As reviewed in Section 3.1.2, the counterion to the AOT anion may be exchanged using the
methods of Eastoe et al. 77 Previous studies into cation binding have utilised the pure AOT
salt of the cation under investigation. In commercially relevant systems however, there will
often be multiple cations competing for the surface and organic species. Ion exchange of AOT
is also a non-trivial process and adds complexity, as well as the possibility of introducing
surface active hydrolysis products of the AOT. In this section the readily available sodium
AOT salt was utilised at a fixed concentration and other cations of interest were added into
solution. In this way sodium, potassium, calcium, and magnesium were studied.

For fitting of the neutron reflectivity data the SLDs of the different AOT salts were
calculated based on bulk densities. These are given in Table 3.3. It is noted that the structures
fitted to adsorbed layers in this section are based on fitting of only one contrast in each case,
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Table 3.3 Scattering Length Densities of AOT salts.

Material SLD / ×10−6 Å-2

KAOT 0.65†

Ca(AOT)2 0.63†

Mg(AOT)2 0.64†

† The SLD values for the respective AOT salts are computed based on a molecular volume of
641 Å3 for NaAOT123, as calculated from the bulk density, and the assumption that the metal
cation takes up a small enough volume that cation exchange does not change the overall
volume. This assumption was extended to divalent ions where there are two AOT anions per
cation.

Table 3.4 CMCs of relevant AOT salts.

AOT salt CMC / mM

NaAOT 2.5124

KAOT 2.8125

Ca(AOT)2 0.5114

Mg(AOT)2 1.25126

and are not necessarily a unique fit to the data. However, the primary conclusions here do
not depend on the specifics of the layer structures.

For adsorption measurements the concentration of AOT– was fixed at the critical micelle
concentration (CMC) of the sodium salt of AOT, 2.5 mM124. To allow a comparison between
added cations, the initial concentrations of non-sodium inorganic salts added to the AOT
solution was matched to the CMC of the pure AOT salt of that cation. For example the added
[Ca2+] was 0.5 mM as the CMC of Ca(AOT)2 is 0.5 mM. The CMCs of the different AOT
salts of the cations used are given in Table 3.4.

Ionic strength, as defined by I = 1
2 ∑

i
ciz2

i where ci and zi are the concentration and charge

of ion i respectively, can affect adsorption characteristics, particularly for ionic surfactants. It
was therefore desirable to maintain a consistent ionic strength throughout, to give certainty
that any effects shown were due to the nature of the cations present and not an ionic strength
change. Using NaAOT at 2.5 mM and adding MgCl2 up to the CMC of Mg(AOT)2 resulted
in an ionic strength of 6.25 mM, so this ionic strength was used consistently. Ionic strength
was controlled where required with the addition of NaCl.
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Table 3.5 Effective concentrations of salts used in the resulting solutions.

Ion under examination NaAOT / mM Chloride salt of ion† / mM NaCl / mM
Na 2.5 N/A 3.75
K 2.5 2.8 0.95
Ca 2.5 0.5 2.25
Mg 2.5 1.25 0
reduced Ca‡ 2.5 0.05 3.6

† The relevant chloride salt, so KCl for K under investigation, and MgCl2 for Mg under
investigation. For Na this is neglected as NaCl is already present. ‡ ‘Reduced Ca’ refers
to the experiment described in Section 3.1.3, where the concentration of Ca2+ was reduced
below the level of the CMC of Ca(AOT)2 but ionic strength was maintained at 6.25 mM.

Table 3.6 Resultant concentrations of the ions present.

Ion under examination Ion of interest / mM Na+ / mM Cl– / mM AOT– / mM
Na 6.25 N/A 3.75 2.5
K 2.8 3.45 3.75 2.5
Ca 0.5 4.75 3.25 2.5
Mg 1.25 2.5 2.5 2.5
reduced Ca‡ 0.05 6.1 3.7 2.5

‡ Defined as in Table 3.5

Solutions of reagents were prepared at higher concentrations, but all well below the
respective solubility limits, and mixed or diluted using an HPLC pump to give the desired
concentrations in the cell. Solubilities of all resultant solutions were checked prior to the
experiment, and no precipitation or turbidity was visible in any case. All mica substrates
where characterised in three water contrasts prior to surfactant exposure. Table 3.5 gives the
effective concentrations of the various salts in the solutions tested after stock solutions were
diluted together, and Table 3.6 gives the concentrations of the ions in solution.

NaAOT and NaAOT with Elevated Ionic Strength

NaAOT at the CMC (2.5 mM) was introduced to the mica surface and the sample remeasured.
No change in reflectivity was observed compared to the bare surface in D2O indicating no
adsorption, which is consistent with prior observations101. NaAOT with added NaCl, to raise
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the ionic strength to 6.25 mM, was then introduced and again no adsorption was observed.
These results are shown in Figure 3.6.

Fig. 3.6 Reflectivity profiles of mica exposed to NaAOT with ionic strength raised to 6.25
mM by NaCl addition (blue, offset by factor of 100), NaAOT (red, offset by factor 10), and
D2O (magenta). The shown fit is identical in all cases, and fitted to the bare mica surface in
D2O.

In certain later experiments when the mica surface was exposed to NaAOT a small change
in reflectivity profile was observed. From prior fitting experience this change corresponds
to some diffuse hydrated layer, and it was found that when the cell solution was exchanged
back to pure water the profile returned to that of the bare surface. These changes are
shown in Figure 3.7. It was established that only older batches of NaAOT showed this
behaviour, leading to the conclusion that the adsorption was due to a contaminant, most likely
a hydrolysis or break down product. Purification protocols for AOT have been developed in
the literature124. Here fresh batches of AOT were used for each experiment, and for each
NaAOT solution it was verified that no adsorption of any species occurred.

Different mica samples were used for each of the three additional cations investigated
to prevent any uncontrolled effects of salt history on the surface behaviour. The lack of any
adsorption of NaAOT at raised ionic strength was verified on every mica crystal used, partly
to check for consistency between mica samples, and also to check the AOT solutions for
surface active impurities as discussed above.
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Fig. 3.7 Reflectivity profiles from a bare mica surface in D2O, when exposed to an impure
batch of NaAOT, and when the solution was exchanged back to D2O.

Table 3.7 Fitted parameters for Ca2+ bound structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Water 6.30 8 ± 2 1 ± 1 -
Ca(AOT)2 0.63 18 ± 1 1 ± 1 0 ± 3

Calcium Bridging

When a solution of NaAOT at 2.5 mM with added CaCl2 at 0.5 mM and NaCl at 2.25 mM
(to fix the ionic strength at 6.25 mM) was introduced to the mica surface a clear change
in reflectivity profile was observed, as given in Figure 3.8, indicating adsorption of some
material. A single layer model could not adequately fit the data, but it was found that a
structure consisting of a water layer between the mica surface and an unhydrated surfactant
layer closely reproduced the observed data. Reflectivity data with calculated fits and the
associated SLD profile are shown in Figure 3.8, and the fitted parameters are given in
Table 3.7.

As it has been shown that the Na+ counter ion of the AOT– does not lead to a bridging
interaction, adsorbed species have been referred to as the AOT salt of the bridging counterion
in question. For example the adsorbed species from a solution of NaAOT with added CaCl2
is referred to as Ca(AOT)2.
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(a)

(b)

Fig. 3.8 (a) Reflectivity profiles for the mica surface in D2O (blue) and when Ca(AOT)2 had
adsorbed (red). (b) SLD profile of the fitted layer structure.
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Table 3.8 Fitted parameters for the Mg2+ bound structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Water 6.30 6 ± 1 1 ± 1 -
Mg(AOT)2 0.64 16 ± 1 1 ± 1 0 ± 5
Water 6.30 13 ± 1 1 ± 1 -
Mg(AOT)2 0.64 16 ± 1 1 ± 1 0 ± 5

Magnesium Bridging

A fresh mica surface was characterised as before in three water contrasts. NaAOT at 2.5
mM with MgCl2 at 1.25 mM was introduced to the cell and the reflectivity profile measured.
Again a large change was visible, indicating adsorption of an organic layer as shown in
Figure 3.9a.

Various models were considered during data fitting, and the least complex model which
could replicate the experimental results satisfactorily was found to be a four layer fit consisting
of a water layer adjacent to the mica, followed by two surfactant layers with an intervening
water layer. In this fit the thicknesses of the two surfactant layers were constrained to be the
same. Parameters fitted to the data are given in Table 3.8.

After layer removal, discussed in more detail later, introducing the same solution back to
the cell resulted in a very similar reflectivity profile to the initial layer, showing repeatability
and reversibility of this adsorption process. The reflectivity profiles from the initially formed
layer and after desorption then re-adsorption are shown in Figure 3.10.
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(a)

(b)

Fig. 3.9 (a) Reflectivity profiles for the mica surface in D2O (blue) and when Mg(AOT)2 had
adsorbed (red). (b) SLD profile of the fitted layer structure.
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Fig. 3.10 Reflectivity data of the initial Mg(AOT)2 layer (red) and after re-adsorption (ma-
genta), revealing a very similar profile. Bare mica in D2O is shown for comparison (blue).

Table 3.9 Fitted parameters for the K+ bound structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
KAOT 0.65 18 ± 2 1 ± 1 0 ± 3

Potassium Bridging

A further new mica surface was again fully characterised. NaAOT at 2.5 mM, with KCl at
2.8 mM and NaCl at 0.95 mM was introduced to the cell. The measured reflectivity is shown
in Figure 3.11a and again layer formation was seen, though a different adsorbate structure is
evident from the reflectivity profile when compared to the other cations.

The parameters fitted to the layer are given in Table 3.9. The fit could be improved
moderately by adding a water layer between the mica and AOT with a thickness of 2-3 Å,
although this is less than the roughness associated with the mica surface and so it was not
deemed a reasonable parameter to include.
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(a)

(b)

Fig. 3.11 (a) Reflectivity profiles for the mica surface in D2O (blue) and when KAOT had
adsorbed (red). (b) SLD profile of the fitted layer structure.
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Concentration Dependence of Calcium Bridging

The concentration range over which bridging occurred in the calcium system was probed.
The same mica crystal which had been used for Ca(AOT)2 adsorption was utilised, after
layer desorption and exchange of the cell into D2O. Using a concentration of Ca2+ reduced
to 0.05 mM, 10% of the initial value used, while maintaining the same ionic strength and
concentration of AOT– ([CaCl2] = 0.05 mM, [NaAOT] = 2.5 mM, [NaCl] = 3.6 mM) resulted
in an essentially identical reflectivity profile as at the initial calcium concentration for layer
adsorption. The reflectivity profiles from the initial calcium bridged layer, and the structure
with reduced calcium concentration, are shown in Figure 3.12. This shows that the same
structure adsorbs even at this much reduced concentration of the bridging ion. Concentrations
of Ca2+ below 0.05 mM were not tested.

Fig. 3.12 Reflectivity profiles from the mica exposed to the initial solution concentration of
Ca2+ (blue) and identical profile produced when [Ca2+] was reduced to 0.05 mM, 10% of the
initial value (red). The same structure is clearly present in both cases.

Layer Removal

To probe the stability and strength of binding of the adsorbed layers, the desorption behaviour
of both the calcium and magnesium bridged structures was studied. In both cases the cell
solution from which bridging was observed was directly exchanged to a solution of the same
ionic strength (controlled with NaCl) and same concentration of calcium or magnesium



78 Surfactant Adsorption at the Mica - Aqueous Solution Interface

respectively, but without any AOT. In both cases the reflectivity profile returned to that of the
bare mica substrate, as shown in Figure 3.13, revealing complete desorption of any organic
from the surface.

For the potassium bridged structure the equivalent test was not conducted, but the solution
of AOT with KCl was exchanged directly into D2O. This also resulted in complete desorption
of the organic layer, with the reflectivity profile returning exactly to that of the bare surface
in D2O.

Re-Adsorption Behaviour of Potassium Bridged Layer

As previously mentioned, the potassium bridged layer was seen to desorb completely from
the surface when the bulk solution was exchanged into D2O. The solution was further
exchanged into a solution of NaAOT at the CMC (2.5 mM), with no added potassium. From
this solution no adsorption was seen. This was despite adsorption being observed on the
same mica surface previously when AOT and K were both present in solution, and there
having been no alternate cations present between these conditions.

Discussion

A summary of the adsorption results with different added cations is shown in Figure 3.14.

This study builds on previous investigations into the question of which cations are capable
of binding anionic molecules to an anionic surface. It was postulated that as Group 1 is
ascended and the charge density increases, there will be some break point at which ions no
longer cause binding. This was attributed to the greater enthalpy cost of strongly hydrated
ions losing solvating water molecules, in order for the ions to bind to the substrate. By
showing that K+ also causes cation mediated binding whereas Na+ does not, even with
increased [Na+] relative to the pure NaAOT salt, the limiting point in Group 1 at which this
bridging occurs has been localised to between K+ and Na+ for this organic - mineral system.

In all the fitted structures the surfactant layer thickness is of the order of the measured
monolayer thickness of ∼18 Å110,124. As discussed in Section 3.1.2, the mica surface is
hydrophilic, and it would be energetically unfavourable for the surfactant molecules to order
such that the hydrophobic tails are all oriented towards either the mica or to water. It is
therefore suggested that while the structures are essentially monolayers based on the thickness
parameters, there will be significant disorder and different orientation of the molecules to
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(a)

(b)

Fig. 3.13 Data showing the complete desorption of bound layer structures when the solution
was exchanged to a solution of the same ionic strength and binding ion concentration but
with no AOT. In (a) calcium binding is shown and (b) magnesium binding.
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Fig. 3.14 Graphical summary of the adsorption behaviour and structures of AOT with different
added cations. A summary of the reflectivity data is shown to the right.

allow head groups to be present on both sides of each unhydrated surfactant layer. More
complex fitting models consisting of separated surfactant head and tail regions could present
slightly thicker adsorbed layers, with solvated head groups more closely matching the solvent
SLD, but the simplest model consistent with the experimental data was adopted. The added
ionic strength will lead to a reduced Debye length from greater screening between charged
species, and could therefore influence closer packing than has been seen in some pure salt
solutions, where bilayer thicknesses have been observed in the range 31 - 38 Å for the
calcium system100,101. Dense packing is also consistent with the unhydrated nature of the
layer from the fits to the data.

In the studied regime multilayering was seen only from Mg2+, and not from Ca2+ or
K+. The phenomenon of multilayering at the air - solution interface has been extensively
reviewed by Thomas and Penfold 127 , and using their nomenclature the structure formed in
the added magnesium case may be referred to as an S2 structure. For the mica - solution
interface the hydrophilic nature of the surface will favour a more bilayer-like first adsorbed
structure in contrast to the air - water interface, but behaviour of subsequent layers might
be expected to be similar in the two cases. It has been shown previously that Ca(AOT)2 can
form multilayered structures on mica at the CMC (0.5 mM) with up to four bilayers and
intervening water, and significantly more layers at twice the CMC101. In the system studied
here the Ca2+ concentration is the same as in that work, but the [AOT– ] is higher in this case,
at 2.5 mM.

The presence of additional adsorbed layers for magnesium addition may be due to the
ratio between cation:[AOT– ] being approximately that required for charge neutrality at 1.25
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mM:2.5 mM (as would be present in the pure Mg(AOT)2 salt), when compared to 0.5 mM:2.5
mM for the added calcium case in this work. If this ratio is key in determining multilayer
formation then it might be expected that further increasing the calcium concentration to 1.25
mM might induce this behaviour, subject to the constraints of solubility. No multilayering is
observed in the added potassium case despite the relative concentrations of potassium and
[AOT– ] being close to charge neutrality (2.8 mM : 2.5 mM), but it may be the case that mul-
tivalent ions are a necessary condition for multilayer formation, as suggested by others128,129.
Multilayering is clearly a process sensitive to multiple factors, and the conclusions here are
focussed on the presence or absence of adsorption rather than the specifics of the structures.

Molecular dynamics simulations by Kobayashi et al. 130 suggested that Na+ and Mg2+

would bind organic acids to mica via a water mediated interaction, whereas K+ and Ca2+

would bridge directly. These results are not fully consistent with the findings of this work in
that a water layer was required to satisfactorily fit the structure of the Ca2+ bound layer, and
even at elevated concentrations Na+ was never found to bridge. The simulations did however
propose that the Na+ binding strength was the weakest of the ions investigated.

The sulfonate head group of AOT is also likely to differ in behaviour to a carboxylate
anionic head group, as discussed in more detail later. Consistent with the simulation, it was
seen that the K+ layer appeared to have little, if any, of a water layer between the mica and
surfactant. A suggestion for the mechanism of cation bridging is one in which the surface
charge sites, cations, and anionic head group must all lose some degree of hydration to
come together and bridge. The multivalent cations will be more strongly solvated by the
water molecules, and if only partial loss of hydration of the cation occurs on bridging then a
water/ion layer would be expected. The thicknesses fitted to the water layers for the added
magnesium and calcium case are of the order of a few water molecules, which is consistent
with this model.

At the lowest Ca2+ concentration experimentally tested (0.05 mM) the ratio of Na+:Ca2+

is greater than 100:1 and yet binding of a layer to the mica is still observed. Clearly the
relative affinity of the Ca2+ for both the mica and the AOT– ion is so great that it can
successfully out-compete the Na+. There have been suggestions that multivalent ions can
adsorb to mica in sufficient quantities to over-compensate the surface charge and lead to a
charge inversion131, however de Poel et al. 132 showed that exchange of mica with CaCl2
followed by pure water did not lead to over-exchange of Ca2+ onto the surface. Without over-
exchange it seems unlikely that AOT– would adsorb in the absence of additional bridging
ions in solution, even after exposure of the mica surface to Ca2+.
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This hypothesis is consistent with the observations for potassium ions, as described in
Section 3.1.3. The data shows that NaAOT will not adsorb even to a mica surface which
had previously had a potassium bridged structure, unless there are potassium ions also in
solution.

At the concentrations tested, sodium ions were never seen to out-compete the calcium
ions and prevent bridging of AOT. At some relative concentrations of sodium and calcium
set by the binding constants, solubility constraints aside, the sodium must out-compete
the calcium. A three dimensional phase space consisting of sodium, calcium, and AOT
concentrations can be visualised, with a region where bridging will occur. Collated results
of the work described here and the results of Griffin et al. 101 are shown in Figure 3.15. A
dividing plane between the bridging and non-bridging points may be visualised. The position
of this division may also be influenced by the CMC of the compositions, as adsorption of
anionics to mica below the CMC has not been observed.

It was earlier shown that the proffered explanation of oil release by exchange of divalent
‘bridging’ ions for monovalent ions incapable of bridging is not a full description, with the
observation of monovalent Cs+ binding organic anions to mica. Here it was shown that Cs+

is not unique in this ability as a monovalent ion but in fact the K+ ion shows the same effect.
This is industrially important as it provides further evidence that the specific cations present,
rather than the total salinity or monovalent and divalent concentrations, are important for
water flooding.

Secondary water-flooding generally occurs using either sea-water or water from aquifers;
in both cases potassium can be present in concentrations at least equivalent to the calcium
concentration133. If efforts are made to remove only the divalent ions before enhanced
recovery then cations which can still cause organic-mineral binding will remain present. It
was also shown in this work that even at cation ratios heavily biased to the non-binding Na+

cation, small concentrations of binding ion may dominate and facilitate adsorption. This
could further inform the design of controlled salinity water for flooding. This is consistent
with molecular dynamics simulations which suggested that cation bridging to montmorillonite
would occur independent of salt concentration due to unhydrated cations in the Stern layer134.

Two of the mechanisms commonly offered to explain low salinity enhanced oil recovery
are multivalent ion exchange and double layer expansion. This study has shown that for the
system of the AOT anion bridged to mica by either calcium or magnesium ions, neither of
these mechanisms is required for organic release. Layers bridged by either of these ions
showed complete desorption when both the ionic strength and bridging ion concentration
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(a)

(b) (c)

Fig. 3.15 (a) 3D phase plot showing concentrations of sodium, potassium, and AOT which
have been tested on mica. Sets of conditions which were observed to lead to adsorption are
shown as red triangles, and non-adsorbing as blue circles. For clarity, projections onto the
‘x-z’ and ‘y-z’ planes are shown in (b) and (c) respectively.
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were maintained at a constant level but the organic component was removed from solution,
suggesting that the bridged organic is only weakly bound and in rapid equilibrium with
the species in the bulk. It is sufficient to simply remove this free organic to facilitate layer
desorption. As the calcium to sodium ratio is well above the lowest ratio at which binding
was still observed, it is not the case that the increased sodium concentration out-competes
the calcium for either the AOT– or the mica surface.

3.1.4 Carboxylate Adsorption

The sulfonate head group of the AOT– anion investigated earlier is very strongly acidic;
the pKa of the structurally similar methanesulfonic acid is approximately -1.9135. The pKa
can be related to the strength of binding between the anion and an associated cation. As
the AOT– anion shows such stability, the binding to any cation (and therefore the cation
mediated binding to the surface) may be weaker than for an anion with a more positive pKaH.
Organic carboxylic acids, which are commonly present in crude oils136, have significantly
higher pKa values (e.g. for acetic acid pKa = 4.8135). It may be the case that if these higher
pKa groups adsorb in a cation mediated fashion to the anionic surface, they will adsorb in a
less reversible fashion due to the stronger binding between anionic head group and cation.
This would be more comparable to the observed adsorption behaviour of cationic molecules
to mica55, which were seen to persist even when the bulk organic was removed.

Protonated acids have very low solubilities in water, particularly for longer alkyl chain
lengths137. The sodium salts show greatly increased solubilities. For this study the ‘medium’
chain length sodium octanoate and sodium decanoate were chosen. These were selected for
the balance of a sufficiently long alkyl chain which should be easily resolvable in neutron
reflectivity, and give accessible CMC values, but not so long as to result in sparing solubility.
The structures are given in Figure 3.16. The CMCs are 300 mM for sodium octanoate and 86
mM for sodium decanoate138.

Literature bulk densities for these sodium carboxylates could not be found, but values for
the bulk density of both the corresponding acids are available. Exchange of the proton for the
sodium cation might have a small effect on the molecular volume which can be accounted
for. For sodium hexanoate a density of 0.97 g cm-3 has been reported139, and 0.93 g cm-3

for hexanoic acid (manufacturer). Based on these values the change in molecular volume on
exchange from the protonated acid to the sodium salt was calculated as 28 Å3. Using this
value and bulk densities of 0.91 g cm-3 and 0.89 g cm-3 for octanoic acid and decanoic acid
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(a) sodium octanoate

(b) sodium decanoate

Fig. 3.16 Structures of the sodium acid salts used in this adsorption study.

respectively the SLDs of sodium octanoate and sodium decanoate were calculated as 0.42
×10−6 and 0.65 ×10−6 Å-2 approximately.

The pKa value for the two acids is approximately 4.8137. The pH of the solutions used
during the experiment were in the range 7.2 - 7.8, indicating that essentially all of the
dissolved species will be present as the carboxylate anions. From the definitions of pH and
pKa for an acid AH and its conjugate base A−, the relative concentrations are related by
log10

[A−]
[AH] = pH − pKa. Assuming a pH of 7.5 then from this relation it can be calculated

that approximately 99.8% of the species will be present as the carboxylate ion.

Sodium Carboxylate Adsorption

For both acids, after characterisation of the bare mica surface, the concentration was increased
through the series 0.1, 0.5, and 1 CMC (for the CMC of each acid respectively). In both
cases no change in reflectivity profile was seen for concentrations below the CMC but at
the CMC adsorption was seen, with slightly different structures evident. On exchange of
the bulk solution back to pure water, the reflectivity profile returned to that of the bare mica,
showing reversibility of binding as was seen for all the anionic surfactants which have been
found to adsorb. Reintroducing the sodium carboxylate solution resulted in identical profiles
to those of the initial adsorbed layers.

From these unexpected observations it was concluded that the sodium salts of the car-
boxylate ions do adsorb to mica, possibly through a bridging interaction of the sodium
ion.
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Table 3.10 Fitted parameters for the adsorbed sodium carboxylate structures.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
NaOctanoate
Water 6.05 10 ± 2 1 ± 2 -
Acid 0.42 21 ± 1 1 ± 2 0 ± 5
NaDecanoate
Water 6.15 11 ± 2 1 ± 3 -
Acid 0.31 21 ± 1 1 ± 2 20 ± 5

Structural Characterisation of Sodium Carboxylate Layers

The very high CMC values for the carboxylates compared to the surfactants previously
studied results in a visible change in the position of the critical edge, due to a change in the
SLD of the bulk solution with these high surfactant concentrations. This was accounted for
during analysis, with the bulk solution SLD fitted to the position of the critical edge. Single
block models were trialled but could not adequately reproduce the form of the experimental
data. A model consisting of a water layer adjacent to the mica and a single uniform surfactant
layer was considered as the next most simple, and was found to fit the data well. The
reflectivity data from sodium octanoate at 1 CMC, and the SLD profile to the fit are shown in
Figure 3.17 and those for sodium decanoate at 1 CMC in Figure 3.18. The parameters fitted
to each of the two datasets are given in Table 3.10.

The structures formed by the two acids are similar, as would be expected for compounds
differing only by two extra carbon atoms in the tailgroup. Using Tanford’s formula140, the
extended chain lengths for sodium octanoate and decanoate are calculated as 11.6 Å and 14
Å respectively. The fitted organic layer is thicker than these distances in both cases so the
structures are concluded to be bilayers, as might be expected, with hydrophilic headgroups
on each side exposed to water. As the fitted layer is slightly thinner than twice the extended
chain length, some degree of interdigitation or tilting may be present. The fits suggest that the
acid layers are of approximately the same thickness, but with slightly greater hydration for
the decanoate than for octanoate. This is slightly unexpected given that the longer chain acid
might be expected to pack more densely and into a thicker layer. The difference in hydration
could in part be due to an underestimation of the SLD of sodium decanoate, which was only
calculated approximately from consideration of bulk physical parameters. This would lead to
an overestimate of the hydration of the layer, as including D2O raises the effective SLD.
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(a)

(b)

Fig. 3.17 (a) Reflectivity data for 1 CMC NaOctanoate adsorbing to the mica surface with (b)
fitted SLD profile.
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(a)

(b)

Fig. 3.18 (a) Reflectivity data for 1 CMC NaDecanoate adsorbing to the mica surface with
(b) fitted SLD profile.
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Ruling Out the Role of Cations Impurities

As it was found in Section 3.1.3 that very low concentrations of calcium could facilitate
bridging even in the presence of an excess of sodium ions, the presence of trace impurities
of metal ions was considered. ICP analysis of both stock solutions of sodium octanoate
and decanoate was conducted and compared to reference solutions. These showed no trace
impurities of calcium or magnesium. Finite potassium concentrations were detected, but at
levels of 0.2% ± 0.02% for octanoate and 0.13% ± 0.06% for decanoate as percentage by
concentration (1% being 1 potassium ion for every 100 sodium decanoate moieties), which
were considered as very unlikely to be contributing to adsorption behaviour.

Sodium Carboxylate Summary

Clear evidence for two different sodium carboxylates adsorbing to mica has been shown, in
contrast with the behaviour of the sulfonate head grouped AOT surfactant.

Through molecular dynamics simulations with decanoic acid on muscovite mica Kobayashi
et al. 130 suggested that sodium ions would act to facilitate adsorption, but do so through
a mechanism mediated by water molecules which they termed ‘water-bridging’; this is
consistent with the experimental findings presented here. The simulations gave a distance
between the carboxylate carbon and the sodium ion of 5 Å, with a further distance between
the sodium and the mica surface. This greater distance than the hydrated radius of sodium is
also consistent with the measurements.

In the case of the AOT anion the action of cations was clear in causing binding, as the
sodium salt did not adsorb but other metal ions caused bridging (as long as the system was
at or above the CMC). In the carboxylate systems no null case was observed, so it is not
possible to conclude unambiguously that cations are responsible for the adsorption, though
adsorption of the anionic headgroup without cation mediation does not seem physically
reasonable. 3.6 Å has been measured as the hydrated radius of a sodium ion141, which is a
little smaller than the fitted water layers between the surface and surfactant, supporting the
idea of cation bridging here.

Calcium Carboxylates

Whilst the adsorption of the sodium carboxylates was found to be entirely reversible, calcium
might be expected to bind more strongly between the carboxylate and the anionic mica
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surface. It was of interest as to whether this could lead to less reversible binding, more
closely resembling binding of cationic species to mica.

The strength of interaction between carboxylate anions and calcium ions is such that
carboxylates show very low solubilities in the presence of even low concentrations of calcium
ions. This is particularly true for saturated, and longer chain acids142. Pereira et al. 143 found
that in the presence of 1 mM CaCl2, sodium decanoate showed precipitation even at 1 mM,
whereas sodium octanoate was soluble at concentrations of 10 mM, though this is still well
below the CMC of sodium octanoate at 300 mM. In Section 3.1.3 it was found that AOT
adsorbed to mica in the presence of 0.1 mM Ca2+, therefore solubility tests were carried out
for both sodium carboxylates at this calcium concentration.

It was found that in 0.1 mM CaCl2, sodium decanoate was soluble at 1 mM but at 4 mM
precipitation was visible. For sodium octanoate the solubility was much higher; at 150 mM
octanoate some precipitation was visible but none was seen at 90 mM even after a day. Due
to the much higher tolerance for calcium in solution, octanoate rather than decanoate was
used while attempting to study a calcium bridged layer. A concentration of 50 mM sodium
octanoate was decided upon to ensure that the solution was away from the solubility limit.

A 50 mM sodium octanoate solution with 0.1 mM CaCl2 was exposed to a mica surface,
but no adsorption was seen in the neutron reflectivity data, as shown in Figure 3.19. The CMC
of sodium octanoate in 0.1 mM CaCl2 was not tested, and whilst the presence of calcium
will lead to a CMC reduction, the lack of adsorption suggests that 50 mM is still below the
CMC for this calcium concentration. As noted earlier, higher carboxylate concentrations
could not be tested, and the difficulty in forming a calcium bridged structure is ascribed to
the solubility limit being met before the CMC is reached.

Pre-exchanging the surface cations of the mica surface for calcium ions was also trialled
in an attempt to form a calcium bridged structure. A fresh mica surface which had not been
exposed to any surfactant or salt solutions was exchanged into 10 mM CaCl2 and then back
into D2O before introduction of sodium decanoate at the CMC. The exchange back into D2O
was necessary to remove any calcium from the cell solution, as any contact between calcium
and carboxylate solution would lead to instant precipitation. Adsorption of the acid was
seen, with an identical profile to that measured when sodium decanoate had adsorbed to an
untreated mica surface, and as in that case this layer was also seen to desorb completely on
removal of bulk acid.
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Fig. 3.19 Reflectivity profiles from bare mica in D2O and on exposure to 50 mM NaOctanoate
in 0.1 mM CaCl2, showing no adsorption from this solution.

Whilst it is not possible from these measurements to know if the calcium exchanged on to
the mica did remain when the acid structure adsorbed, the identical reflectivity profiles formed
from the untreated and pre-calcium exchanged mica surfaces suggests that the calcium did
not play a role. Given that the sodium concentration in the decanoate solution is 86 mM,
and 30 ml of solution was passed through the cell to ensure complete exchange, the sodium
ions may have re-exchanged the mica surface cations and replaced any calcium, despite the
divalent ions higher affinity for the surface.

3.1.5 Discussion

In this section the role of cation bridging of anionic organics onto mica has been addressed
in detail. Understanding which cations will lead to bridging interactions is clearly important
for many commercial systems, both for predicting what adsorption behaviour is occurring in
pre-existing systems and for designing solutions and additives tailored to desired adsorption
characteristics. The observation that monovalent ions can bridge as well as higher valency
ones is an important one, and a step forward in furthering this understanding.

Evidence that the specifics of the cations which cause adsorption varies down the IA
group and between IA and group IIA is very interesting. However, it is clear that the overall
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combination of the substrate, cation and the nature of the anionic group present may all play
a role.

The finding that even the sodium salt of carboxylic acids adsorbs to the clay mineral
surface has implications for the understanding of the mechanism of reduced salinity water
flooding. If carboxylate adsorption may occur even in the absence of the ions which were
found to be required for AOT adsorption to mica, then this suggests that none of the proffered
mechanisms for enhanced recovery are sufficient to explain release of oil on reduced salinity
flooding in this model.

An alternative or contributory mechanism might simply be the solubilisation of carboxylic
acids precipitated onto the clay surfaces. Given that the sodium acid salts adsorb and that
acids show only sparing solubility in the presence of calcium ions, as the divalent ion
concentration is reduced then slight re-solubilisation of acid components might allow the
alteration of some regions from ‘oil - wet’ to ‘water - wet’, and the liberation of incremental
oil.

In a series of papers using contact angle techniques, Mugele et al. 144 have investigated the
relative wettability of oil and water on mica substrates in a range of conditions145–147. They
observed that the water contact angle in ambient decane reduced dramatically on removal of
divalent ions from the water phase. This effect was enhanced by addition of stearic acid into
the oil, which they attributed to formation of calcium stearate at the three phase contact line
leading to a more oil - wet surface. This effect is clearly related to the results described here,
and is consistent with the theory that precipitation of acid groups could have a role in the
controlled salinity water flooding effect.

As the hypothesised mechanism of cation bridging involves partial dehydration of the
cations and anionic organic groups, which involve significant partial molar volume changes,
it might be expected that pressure could influence these interactions. Similar experiments to
those described in this section but conducted under reservoir pressures would be of interest,
and work by others has shown that these pressure conditions can influence clay hydration
behaviour148.
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3.2 Adsorption of Non-Ionic Surfactants to Mica

3.2.1 Background

Non-ionic surfactants are popular in many applications; the absence of charge makes them
compatible with other classes of surfactant, and they show good resistance to precipitation
in hard water149 which presents a particular problem for anionic surfactants. A common
class of non-ionic surfactants are polyoxyethylene (POE) based compounds. These may be
denoted as ‘CnEm’ where ‘n’ refers to the length of hydrophobic tail, and ‘m’ the number of
oxyethylene units in the headgroup. The properties of such molecules may be adjusted by the
relative lengths of the alkyl chain and POE head group, and by the terminal functionality150.

The literature on adsorption of non-ionic surfactants to mica is not entirely consistent,
but most studies conclude little or no adsorption of non-ionics to mica. Blom et al. 151

reported that a diblock copolymer of the POE type showed no adsorption to the bare mica
surface. Using AFM Dong and Mao 152 reported that C12E5 did adsorb into a continuous
layer of approximately 40 Å thickness but only at temperatures above 21°C, and below this
temperature patches or islands were seen with combinations of closely and more weakly
adsorbed species extending further into the solution. Using the surface force apparatus,
Rutland and Christenson 153 found that in a background electrolyte of sodium sulfate the
C12E5 surfactant adsorbed only weakly to a mica surface at concentrations below 100 times
the CMC. The weakly adsorbed layers were found to be easily pushed off the surface.

3.2.2 C12E5 Adsorption to Mica

Fig. 3.20 Structure of the nonionic surfactant pentaethylene glycol monododecyl ether
(C12E5). The region considered the hydrophilic ‘head’ is shown in a blue dashed box, and
the hydrophobic ‘tail’ in red.

For this study the surfactant C12E5 was chosen, as it has been well characterised in the
literature151,153,154 and its adsorption to mica has already been studied through alternate
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methods152 as discussed earlier. It has previously been shown that in some systems the use
of invasive probes, such as in AFM, can alter the structure under investigation56.

For POE non-ionic surfactants, the CMC has a marked temperature dependence; as the
temperature increases from room temperature the POE head group becomes less soluble
and the CMC decreases initially155. Because of this the reflectivity cells were temperature
controlled at 25°C using a Julabo recirculating glycol bath and a temperature probe connected
directly to the silicon wafer. Stock solutions for exchange of the cell solution were also
maintained at this temperature by means of an additional water bath. The CMC of C12E5 has
been reported as 0.064-0.065 mM149,156 at 25°C, and unaltered by a background electrolyte
of even 0.1 M NaCl. In this work the CMC was taken as 0.064 mM. From a density of
0.963 g/ml (Sigma) the molecular volume may be estimated as 701 Å3, giving an SLD of
0.13 ×10−6 Å-2.

Results

When the cell solution was exchanged from D2O to 0.2 then 0.5 CMC C12E5 in D2O little
change in reflectivity profile from the bare mica surface was recorded, showing no appreciable
adsorption. When the concentration was further increased to 1 CMC a clear difference in
reflectivity was observed. These reflectivity profiles are shown in Figure 3.21. After 5 h
of equilibration the profile of the 1 CMC solution was remeasured and had not changed.
On increasing the concentration to 2 CMC no further change in reflectivity was seen. The
adsorption was found to be reversible; on exchanging the solution back to D2O the profile
reverted to that of the bare mica surface, and on reintroduction of 1 CMC C12E5 the same
structure occurred as initially formed.

Fitting Models

Initially fitting of the structure formed at 1 CMC was attempted with a single uniform layer
with the SLD calculated for the surfactant molecule, and variable hydration. It was found
that no satisfactory fit to the data could be achieved within this parameter space, and so more
complex models were considered.

As C12E5 has a large hydrophilic head group and hydrophobic tail region, a bilayer might
be expected to form on the hydrophilic mica. The most simple structure was considered to
be a symmetrical bilayer arrangement. When fitting structures such as this it is important
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Fig. 3.21 Reflectivity profiles from a mica surface exposed to increasing concentrations of
C12E5 in D2O. Data for 1 CMC C12E5 is offset by a factor of 10.

that the resultant structure is physically possible, which can have important constraints on
the fitting. For example, the number of headgroups of the surfactant must equal the number
of tails. For a bilayer consisting of two headgroup layers with equal thickness and hydration
with an intervening unhydrated tail group layer, with parameters as shown in Figure 3.22, in
a unit area the total number of head and tail groups respectively are given by:

#heads =
2d1(1−hyd1)

Vhead

#tails =
d2

Vtail
(for unhydrated tails layer)

#tails =
d2(1−hyd2)

Vtail
(for hydrated tails layer)

(3.2)

where Vhead and Vtail are the molecular volumes of the surfactant regions ascribed to the head
and the tail, hyd1 is the volume fraction hydration of the head layers, and hyd2 the same for
the tails layer.
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Table 3.11 Fitted parameters for the C12E5 structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Headgroups 0.64 27 ± 4 3 ± 3 87 ± 5
Tailgroups -0.39 28 ± 5 3 ± 3 76 ± 5
Headgroups 0.64 27 ± 4 3 ± 3 87 ± 5

On the basis of the approximations for hydrocarbon components made in Section 3.1.2,
the volume of the C12E5 tail region of C12E5, consisting of (CH2)11CH3, can be estimated
as 348 Å3 giving a volume of 353 Å3 for the head region. These values give SLDs of 0.64
and -0.39 ×10−6 Å-2 for the head and tail groups respectively. During fitting the thicknesses
and hydration of the layers were coupled and constrained during optimisation such that the
number of heads and tails were equal, as calculated by Equations 3.2.

Fig. 3.22 Schematic of a symmetrical bilayer structure, with head group layer thicknesses d1,
and tail layer thickness d2. Associated hydrations are hyd1 for headgroups, hyd2 for tails.

The tail region is expected to be strongly hydrophobic, so the hydration of this layer
was constrained to be less than 20% in initial fitting using the bilayer model. As with the
single layer model, this resulted in greater than observed change in reflectivity from the bare
surface, from too high a change in contrast in the SLD profile. When the hydration of the
tails layer was allowed to vary to higher values, a reasonable fit to the data could be achieved.
The fit to the reflectivity data and SLD profile are shown in Figure 3.23, and parameters are
given in Table 3.11.

The high degree of hydration of the tail group layer is perhaps surprising. However, this
can be rationalised by recognising that the SLD is an average over a layer across the surface.
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(a)

(b)

Fig. 3.23 (a) Reflectivity data with fitted profile to the adsorbed structure from 1 CMC C12E5
on to mica, and (b) the corresponding SLD profile.

The layer may have in plane heterogeneity; there may be regions of tails and regions of water,
typical of an adsorbed micelle or other self associated aggregate, though it is not possible to
distinguish between this case and a homogeneous layer in specular reflectivity data. Patchy
coverage of a more uniform layer is also possible, as seen by others152.
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If it is assumed that the structure is a patchy bilayer with no hydration of the inner tail
region then the surface coverage may be calculated as 24%, with 46% hydration of the head
layers in these patches. The tail region thickness of 28 Å is more than the 16.7 Å extended
chain length of the 12 carbon tail as calculated from Tanford’s formula140, but less than twice
this value, so consistent with a bilayer with some interdigitation or tilting.

The fitting here is based on just one contrast, and a relatively small variation in reflectivity
profile from the bare surface, so there is significant uncertainty in the fitted structure. As
the parameters are coupled the true uncertainties may be larger than those calculated from
the manual method used to estimate them. It is possible that other structures, such as low
surface coverage micelles rather than bilayers, might equally reproduce the measured data.
The primary conclusion here is that adsorption occurs as a very diffuse or hydrated structure,
with a small change in reflectivity compared to the bare surface.

Discussion

The adsorption behaviour of the non-ionic surfactant on the surface of mica observed here
is consistent with the previously mentioned studies which find very little adsorption of
non-ionic surfactants. Qualitatively the small change in reflectivity profile from that of the
bare surface, and quantitatively the very large hydration values fitted to the layer, show very
little surfactant adsorption occurs. The lack of detectable adsorption at 0.2 and 0.5 CMC
and the further lack of change between 1 and 2 CMC C12E5 suggest the adsorption roughly
follows an S-shaped type isotherm, as discussed in Section 1.4, which is as might be expected
for a surfactant.

The thickness of the determined layer at 82 ± 13 Å is thicker than the 49 ± 4 Å bilayer
thickness determined for C12E6 on silica in previous neutron studies157, with coverage
varying between 40 - 60%. The significant hydration of the layer makes an accurate estimate
of the complete thickness difficult, and may partially explain this difference. The longer
hydrophilic headgroup in C12E6 might also associate more closely with the hydrophilic
surface, in what is not a dense packed layer, and lead to a thinner layer. Another alternative
is the presence of vesicle structures rather than more micellar aggregates.

The complete desorption of the layer seen on removal of bulk surfactant and exchange
back to pure water, is consistent with the observation of weak binding by Rutland and
Christenson 153 . It is also consistent with the expected behaviour for a very hydrated or
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diffuse layer, and that seen for anionic surfactants bridged to the mica surface as discussed in
Section 3.1.

This preliminary study into the role of non-ionics on mica has indicated that rather little
adsorbs, in marked contrast to the cationic surfactants or anionic surfactants with bridging
cations.

3.3 X-Ray Reflectivity from Mica

3.3.1 Cell Design and Experimental Setup

Whilst X-ray reflectivity measurements do not offer the contrast variation possibilities
or the contrast between hydrocarbon and solvent of neutron scattering studies, they have
successfully been applied to the study of surfactant adsorption from aqueous solution. Briscoe
et al. 158 have succeeded in measuring adsorption on mica using their novel ‘bending-mica’
technique, both at the mica - air158 and mica - water159 interface. This mounting configuration
overcomes the issues of crystal waviness and flexibility which have historically prevented
reflectivity studies being applied to the mica surface, but adds significant experimental
difficulty and mathematical complication to the data analysis.

As the mica/glue/silicon substrates used for neutron reflectivity studies have been shown
to produce a mica surface of sufficient flatness for reflectivity studies, this preparation
method was considered as an alternative to the ‘bending-mica’ in use for X-ray reflectivity.
In neutron reflectivity the incident beam is introduced through the silicon wafer, but this is
not a possibility with X-rays due to complete attenuation by the silicon. Instead the beam
must be introduced through the solution above the mica, and must therefore pass through the
cell which forms the solution trough. The cells for neutron studies are machined from PTFE
which is strongly attenuating to X-rays as it is a fluoropolymer, so new cells were designed
from PEEK. PEEK is a more rigid polymer than PTFE so cannot provide a seal against the
mica surface in the manner of the neutron cells.

The vertical collimation of the beam and the very small experimental angles made it
impossible to avoid clipping whatever sealing device was employed, however minimising the
size of the seal would allow the smallest correction. A knife edge seal was initially favoured
but machining constraints prevented this from being a viable option. Two methods were
then considered for sealing the cells: a gasket cut from 0.5 mm rubber and a 1 mm rubber
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O-ring sitting in a machined groove in the cell. The trough of the O-ring cell is shown in
Figure 3.24a, the gasket cell is identical but with a flat lip on the raised edge of the trough
rather than the machined O-ring groove. These cells were also designed to accommodate a
50 × 50 mm square wafer rather than the rectangular blocks used for neutron studies.

Deep walls of the trough allow the path length of the beam through the PEEK to be
constant over the range of angles covered, and avoid interaction with the solution channels
in the top of the cell at larger angles. As the volume of liquid is significantly greater than
the neutron cells, a larger volume is required to exchange the solution. To test the exchange
characteristics of the design a clear glass block was clamped against the trough, which was
filled with dye and displaced using a LKB Bromma HPLC pump flowing at 4 ml/min. The
results of this test are shown in Figure 3.25, and indicate that even after 56 ml of solution was
pumped through, complete exchange was not achieved, with some stagnation points evident.
During beamtime solution exchanges were carried out with 80 ml.

(a) (b)

Fig. 3.24 Two X-ray reflectivity cells designs trialled; (a) a large cell design with O-ring, (b)
a smaller cell which seals behind the inserted silicon wafer using a rubber mat.

An additional cell provided by Dr. Tom Arnold, the previous beamline scientist at I07,
was also tested, which incorporated a smaller mica sample (20 × 20 mm). This cell was
designed for surface diffraction studies, and seals on the back face of the inserted silicon
wafer using a rubber mat, which would allow undesirable exposure of the solution to the side
of the mica and glue layers in the supported mica samples, giving possible purity concerns.
There is also the possibility of increased pressure on the mica surface leading to bending or
buckling, as the top of the cell contacts the substrate surface at the corners. The trough of
this cell design is shown in Figure 3.24b.
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Fig. 3.25 Dye displacement test showing slow exchange of the larger XRR cell design.

During alignment on the beamline an initial height scan is performed with the substrate
approximately parallel to the incident beam, to find the height of the surface of interest
relative to the sample table. Height scans for each of the three cells are shown in Figure 3.26.
Locating the position of the mica surface in these scans was not as trivial as in the case of
the neutron reflectivity cells. Much larger than expected attenuation from both the O-ring
and gasket was observed, as illustrated by the large drop in intensity. The transmission scan
revealed that the height of the gasket was less than that of the O-ring, at ∼0.4 mm compared
to ∼0.8 mm, but the greater depth parallel to the substrate led to such a large drop in intensity
for the gasket cell that alignment was not possible. The other two cells were therefore used
for the remainder of the experiment.

3.3.2 Results

Initially the large mica substrate was characterised by X-ray reflectivity in air (not in the
cell). Figure 3.27a shows the reflectivity data recorded; a relatively sharp critical edge is
visible indicating that the substrate preparation has been successful in generating a surface
flat enough for X-ray reflectivity measurements. Measurements were taken out to a high
enough angle of reflection to observe the Bragg peak of the mica, the presence of which
confirms the presence of the mineral on the substrate as desired. From the position of the
peak the d-spacing of the mica can be calculated using Bragg’s law; the peak centre is at
q = 0.62 Å-1 which gives a d-spacing of 20 Å. This agrees with both the literature and the
structure of a mica sample determined by single crystal X-ray diffraction.

For fitting the data was truncated at q = 0.4 Å-1, prior to the influence of the Bragg peak,
and it was assumed that only the interface at the top of the mica crystal contributed to the
reflected intensity. As shown in Figure 3.27b, the data could be adequately fitted using
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(a) O-ring cell (b) Gasket cell

(c) Rear-sealing cell

Fig. 3.26 Transmission height scans for the three designs of cell trialled for the X-ray
reflectivity study. Reflectivity data is normalised to unity by the most intense recorded signal
within the range of the height scan.

the idealised mica formula (KAl3Si3O12H2) and allowing a density slightly lower than the
literature value, and a roughness of 2.5 Å. The reduced density would be equivalent to some
substitution of lighter elements in the naturally occurring crystal, such as Na for K or Mg for
Al, reducing the electron density in the crystal.

For the case of the small cell design shown in Figure 3.24b, on clamping the mica
substrate into the cell and filling it with water, there were clear artefacts visible in the
reflectivity profile. These could be due in part to geometric factors as the X-ray beam passes
through different cell components as the angle is varied, which could in principle be corrected
for, or some deformation of the mica surface caused by the cell.
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(a)

(b)

Fig. 3.27 (a) Un-normalised X-ray reflectivity from the mica - air interface, with substrate not
clamped into the cell, and (b) the same profile normalised and truncated prior to the Bragg
peak with superimposed fit.

As the larger mica substrate was transferred into the cell, then as the cell was filled
with H2O, the background relative to the intensity before the critical edge was observed to
increase, as expected with the presence of additional sources of scattering. These reflectivity
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profiles are shown in Figure 3.28a. Datasets were then collected for the mica surface exposed
to water, and to 1 CMC CsAOT and 2 CMC DDAB, both of which have been shown to adsorb
in ordered layers55,123. Whilst changes in profile were recorded, as shown in Figure 3.28b,
these changes on exposure to either of the surfactants were not greater than the changes in
profile between equivalent H2O contrasts, and so fitting of the data was not further pursued.

The magnitude of the expected changes from adsorption, based on the work of Briscoe
et al. 159 , would be within this variation so adsorption cannot be confirmed or precluded. In
this study no attempt was made to avoid beam damage, which can be caused to adsorbed
structures or even the substrate by the high illumination of synchrotron X-ray sources. The
high degree of variation in the data was at least in part attributed to technical complications
with the instrument at the time of the experiment. Further attempts to apply this substrate
preparation technique to X-ray reflectivity measurements are planned.

3.4 Adsorption Comparison with Simulations

In an ongoing collaboration, the results of molecular dynamic simulations carried out by Georgia Tsagkaropoulou,

in the group of Professor Philip Camp, from the University of Edinburgh have been compared to experimentally

recorded neutron reflectivity data. Simulations were conducted by Georgia who provided both the snapshots,

and the atomic density profiles which I have analysed. Significant contribution was made to advise on conditions

and iteration of simulations to achieve better consistency with experimental data.

Comparison between molecular dynamics (MD) simulations with neutron reflectometry
experiments of surfactant systems on mica was carried out, for the dual purpose of aiding and
verifying simulations through comparison to experimental data, with the hope of then being
able to use the robustly developed simulation techniques to screen further surfactant systems
and gain higher resolution insight into the structures formed. Detail of the methodology of
the MD calculations is not included, but is discussed in Tsagkaropoulou et al. 160 Compar-
isons were conducted by calculating an atomic density profile for each type of atom in the
simulation, discretised into 1 Å slices parallel to the surface, starting in the mica crystal and
continuing through the interface and until bulk solution was reached. The density profile was
taken from an average of the final 1500 frames in each simulation, to allow the system to
equilibrate as far as possible prior to sampling. The data was then included into the I-CALC
routine as a series of layers with SLDs calculated from the neutron scattering lengths of the
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(a)

(b)

Fig. 3.28 Reflectivity data recorded from the larger mica substrate free in air, (a) in air in the
cell and under H2O, and (b) profiles recorded in various surfactant contrasts.

atoms in each 1 Å bin. To match with experimental data, the solvent in the simulations was
calculated as if D2O, though H atoms were simulated.

Experimental data of different surfactant systems has been collected on numerous neutron
reflectivity substrates over a large number of beamtime experiments. Direct comparison
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of the results of MD simulations with different experiments would therefore require using
fitted parameters for different substrates each time. To facilitate clearer comparison between
simulations, it was decided that a more convenient choice would be to use the same mica
substrate parameters in all cases, and instead compare reflectivity calculated from the SLD
profile from MD simulations with reflectivity calculated from the SLD profile fitted to the
experimental data for the relevant system. As the structure of the mica substrate has been
seen to make little difference to parameters fitted to the adsorbed structure, this should still
be a robust comparison. The substrate parameters used were those fitted to a mica substrate
from a previous experiment161.

3.4.1 The Mica - Water Interface

The simulated mica surface is ideal, in the sense that it is atomically flat and ordered,
which will never be perfectly reproduced experimentally where natural mineral samples are
employed. This ideal structure produces sharp high-frequency oscillations in the SLD profile
from the crystal, which when included into the calculated reflectivity lead to very broad
oscillations which are of very low intensity. Due to ’smearing out’ of the sharp spikes in
SLD because of roughness, imperfect alignment, and paracrystalline disorder these have not
been witnessed experimentally, and the magnitude of the effect is also close to being within
the experimental error in measured reflectivity.

A snapshot of a simulation of the bare mica surface with potassium counter ions, as will
be the case in the initial water characterisation of the neutron reflectivity substrates, is shown
in Figure 3.29. The SLD profile calculated from the MD simulation is shown in Figure 3.30b,
with sharp oscillations from the mica as outlined above. Further oscillations in SLD are
visible just beyond the mica interface which are due to some degree of ordering of the first
few layers of water. As shown in Figure 3.30a, there is excellent agreement between the
reflectivity profile calculated from MD and that from experimental data.

The ordering of water molecules seen in the simulation is consistent with the results
of high resolution crystal truncation rod experiments162. These experiments suggested a
periodicity of approximately 2.5 - 2.7 Å and ordering extending to around 10 Å from the
surface, both of which are remarkably consistent with the simulation result.
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Fig. 3.29 Snapshot of an MD simulation of the bare mica surface, showing both boundaries.
Potassium ions are shown in purple.

3.4.2 CTAB Adsorption

The exact parameter space being probed in the MD simulations is complex to relate exactly to
experiment, due to the ill-defined concentration of surfactant present in the simulating routine.
Simulations consist of a fixed volume box, and as a large number of surfactant molecules
adsorb the solution concentration is depleted. The limited size of box and small volume of
remaining ‘bulk’ solution does not allow easy determination of the bulk chemical potential.
In the cases described here bulk aggregation was visible between the mica boundaries and so
it is assumed that the concentration is above the CMC.

One of the two cationic surfactants simulated was cetyltrimethylammonium bromide
(CTAB), the structure of which is given in Figure 3.31. This has been shown by Griffin
et al. 56 to adsorb onto the mica surface at the CMC, and detailed analysis of the SLD
profile revealed the structure to be bilayer like, rather than adsorbed micelles which have
been reported in some prior studies163,164. The parameters used for simulating the fit to the
experimental data in the CTAB system were those in the same work, and were an SLD of
-0.26 ×10−6 Å-2, thickness of 31 Å, roughness of 3 Å, and hydration of 6%.
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(a)

(b)

Fig. 3.30 (a) Simulated reflectivity curves based on a fit to experimental data (blue) and to a
calculated SLD profile from the MD simulation (red), and (b) associated SLD profiles.

The snapshots from the MD simulations shown in Figure 3.32 reveal that including the
K+ ions, which compensate the surface charge in the native mica, in the simulation has a
dramatic impact on the adsorption behaviour. When present these ions can compete for
the anionic surface and result in a clear reduction in adsorption and ordering of organic
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Fig. 3.31 Structure of the cationic surfactant cetyltrimethylammonium bromide (CTAB).

onto the mica. If the potassium ions desorb, the small simulation box size results in an
artificially very high concentration of K+ in the volume simulated which will not be the case
in experiments. The specific nature of the neutron experiments to which these simulations
are being compared, where solutions are flowed through the cell with large volumes to ensure
complete exchange, means that any potassium ions will likely have been exchanged for
organic cations and removed from the cell. They will therefore have no effect on the system,
and the simulations without potassium ions present should be the more relevant case for
comparison. This key difference and development to potassium free simulations was steered
by the comparisons between simulation and experimental data.

(a) (b)

Fig. 3.32 Snapshots from MD simulations of CTAB on mica, both with (Figure 3.32a) and
without K+ ions present (Figure 3.32b). Nitrogen atoms are shown in blue, and bromine are
red.
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The images in Figure 3.32 clearly show that the simulated CTAB adsorbs in a more
micellar structure than a true bilayer. The water present between adsorbed aggregates results
in a smaller difference in SLD between the adsorbed structure and either the bulk mica or
bulk solution, and a smaller change in reflectivity profile, than the experimentally fitted
structure. Both cylindrical and spherical micelles have been observed for CTAB adsorption
on mica, and there have been reports that cylindrical micelles can rearrange over a period of
6-24 h to form a bilayer163–165, although neutron reflectivity data showed a bilayer in the
first one to two hours56. The length of time covered by the MD simulations is of the order of
nanoseconds, so it may be the case that if this rearrangement were to occur in the simulations
it is beyond the timescale which can be computed. Increasing the separation of the mica
walls to ensure no cross-bulk interaction of adsorbate structures was trialled, but made no
discernible difference to the results.

Closer agreement between simulated surfactant structure and experimentally determined
reflectivity was not achieved, though much better agreement was seen than with preliminary
simulations and those conducted with potassium ions present.

3.4.3 DDAB Adsorption

The other cationic surfactant simulated was didodecyldimethylammonium bromide (DDAB),
the structure of which is given in Figure 3.34. This di-chain surfactant has also been shown
to adsorb strongly to mica55. The parameters used for simulating the fit to the experimental
data were those from a specific earlier experiment161, and were an SLD of -0.25 ×10−6 Å-2,
thickness of 22 Å, roughness of 1 Å, and hydration of 0%. These parameters are specifically
for the DDAB layer adsorbed from a solution of DDAB at 1 CMC (though the same profile
was recorded at the higher concentration of 2 CMC), not for the slightly altered layer retained
when the solution was exchanged to pure water. Snapshots of the simulations are shown in
Figure 3.35, and again if K+ is included then adsorption of the organic molecule is essentially
precluded as it is out-competed. When these ions are removed then ordered bilayers are
observed, in agreement with experiments.

The SLD profile calculated from the simulation is shown in Figure 3.36b. When compared
to the SLD profile fitted to experimental data of the system, both the thickness and density of
the adsorbed layer are very similar and the resulting reflectivity profile shown in Figure 3.36a
is a close match to the fit to experiment. As the thickness of the adsorbed layer is less
than twice the extended chain length (17 Å by Tanford’s formula140) it was assumed that
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(a)

(b)

Fig. 3.33 (a) Calculated reflectivity profiles from experimental fits to a bare mica surface in
D2O (blue), with an adsorbed CTAB layer (red), and calculated from MD (magenta), with
(b) associated SLD profiles.

the bilayer was either interdigitated or that there was significant tilting of the surfactant
molecules55. The bilayer formed in the MD simulation is neither of these; an ordered
monolayer is visible with essentially vertical surfactant tails, and a further layer adsorbed on
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Fig. 3.34 Structure of the cationic surfactant didodecyldimethylammonium bromide (DDAB).

(a) (b)

Fig. 3.35 Snapshots from MD simulations of CTAB on mica, both with (Figure 3.35a) and
without K+ ions present (Figure 3.35b). Nitrogen atoms are shown in blue, and bromine are
red.

top of this with a much more inclined angle relative to the mica surface. If this is the case
then some differences in behaviour might be expected compared to the interdigitated bilayer
which had been presumed, for example ease of exchange of the outer leaflet.
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(a)

(b)

Fig. 3.36 (a) Calculated reflectivity profiles from experimental fits to a bare mica surface in
D2O (blue), with an adsorbed DDAB layer (red), and calculated from MD (magenta), with
(b) associated SLD profiles.
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3.4.4 Summary

The combination of MD simulations with experimental data from neutron reflectivity has
proved to be very beneficial to both sides. By comparing the output of MD simulations to
the collected data, the simulation method and parameters have been refined within physical
constraints until the resulting structure from the simulations reproduced the observed data
as closely as possible. This provides an opportunity for otherwise difficult verification of
simulation output. The final refined simulations then allow added insight into the molecular
structures present, and inform further experiments.

In particular there is very good agreement of MD and NR for the DDAB adsorption on
mica, that broadly support the ‘coarse’ grained view accessible from data inversion of the NR
data. However, the MD reveals a much more subtle molecular distribution with one leaflet
of the adsorbed bilayer essentially complete and with upright molecules, while the other
leaflet is very disordered. This high resolution insight is only accessible in this combined
approach. Similarly, the NR clearly indicated that the initial MD simulation models were
completely incorrect and only this disagreement led to the final structural solution with
increased confidence.

3.5 The Influence of Surface Treatment on Adsorption
Behaviour

Surface treatments and cleaning procedures can have various intended and unintended
effects on the nature of the resultant surface, ranging from altered hydrophobicity to oxide
growths166.

3.5.1 Experimental Evidence

In one experiment, a mica surface was used which had not been UV-O3 treated prior to
adsorption studies. Apart from this step, the substrate had been prepared identically to the
other substrates described in this thesis, and as detailed in Section 2.1.2.

A solution of 1 CMC DDAB was introduced to the surface, and as expected adsorption
of a layer was seen. The experimental data recorded from the bare mica in D2O, the same
substrate on exposure to 1 CMC DDAB in D2O, and after subsequent exchange back into
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D2O are shown in Figure 3.37. The parameters fitted to the adsorbed layer are given in the
first line of Table 3.12, and show a much thinner layer than expected from prior results.

On exchange of the bulk solution to pure D2O with no surfactant present, the reflectivity
profile returned to close to that recorded for the original mica surface. This indicates that
nearly all of the surfactant had been desorbed from the surface, again in contrast with prior
results.

Fig. 3.37 Reflectivity profiles collected for a bare mica substrate (blue) which had not been
treated with UV-O3, after introduction of DDAB at 1 CMC (red), and after subsequent
reintroduction of pure D2O (magenta). Fits are shown to all three profiles.

After these results, the cell was disassembled and the substrate removed. The mica surface
was blown dry with a jet of dry N2, then UV-O3 cleaned for 20 min. The cell was carefully
reassembled, and filled in the usual manner. The surface was re-characterised in water
contrasts, and the profiles were essentially identical to those recorded of the mica surface in
the first instance. The second critical edge appeared slightly sharper after reassembly, which
was attributed to better alignment, or possibly less curvature of the surface after reassembly.

The same 1 CMC DDAB in D2O solution as before was reintroduced to the cell, and
this time adsorption of a much thicker layer was seen. The reflectivity profile of this layer is
shown in Figure 3.38, with the data from the initial DDAB layer before UV-O3 treatment for
comparison. The fit to the newly formed layer is shown, and parameters given in Table 3.12.
The fitted layer thickness had nearly doubled, from 11 Å before treatment to 20 Å after.
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Table 3.12 Fitted parameters for the Mg2+ bound structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Initial DDAB layer -0.25 11 ± 2 3 ± 2 0 ± 10
Post-UVO3 DDAB layer -0.25 20 ± 2 2 ± 2 0 ± 5

Fig. 3.38 Reflectivity profiles of the bare mica surface (blue), the DDAB layer formed from 1
CMC before UV-O3 treatment (red), and the DDAB layer formed from the same solution on
the surface after UV-O3 treatment and reassembly of the cell (magenta). Slight differences in
intensity for the reflected signal above the second critical edge are visible between runs; this
was attributed to slight differences in alignment before and after reassembly of the cell.

The cell solution was then exchanged to pure D2O as before, and this time there was
little change in measured reflectivity (not shown), indicating little change to the adsorbed
structure.

3.5.2 Discussion

There are clear differences in the observed behaviour at the surface before and after the
UV-O3 treatment in this case. The fitted thickness of the layer on the mica prior to UV-O3 of
11 Å is much less than values found by others for DDAB on mica; Browning et al. 55 found a
layer thickness of 24 ± 2 Å, and Griffin et al. 167 found a layer thickness of 23 ± 2 Å, both
on mica surfaces which had been UV-O3 cleaned for 15 min. In both cases fitting suggested
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no hydration of the layers. The DDAB layer on the mica was almost completely removed by
exchange into pure water in the first instance, but showed very little change in the second.
The almost complete retention of the layer on this surface in the second case is consistent
with the observations of others55.

One possible explanation for this change in behaviour on treatment is that some contami-
nant on the surface, either pre-existing in the natural mica crystal or in some way introduced
after cleaving, was affecting the binding behaviour of the DDAB either through exclusion or
repulsion. No clear layer of adventitious carbon or other material is evident from the neutron
fitting of the bare surface characterisation before treatment, and little change in the bare
surface contrasts before and after UV-O3, which might suggest that this is not the case. A
molecularly thin layer of the order of a few Angstroms thickness would likely make little
alteration to the data compared to a bare surface, so the possibility of contaminant removal
being responsible for the change is not precluded by the measurements.

The nature of the final cleave of the mica crystal to produce the surface of interest is
described in detail in Section 2.1.2, but is initiated by scoring with a scalpel. Whilst the depth
of this score will approximately set the position of the cleave within the crystal, there will
still be a large number of layers along which the cleaving may occur. If in this subset there is
an interlayer with some organic or other material impurity between the layers then it might
be likely that the reduced interlayer adhesion on this plane will lead to selective cleaving in
this location.

A second possible explanation is that the action of UV-O3 cleaning is altering the mica
surface in some way. Ozone is known to lead to oxidation of the surface of silicon168. Plasma
treatment of mica has been shown to be able to produce surface silanol groups (Si-OH) on
mica169, though these are considered to be unstable in water169,170. UV-O3 is however a less
aggressive treatment than plasma cleaning171.

In Section 3.1.2, the adsorption of the anionic surfactant CsAOT was seen to be identical
on an ‘untreated’ mica surface and on the same surface after a 20 minute UV-O3 treatment.
That system is slightly different however, as cation-mediated adsorption of an anionic
surfactant, rather than the cationic adsorption described in this section.

This behaviour warrants some further investigation, both as to whether the surface is
simply being cleaned of contaminant or in fact being altered by the treatment, and the nature
of this alteration if present.





Chapter 4

Induced Desorption of Surfactants at the
Mica - Aqueous Solution Interface

4.1 Background

4.1.1 Cationic Adsorption

Prior work in the literature on adsorption of cationic species to mica from aqueous solution
was summarised briefly in Sections 3.4 and 3.5, but is discussed in more depth here.

Neutron reflectivity has previously been used to study adsorption of the cationic surfactant
DDAB (structure shown in Figure 3.34) to the mica basal plane55,167. The molecule was
observed to adsorb as a bilayer of thickness 24 ± 2 Å and roughness 2 ± 1 Å in one case,
and 23 ± 2 Å and roughness 2 ± 1 Å in the other, with effectively no water inclusion in
the layer in both cases. These numbers are in good agreement with other measurements of
DDAB bilayers on mica172 and on quartz173, and indicate an interdigitated or tilted bilayer.
It was observed that exchange into D2O caused the bilayer thickness to decrease to 20 ± 1
Å. However, subsequent washes with 10 mM KCl or CaCl2 did not alter the layer structure
further. A UV-O3 treatment was required to remove the surfactant from the mica surface.
Hence it was concluded that the adsorption of the DDAB cation on the anionic mica is
very tenacious. In this present work the behaviour of sequential surfactant solutions at the
mica surface is probed, an advance from the single, one-component solution as previously
investigated.
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4.1.2 Mixed Surfactant Adsorption

Adsorption of surfactant mixtures has been the subject of many studies in the literature. In
commercial and industrial applications, surfactants are very rarely employed as a single com-
ponent as the enhanced performance of mixtures is desirable. The nature of the interactions
between surfactants is discussed at length by Rosen and Kunjappu 149 ; interactions between
surfactants may be either synergistic, where combining them enhances the properties of
interest relative to the pure components, or antagonistic, where the converse is true. Usually
in commercial applications synergism is sought.

The interaction of cationic and anionic surfactants in solution has been the subject of
considerable research, and mixed micelles termed catanionic micelles are known to form
in solution174. Due to the favourable interactions, the CMC of a cationic - anionic mixture
would be expected to show a minimum at some composition ratio with a surface tension
below that of the CMC surface tension of either pure surfactant. This behaviour has been
observed experimentally175. Mixtures of cationic and anionic surfactants frequently show
precipitation at certain mole fractions and above a minimum concentration, limiting the
application of this type of mixture.

The alteration of properties on mixing of surfactants is of course not limited to bulk
properties, and adsorption of mixtures of surfactants is a much studied field, reviewed by
Zhang and Somasundaran 176 and others. A surfactant which does not adsorb on a specific
surface may be influenced to do so by a second surfactant which does adsorb. This has been
shown to be the case for non-adsorbing anionic surfactants SDBS and SDS on silica, where
mixed adsorption was seen when cationic surfactants were present177. An analogous effect
has been observed for non-ionic C12E8 on alumina, where the single component non-ionic did
not adsorb but mixed adsorption was seen in the presence of anionic sodium p-octylbenzene
sulfonate176.

4.1.3 Surfactant Influence on Pre-Adsorbed Layers

Whilst experiments examining adsorption from mixed solutions of surfactants are common,
the interactions of pre-present layers with surfactants in solution are much less well studied.
A simple example of the effect of subsequent surfactant exposure is a pre-existing layer
precluding adsorption of a second species. This has been observed for an adsorbed non-ionic
surfactant reducing adsorption of an ionic surfactant at the oil - water interface178.
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Sequential adsorption may lead to structurally or constitutionally different layers when
compared to adsorption from mixed solution; this has been shown to be the case at both the
oil - water and air - water interfaces for a protein and surfactant combination comparing
‘simultaneous’ and ‘subsequent’ adsorption179.

Fröberg et al. 180 used the surface force apparatus to study lysozyme protein layers
adsorbed on mica on exposure to increasing SDS concentrations. They found that the
layer structure was modified by the SDS below the CMC, partial desorption was seen at
concentrations close to the CMC, and at many times the CMC rapid removal was detected.
Postulated mechanisms for these observations were a combination of charge inversion of the
bound layer by SDS association into the protein, through both electrostatic and hydrophobic
interactions, and denaturing of the protein by SDS leading to a break down in layer structure.

4.2 Induced Desorption of DDAB by SDS

4.2.1 Background

There have been studies of the DDAB - SDS mixed system in the bulk; Marques et al.
showed the pseudo-ternary phase diagram to be complex, containing regions of lamellar
liquid crystalline phases, and regions of vesicles rich in the cationic or anionic surfactant
depending on the molar ratio181. The anionic rich region of the phase diagram has been
studied further and for SDS solutions at the CMC of 0.24 wt%, which is the concentration
used in this work, it was observed that the solution was stable on addition of DDAB up
to a mole fraction of 0.06182. Above this mole fraction precipitation occurred. This is in
agreement with work by Bai et al. 183 who identified this region as consisting of SDS-rich
micelles184. It is noted that these works were carried out in H2O, and the use of D2O, as in
this study, has been seen to lead to small shifts in phase boundaries in similar systems185.

4.2.2 SDS at the CMC

As discussed previously, an adsorbed layer of DDAB on mica has been shown to be very
tenacious even with respect to competitive removal by other cations. In this section the
behaviour of such a layer was investigated when exposed to anionic surfactants.
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The first anionic surfactant investigated was sodium dodecyl sulfate (SDS), which is a
well characterised compound with a CMC of 8.2 mM186. SDS has been used as part of
surfactant packages for EOR187 and many other domestic and commercial products. The
structure of SDS is shown in Figure 4.1, and the scattering length density was calculated as
0.34 ×10−6 Å-2 from the bulk density of 1.01 g/cm3 118.

Fig. 4.1 Structure of sodium dodecyl sulfate, SDS.

The CMC of DDAB has been determined as 0.08 mM.55 The SLD was calculated as
-0.25 ×10−6 Å-2 based on a bulk density of 0.946 g/cm3 from literature188. A clean mica
surface was characterised in three water contrasts, and then 1 CMC DDAB solution was
introduced in D2O; reflectivity data is shown in Figure 4.2a. Adsorption of an organic layer
is evident in the data, and exchange of the solution to pure D2O led to only a small change in
reflectivity profile, indicating a moderate thinning or rearrangement of the layer but retention
of the majority of the DDAB on the surface. The reflectivity profiles of this sequence are
shown in Figure 4.2, with the fit to the structure of the initial DDAB layer and corresponding
SLD profile.

The fitted parameters are shown in Table 4.1, along with the parameters fitted to the
DDAB layer after the D2O exchange (fit shown in Figure 4.3a) and fit to the mixed layer
discussed later. The initial thickness of 22 Å and lack of hydration are consistent with
previous observations of a DDAB bilayer on mica where the layer thicknesses were 24 ± 2 Å
and 23 ± 2 Å, both with no hydration55,167. The thickness of a floating DDAB bilayer
has been measured as 24 Å172. The slight reduction in thickness on exchange to D2O is
consistent with previous observations which found the DDAB layer decreased in thickness to
20 ± 1 Å after a water/D2O wash or after washing with 10 mM KCl or CaCl2 167. At this
stage it was concluded that the adsorbed DDAB layer reported in previous literature had been
successfully replicated, and demonstrated to have the same high tenacity for mica.

The anionic surfactant SDS was then introduced to the adsorbed DDAB layer at a
concentration of 1 CMC, and the surface re-characterised. The NR data returned exactly to
that of the bare mica surface, as shown in Figure 4.3a, indicating complete removal of the
bound organic layer from the mica. This observation was unexpected given the previously
demonstrated tenacity of the adsorbed layer. As the DDAB has evidently desorbed from the
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(a)

(b)

Fig. 4.2 (a) Reflectivity data showing the bare mica surface in D2O (blue), then after exposure
to 1 CMC DDAB (red), and further exchange of the bulk solution to pure D2O (magenta).
The shown fit is to the initially formed layer, and (b) shows the corresponding SLD profile.

surface, the nature of the solution exchange will result in the final cell solution being only
SDS at the CMC. The bare mica surface measured in this solution also clearly shows that
SDS does not adsorb.
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Table 4.1 Fitted parameters for the DDAB structures.

Structure SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
initial DDAB -0.25 22 ± 2 3 ± 2 0 ± 5
DDAB after D2O -0.25 20 ± 2 2 ± 2 0 ± 5
DDAB 0.5 CMC SDS -0.25 28 ± 3 2 ± 2 0 ± 5

On re-exposure to DDAB at the CMC the same layer re-formed, and as before was
persistent to exchange of the bulk solution to pure water; this is shown in Figure 4.3b. This
data demonstrates that the mica surface has not been altered in any way by the surfactant
adsorption and subsequent desorption. To verify and further understand this behaviour a later
experiment investigated the interactions that occurred at a range of SDS concentrations.

The key result described in this section is significant and somewhat unexpected. The
conventional logic is that to remove a cationic surfactant from an anionic substrate, a more
strongly bound cationic is used to out-compete the initial compound. Here it has been clearly
observed that an anionic surfactant completely removes the initially adsorbed cationic.

4.2.3 SDS Below the CMC

In contrast to the complete removal of DDAB present above, when the pre-adsorbed DDAB
layer was exposed to an SDS concentration of 0.01 CMC SDS no desorption was observed;
instead the narrowing of the Kiessig fringes in the data indicates a thickening of the adsorbed
layer. NR data was collected with increasing SDS concentrations of 0.01, 0.1, 0.25, 0.5
and 0.75 CMC, which resulted in a slight further thickening of the adsorbed layer; selected
profiles are shown in Figure 4.4. When the SDS concentration was increased from 0.75 to 1
CMC SDS the reflectivity profile returned to that of the bare mica as before.

Progressing directly from a DDAB layer in pure D2O to 0.75 CMC SDS was also tested
to investigate whether the stepwise concentration increase was affecting the behaviour, but
the same structure as with stepwise concentration increase was recovered. The nature of
exchange of the neutron cells means that the bulk solution will still have increased up to the
final concentration over a finite time period, but much more quickly than in the stepwise
experiment. The mixed layer formed from 0.75 CMC SDS was re-characterised after a 12 h
wait and not found to have changed, suggesting the adsorbed structure is a stable one.
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(a)

(b)

Fig. 4.3 (a) Reflectivity data from the bare mica surface in D2O (blue), the DDAB layer after
removal of surfactant from the bulk (red), and the same surface after further exposure to SDS
at 1 CMC (magenta) showing complete layer removal. (b) Reflectivity data from the bare
surface in D2O (blue), after initial exposure to 1 CMC DDAB (red), and following layer
removal and reintroduction of DDAB (magenta).
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Fig. 4.4 Profiles from the pre-adsorbed DDAB layer when exposed to increasing SDS
concentrations. Fit shown is to the 0.5 CMC SDS profile.

Mixed Layer Composition

The reflectivity profile recorded from the DDAB layer when exposed to 0.5 CMC SDS can be
fitted to a reasonable degree with the parameters given in Table 4.1, as shown in Figure 4.4,
which indicates a thickening of the adsorbed layer. This uniform block fitting of what is
a mixture of two protonated surfactants gives no information about the internal structure
of the layer. Whilst the protonated surfactants have similar scattering length densities,
neutron reflectivity provides an opportunity to elucidate the intermediate structure formed
from sub-CMC SDS by using selective deuteration to enhance the scattering from specific
components within the layer. The SDS may adsorb in a layer on top of the pre-present DDAB
structure, completely or partially replace the top layer, or intercalate the entire layer. A fully
intercalated structure would result in anionic headgroups in close proximity to the anionic
mica surface which is likely to be energetically unfavourable.

For further investigation d50-DDAB (referred to as dDDAB) was supplied by the ISIS
Deuteration Facility. A characterised mica surface was exposed to 1 CMC dDDAB, then
D2O, then 0.5 CMC hSDS, to replicate the sequence described earlier which used fully
protonated surfactants. The SLD of dDDAB was calculated as 6.16 ×10−6 Å-2 by assuming
the same molecular volume for dDDAB as that calculated for hDDAB. This SLD very closely
matches that of D2O. The surface was characterised after exposure to dDDAB then D2O and
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Table 4.2 Fitted parameters for the dDDAB - 0.5 CMC hSDS structure.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å % DDAB % SDS
Inner 5.1 ± 0.5 16 ± 3 2 ± 1 0.7 ± 0.1 0.3 ± 0.1
Outer 2.9 ± 0.2 25 ± 3 2 ± 1 0.31 ± 0.03 0.69 ± 0.03

no change from the initial bare surface D2O contrast was seen, but this was not unexpected
and did not give an indication of lack of adsorption of dDDAB. After exposure to 0.5 CMC
hSDS a change in reflectivity was observed, and as SDS has been found not to adsorb to the
bare mica surface even at the CMC this gives confidence that some structure was present
prior to SDS introduction.

The reflectivity profile recorded from dDDAB exposed to 0.5 CMC hSDS is shown in
Figure 4.5a. A single uniform layer could not fit the data. When the model was increased to
two layers with variable thicknesses and SLDs constrained between the calculated SLD of
dDDAB and hSDS a good fit to the data was achieved. The SLD profile to the fitted model is
shown in Figure 4.5b, and the parameters are given in Table 4.2.

The overall thickness of the layer is approximately 41 Å, which is thicker than the fit to
the mixed layer formed from the two protonated surfactants (28 Å) though the uncertainties
in both thicknesses are large. Some variability between samples is also not unexpected given
that mica is a natural mineral and tests with both protonated surfactants on different crystals
did give slight variations in profile. From the fitted SLD of a layer and the calculated SLDs
of the two components, A and B, it is possible to estimate the volume fraction, φ , of each
species in that layer if it is assumed there is no hydration:

φA =
SLDtot −SLDB

SLDA −SLDB
(4.1)

From further knowledge of the molecular volumes, VA and VB, which may be calculated
from bulk densities, the mole fraction of each component, X , in a layer may be determined.

XA =
φA

φA +(VA/VB)(1−φA)
(4.2)

From bulk densities the molecular volumes of DDAB and SDS have been calculated as
812 and 474 Å3 respectively. The molar fractions of the components for each of the two
layers in the fit have been calculated and these are shown in Table 4.2 with uncertainties
propagated from the uncertainty in SLD. The assumption of no hydration in these calculations
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(a)

(b)

Fig. 4.5 (a) Reflectivity profile of a pre-adsorbed dDDAB when exposed to 0.5 CMC hSDS.
(b) SLD profile of the fitted model which consists of two layers.

was considered relatively robust given the lack of fitted hydration to the pure DDAB layer,
but may add further uncertainty to the resulting values. Additional bulk water contrasts
would allow the hydrations of the layers to be measured more accurately.
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The compositions of the two fitted layers are logically consistent; the inner layer is
predominantly DDAB as might be expected close to the anionic mica surface which will
have a repulsive interaction with any SDS. The outer layer is mostly SDS, which is the only
species present in the bulk solution and will have a large driving force to include into the
layer, as discussed in more detail later. Whilst the fitting model considered consists of just
two layers, the true structure could have a more continuous change in composition.

On increasing the SDS concentration to the CMC, the profile returned to that of the
bare surface. After this, when hDDAB was reintroduced in D2O no adsorbed layer was
observed. This is in contrast to a large number of previous results where DDAB has been
seen to adsorb, and it was postulated that a dDDAB layer may still have been present on
the surface and precluding adsorption of hDDAB. The bulk solution was exchanged to H2O
which would show the presence of a deuterated adsorbed layer but none could be observed,
and the reflectivity profile was the same as the bare surface contrasts. Further attempts to
adsorb either hDDAB or dDDAB were also unsuccessful leading to the conclusion that some
alternative species was occluding the surface in a layer too thin to be observed in either the
H2O or D2O contrast; possibilities for this are NH3 or N(CH3)3 impurities from the dDDAB,
which was not used further. As the presence of an impurity may have altered the structure
formed from dDDAB and hSDS which was described earlier, this specific dataset was treated
with caution.

4.2.4 Discussion

The adsorbed layer of DDAB is significantly thicker at 22 Å than the molecular length, which
has been calculated as 16.7 Å55, but less than twice this value. The layer has hence been
characterised as an interdigitated and/or tilted bilayer. The structure of the bilayer has been
analysed in more detail by others55, and is not the focus of this work. The slight decrease
in layer thickness after washing without any increase in hydration is ascribed to a slight
reordering of the layer and perhaps removal of a small proportion of the surfactant molecules,
but there is only a very minor change in the layer.

With the cationic DDAB molecules liberated from the mica surface, charge compensation
of the anionic mica surface is still required. The potassium cations initially bound to the
freshly cleaved mica surface were replaced by the DDAB layer and will no longer be present
in the sample cell after the DDAB, D2O, and SDS washes through the cell. It is therefore
considered that the only available cations will be the Na+ counter-ions from the SDS solution.
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Na+ is a strongly hydrated ion which has been observed to bind as an outer sphere
complex on mica189 compared to inner sphere adsorption of the native K+. It is not expected
to bind as strongly to mica, or other clay minerals, as the native K+ 190 or the quaternary
ammonium ions which formed the bilayer. This was confirmed experimentally in the mica
ion-exchange isotherms described in Section 5.1.3.

The DDAB bilayer formed on mica has shown to be persistent to washes with a solu-
tion of the divalent Ca2+ salt at 10 mM, which might suggest that the DDAB has a more
favourable interaction with the mica than the Ca2+ ion. The observation that DDAB is
removed from mica by SDS micelles at the lower concentration of 8.2 mM, when the only
ion available to compensate the surface charge is Na+, suggests that the favourable energetic
interaction of incorporating the DDAB molecules into the anionic SDS micelles is greater
than the difference in strength of interaction between the mica - DDAB and mica - Na+. The
inclusion of cationic surfactant molecules into anionic micelles is expected to be significantly
favourable, as there is both an attractive interaction between the oppositely charged head
groups and a reduced repulsion between the like-charged head groups now separated by the
included cationic surfactant and we conclude that this driving force is sufficient to result in
DDAB removal.

Using the area per molecule of DDAB in the adsorbed layer (32 Å2 as calculated from
the molecular volume and layer thickness), the dimensions of the mica - liquid interface
in the cell (40 mm × 85 mm), and the cell volume (2 ml) which was the volume of SDS
solution in ‘initial’ contact with the DDAB layer, a very rough estimate of the concentration
ratio of DDAB to SDS can be calculated when the SDS was introduced to the cell. The
concentration of DDAB in this solution was calculated as 9 × 10−3 mM, three orders of
magnitude lower than the SDS in solution (8.2 mM). The molar ratio is then 1 × 10−3,
well below the minimum value for precipitation of 0.06 proposed by Marques et al. 182 The
estimate of the concentration ratio is very approximate and the local ratio at the DDAB layer
surface will be higher before the layer de-adsorbs, but no precipitation was observed either
in the solution leaving the cell or inside the cell after disassembly.

The observation that DDAB desorption occurred only at the CMC, and not below,
indicates that the desorption is specifically induced by micelles and not by the free anionic
surfactant. The driving forces for desorption will be both enthalpic and entropic. On inclusion
of the DDAB molecules into SDS micelles there will be an attractive interaction between
the oppositely charged headgroups, as well as reduced repulsion from separation of adjacent
DDAB and SDS headgroups in the adsorbed layer and micelles respectively. These enthalpic



4.2 Induced Desorption of DDAB by SDS 131

effects will be much larger when micelles are present than when only free SDS molecules
are in solution. On the DDAB rich side of the phase diagram, Bai et al. 183 have reported
an exothermic process on uptake of SDS into DDAB micelles with an enthalpy of -29.5
kJ/mol, which is consistent with these favourable interactions. The entropy of mixing when
DDAB molecules leave the ordered surface layer and include into micelles will also favour
this process.

Below the CMC of SDS, inclusion and partial replacement of the pre-adsorbed DDAB
layer is observed. Again there will be both enthalpic and entropic driving forces. The
deuteration study described in Section 4.2.3 suggests that there is little SDS in close proximity
to the mica surface, which would repel the anionic headgroups. The structure of a DDAB
bilayer suggested by MD simulations, as in Section 3.4.3, was a dense layer adjacent to the
mica and a more flattened and less packed layer on top of this. The SDS might interact more
strongly with this less well-ordered layer and result in a smaller tilt angle layer forming after
SDS inclusion. This would result in a thickening of the total organic layer, as experimentally
determined. The structure and relative composition of the mixed layer formed here could
differ from an equilibrium structure, due to the two step formation and non-equilibrium
bound DDAB.

A schematic of the differing behaviour of a DDAB layer on mica exposed to SDS below
and above the CMC is shown in Figure 4.6.

Fig. 4.6 A schematic of the differing behaviour of an adsorbed DDAB layer (shown in red)
when exposed to the anionic surfactant SDS (shown in blue) below (left) and above (right)
the CMC.
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4.2.5 Surfactant Interaction in Organoclays

As part of a larger investigation into the structures and behaviour of organically modified
clays (organoclays), which is not discussed in this thesis, a study was also conducted to see
if the interaction described between DDAB and SDS on mica also occurred in the interlayer
spaces in swelling clay minerals. Part of the aim of this was to look for a convenient offline
measurement technique to expand on the neutron measurements.

Organoclays are formed from intercalation of organic molecules into the interlayer
spacing of swelling clay minerals191–193, such as the mineral montmorillonite which is
discussed in Section 1.1.3. Generally the organic species are cationic, to exchange for the
inorganic cations in the native clay mineral, and quaternary ammonium ions are frequently
used. The applications of organoclays are varied, ranging from viscosity modifiers to
pollutant removal tools194,195.

Organoclays can be synthesised via an ion exchange process in solution196, or by a
mechanochemical process197. Whilst the amount of intercalated organic does depend on the
CEC of the clay, different amounts can intercalate both up to and over the CEC198. The basal
spacing, which can be monitored by XRD, is increased upon intercalation and varies with
the quantity and orientation of organic between the clay layers.

The organoclay used in this study was synthesised from SWy-2, a sodium montmorillonite
from the Source Clays project which is a collection of well classified clays. The CEC of SWy-
2 has been reported as 76.4 meq/100g in the literature82. 1 CEC of DDAB was chosen for the
organoclay. The synthesis method was adapted from Singla et al. 199 , and in brief involved
mixing a solution of DDAB into a slurry of clay, allowing the mixture to equilibrate, then
filtering, washing excess surfactant out, then drying the organoclay formed. The resultant
organoclay was characterised with XRD and TGA (not shown), to confirm essentially all
the organic had intercalated into the clay. The XRD patterns from the raw and modified clay
are shown in Figure 4.7, showing the increase in layer spacing on organic modification from
approximately 14.5 Å to 21.5 Å. This increased value is consistent with that found by others
for 1 CEC of DDAB intercalated into a montmorillonite200.

In Section 4.2.4 it was discussed how in the neutron reflectivity experiments into induced
desorption, the anionic SDS was in vast excess of the cationic DDAB. In the case of the
organoclay there is a large quantity of DDAB in a small mass of clay, and to attempt to ensure
some parity in the experiments it was necessary to estimate the ratio of cationic to anionic
surfactant. From a given mass of montmorillonite, Mg, modified with 1 CEC of DDAB, the
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Fig. 4.7 XRD patterns from the raw montmorillonite, and synthesised organoclay. The peak
shifting to lower angle shows an increase in layer spacing. The values of the d-spacing
calculated from the peak heights are annotated. The peak at 2θ = 8.2° in the XRD for the
organoclay is the second order peak.

resultant mass of organoclay, OMg, is given by Equation 4.3. ‘CEC’ is in units of meq/100g
by convention, and ‘diff ’ is the difference in mass per mole of DDAB which is intercalated
into the clay. It can be assumed that for each mole of DDAB that intercalates into the clay,
the change in mass is 359.7 g = MWDDAB − (MWBr− +MWNa+) = 462.6− (79.9+ 23.0).
This is based on the assumption that only the ammonium cation intercalates, without the
bromide counter-ion, and the sodium cations in the clay are completely replaced as might be
expected for 1 CEC of surfactant addition.

OMg = Mg +Mg(
CEC
105 ×diff ) (4.3)

By recognising that in Equation 4.3 the mass of DDA+ (the didodecyldimethylammonium
cation) is equal to (Mg(CEC×diff ×10−5)), the mass of DDA+, DDAg, in a given mass of
organoclay, OMg, can be calculated from Equation 4.4.

DDAg =
OMg

1+(105/(CEC×diff ))
(4.4)
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The mass of DDA+ can then be converted into number of moles by dividing by the
molecular weight of DDA+, as normal. MWDDA+ = 382.7 g/mol (MWDDAB - MWBr).

From these calculations, and the CEC of 76.4 meq/100g, 0.2 g of 1 CEC organoclay
contains approximately 0.11 mmoles of DDA+. 0.2 g of organoclay was the smallest amount
that could be treated and recovered in sufficient quantity to provide an X-ray diffraction
sample. The organoclay samples were exposed to 45 ml of 0.1 CMC and 1 CMC SDS
solution. The amount of SDS in these solutions was 0.037 and 0.37 mmoles respectively.
Even at these very low masses of organoclay and relatively large volumes of solution, the
total amounts of the cationic and anionic surfactant present in the system are comparable,
and it is experimentally difficult to bias the ratio further in favour of the anionic.

The testing was conducted by immersing 0.2 g of organoclay in different solutions,
sonication for 20 min to aid dispersal of the clay, then equilibration by tumbling for 24 h.
The samples were then centrifuged at 15000 g for 30 min, the supernatant carefully removed
and the solid extracted. The solid was then dried in vacuo at 80°C for 6 h then ground as
much as possible in an agate pestle and mortar. During sonication it was evident that the
organoclay did not disperse well in aqueous media; the hydrophobicity of the layers resulted
in the particles visibly re-aggregating almost instantly when broken apart by the sonication.
An additional re-dispersion step to remove any surfactant deposited on the clay during drying
was considered, but even after one dispersal and recovery the quantity of clay was only just
sufficient to recover enough for XRD analysis.

For the organoclay in 1 CMC SDS a visible change in the clay was observed; some
of the sample clumped together in a gel-like state. This was not seen for the organoclay
in 0.1 CMC SDS or in pure water, but was more similar to the behaviour of unmodified
montmorillonite in water. This suggests there may be some conversion of organoclay back to
raw montmorillonite occurring, presumably facilitated by removal of DDAB from the clay
by the SDS present at the CMC.

The XRD data collected from the resultant samples is shown in Figure 4.8, along with
diffraction from the untreated clay and organically modified clay. From treatment by 0.1
CMC SDS little change is visible in the main diffraction peak, with a small degree of
broadening. For the organoclay treated with 1 CMC SDS a clear change is seen. The sharp
peak is strongly broadened, suggesting a range of different d-spacings present in the sample.
Finite-size broadening might also cause this effect, but was considered less likely in this case.
The peak is skewed to the low angle/larger spacing side. It is assumed that this is caused by
SDS including into the hydrophobic interlayers and further increasing the layer spacing.
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There also some additional sharp peaks evident in the data, most noticeably at 2θ = 2.6°,
which corresponds to a spacing of approximately 33 Å. This is close to the lattice parameters
for the crystalline structures of the monohydrate and hemihydrate of SDS, which are 29 Å
and 31 Å respectively201,202, and is likely due to crystallisation of a bulk structure of SDS,
or liberated DDAB. As noted earlier, washing of the treated clays to remove bulk solution
was not carried out so during drying any solutes in free solution may have precipitated.

Fig. 4.8 XRD data from the untreated montmorillonite, synthesised organoclay, and organ-
oclay after exposure to different concentrations of SDS. Profiles are offset for clarity.

It is evident that the SDS in solution is having some effect on the structure of the
organoclay, and that this effect is significantly more pronounced for the 1 CMC SDS than
for 0.1 CMC. A major issue in the experimental realisation of the interaction between the
surfactants is the inaccessibility of the hydrophobic interlayer space to the surfactant in
solution. Extended sonication may improve this. Exchange of the bulk solution, perhaps in a
continuous nature, might also help bias the ratio in favour of the anionic in solution to ensure
the equilibrium reached is that with the known concentration of SDS and negligible DDAB
in solution.

In summary, these results present an interesting variety of behaviour much in accord
with literature and expectations, and several new findings. However, the data is insufficient
to conclude whether the mixed cationic/anionic surfactant behaviour observed on the basal
plane of mica by NR is mirrored in the system of organically modified swelling clay minerals.
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4.3 Diacid Effect on Pre-Adsorbed DDAB

In Section 4.2 it was shown that the induced desorption behaviour of the cationic DDAB
from mica was a function of the presence of micelles of SDS. It is important to consider
that this DDAB removal was not simply caused by the concentration of negatively charged
species in solution. To verify this, a related series of measurements as were performed with
SDS (which micellises) were repeated with a non-micellising species. Disodium succinate
was used, the structure of which is given in Figure 4.9, as the short chain diacid is unlikely
to show any aggregation behaviour due to the short chain length and distributed charge in
solution. Based on a bulk density of 1.56 g/cm3 for succinic acid203, and the assumption that
replacement of the protons for sodium ions does not significantly alter the molecular volume,
the SLD was estimated as 2.4 ×10−6 Å-2.

Fig. 4.9 Structure of disodium succinate.

A new mica substrate was characterised by NR in three water contrasts, then a DDAB
layer was adsorbed from 1 CMC solution. On exchange of the bulk to pure D2O little change
in reflectivity was observed and the structure of the layer after this exchange is shown in
Figure 4.10a. This is consistent with the strong adsorption of DDAB demonstrated in prior
sections.

This DDAB layer was then exposed to four increasing concentrations of succinate. These
concentrations are expressed relative to the CMC of SDS (8.2 mM) for comparison to the
results discussed in Section 4.2, and were 0.01, 0.1, 0.5, and 1 ‘CMC’. The reflectivity profiles
from these systems are shown in Figure 4.10b. A small thickening in the hydrocarbon layer
on the surface is visible on the addition of diacid, and essentially no further change as the
diacid concentration was increased up to the CMC of SDS.

The NR profile for the formed layer may be fitted with a layer of uniform SLD with
parameters given in Table 4.3. The fitted SLD is slightly higher than that of pure DDAB
which is consistent with some inclusion of the higher SLD diacid into the layer. With a single
contrast and both protonated surfactants it is not possible to distinguish between inclusion of
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(a)

(b)

Fig. 4.10 (a) Reflectivity data showing the persistence of a DDAB layer adsorbed to the
surface when the bulk solution was exchanged to water, (b) and the effect of adding increasing
concentrations of disodium succinate. Concentrations are relative to the CMC of SDS,
8.2mM.

the diacid into the layer, and adsorption in a separate layer on top of the pre-adsorbed DDAB.
The thickening of the layer by approximately 4 Å could also be consistent with either model.
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Table 4.3 Fitted parameters for the DDAB structures on exposure to diacid.

Structure SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
DDAB after D2O -0.25 19 ± 2 4 ± 3 0 ± 10
DDAB exposed to
1 ‘CMC’ diacid

0.4 ± 0.3 23 ± 2 4 ± 2 -

As the SLD was allowed to vary to include penetration of the diacid into the DDAB layer
and only one bulk water contrast was recorded, it was not possible to determine the extent
of hydration of the layer, but the low SLD shows there is no significant hydration. At no
concentration of disodium succinate was desorption observed, reinforcing the conclusion
that the desorption seen for the DDAB/SDS system was indeed facilitated by the anionic
micelles.

4.4 Induced Desorption of DDAB by AOT

4.4.1 Induced Desorption

It was of interest to investigate whether the characteristic behaviour of the DDAB/SDS
system was generalisable to other surfactants.

The behaviour of a pre-adsorbed layer of DDAB on mica was further investigated when
exposed to NaAOT, an alternative anionic surfactant, the structure of which is shown in
Figure 4.11. The CMC of NaAOT is 2.5 mM124, and as described in Section 3.1.2 the SLD
was calculated as 0.65 × 10-6 Å-2.

Fig. 4.11 Structure of NaAOT
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As before, a DDAB layer was adsorbed onto a mica substrate and characterised before
and after exchange of the bulk from DDAB solution to pure D2O. The fitted parameters are
given in Table 4.4, and are consistent with the previous fits to adsorbed DDAB.

Fig. 4.12 Reflectivity data from a bare mica surface in D2O (blue), after DDAB adsorption
and subsequent exchange back into D2O (red), and after exposure of such a layer to NaAOT
at 0.005 CMC (magenta) or 0.005 CMC (green).

Table 4.4 Fitted parameters for the DDAB layer.

Structure SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
DDAB after D2O -0.25 22 1 0

The solution was then exchanged to 0.05 CMC AOT and the reflectivity profile measured.
Figure 4.12 presents the recorded data; even at this low AOT concentration the reflectivity
profile returned exactly to that of the bare mica surface indicating complete desorption of
the DDAB layer. The DDAB layer was re-adsorbed as before, and seen to form the same
structure as the initial layer.

4.4.2 Concentration Dependence

On the same crystal after re-adsorption of the DDAB layer and exchange into D2O, the even
lower concentration of 0.005 CMC (0.125 mM) was introduced into the cell. At this lowered
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concentration desorption did not now occur; instead there was no discernible change in the
recorded data from that of the DDAB layer. This dataset is also presented in Figure 4.12.

Despite the enhanced mixing chamber used for HPLC solution input and minimum 10%
per input protocol, it was considered that the removal effect seen for 0.05 CMC AOT could
potentially be an artefact due to the mixing process of HPLC inputs resulting in pulses of
higher concentration AOT coming into contact with the substrate. To verify that this was not
the case a further experiment was performed utilising a stock solution of 0.05 CMC AOT
and no mixing. A pre-adsorbed DDAB layer was seen to be removed by this concentration,
just as when the concentration was generated by mixing in the pump.

4.4.3 Discussion

No inclusion of the AOT into the DDAB layer is resolved at the concentrations tested. At
0.005 CMC AOT where DDAB desorption was not observed, no change in reflectivity profile
was seen. Whilst the SLDs of the AOT and DDAB are quite similar the fact that no change
from the initial DDAB layer was seen strongly suggests that the AOT has not included into
or partially replaced the DDAB layer.

Clearly, despite the evident similarities between them, the anionic surfactants SDS and
AOT result in very different behaviour when a pre-adsorbed DDAB layer is exposed to a
surfactant solution. These differences, and possible explanations for them, are discussed
further in Section 4.6.

4.5 Interaction of Adsorbed DDAB with C12E5

4.5.1 Mixed Layer Formation and Partial Desorption

To observe the relative importance of enthalpic effects, driven by surfactant charge, and
entropic effects from mixing into micelles during induced desorption, analogous experiments
to those described earlier were conducted using a non-ionic surfactant in solution rather than
an anionic. The non-ionic surfactant C12E5 was used for this investigation. The structure
of the surfactant, and adsorption behaviour of C12E5 on mica are discussed in Section 3.2,
and it was found that the surfactant adsorbed as only a very diffuse or hydrated layer with
low surface coverage. As described there, experiments using C12E5 were conducted with
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Table 4.5 Fitted parameters for the structures for DDAB and after exposure to C12E5.

Structure SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
DDAB after D2O -0.25 16 ± 2 1 ± 2 10 ± 5
DDAB then 1 CMC C12E5 -0.2 ± 0.4 24 ± 3 4 ± 2 -

temperature control both of the experimental cells and stock solutions, all fixed at 25°C. The
SLD was calculated as 0.13 ×10−6 Å-2.

As in previous experiments a DDAB layer was adsorbed to the mica surface, and the bulk
solution exchanged to pure water. In this case the adsorbed layer was slightly thinner than
those previously observed, but still dense and unhydrated, with parameters given in Table 4.5.
A solution of C12E5 at 0.2 CMC was exchanged into the cell. This resulted in a thickening of
the hydrocarbon layer on the mica surface, as shown in Figure 4.14, which is comparable
to the behaviour observed for DDAB exposed to the anionic SDS below the CMC. The
concentration of C12E5 was further increased through the series 0.5, 1 and 2 CMC which
resulted in only very slight further thickening of the layer, and no total desorption even at
twice the CMC. Experimental data from the initially formed DDAB layer and the same layer
upon exposure to increasing concentrations of C12E5 are shown in Figures 4.13 and 4.14
respectively with fits to the data. The reflectivity profile for the mixed layer could be fitted
with a single layer of uniform SLD between the SLDs of pure DDAB and C12E5, which are
both similar when compared to the bulk SLD of D2O. It is not possible to gain information
about the relative amounts of the two species using this contrast. Fitted parameters are given
in Table 4.5.

The difference between the reflectivity profile from this DDAB layer exposed to C12E5

and the recorded data for a bare mica surface exposed to C12E5 (Figure 3.21) is large. The
resultant structure is not therefore simply complete replacement of the DDAB by non-ionic
surfactant.

4.5.2 Layer Re-Formation

In the case of the studied anionic molecules interacting with an adsorbed layer, sodium
counter ions from the anionics were always present and assumed to compensate the anionic
mica surface after desorption (where it was found to occur). In the case of the non-ionic
surfactant no cations are present in the solution, and it was considered that this might be
preventing desorption of the DDAB. To test this hypothesis the mixed layer formed from
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Fig. 4.13 Reflectivity profile from the adsorbed DDAB layer after exchange into pure D2O.

Fig. 4.14 Reflectivity profile from the DDAB layer on exposure to increasing concentrations
of C12E5. Fit shown is to the mixed layer formed from C12E5 at 1 CMC.

DDAB and 2 CMC C12E5 was further exchanged into a solution of 10 mM NaCl. As 10 mM
KCl or CaCl2, both of which will show a greater affinity for the mica surface than sodium,
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Table 4.6 Fitted structure to the DDAB layer after sequential exposure to 2 CMC C12E5 then
10 mM NaCl.

Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Water 6.3 5 ± 2 1 ± 3 -
DDAB -0.25 23 ± 3 1 ± 3 46 ± 3

have been shown not to remove DDAB from the surface167, this salt solution would not be
expected to remove an unaltered DDAB layer. The exchange did result in a change in profile,
with the reflectivity shown in Figure 4.15, but the data does not return to that from the bare
mica, indicating the persistence of some organic.

This new profile could not be fitted with a single layer of uniform SLD. As there was
no strong interaction between the non-ionic surfactant and the mica surface, for the purpose
of further fitting it was assumed that the remaining organic material was entirely DDAB.
This makes little difference to the fitting as the SLDs of DDAB and C12E5 are similar (-0.25
and 0.13 ×10−6 Å-2 respectively). The data could be fitted by a two layer model, with a
water layer adjacent to the mica surface and a hydrated surfactant layer beyond this; fitted
parameters are given in Table 4.6.

The non-ionic concentration was then brought back to 1 CMC in a solution of 10 mM
NaCl, which as noted earlier has been shown not to influence the CMC. Unexpectedly this
led to an adsorbed profile very close to that seen when the initially adsorbed DDAB layer
was exposed to C12E5, as shown in Figure 4.16, in contrast with the very diffuse adsorption
seen for C12E5 on bare mica. Increasing the concentration to 2 CMC, to ensure the system
truly was above the CMC, did not cause further changes.

Further exchange into pure D2O again resulted in near complete layer removal, but with
definite evidence of some remaining surface organic, as was seen after exchange of the initial
mixed layer into NaCl solution. Reintroduction of 1 CMC C12E5 led to a thicker organic
layer forming, though the reduced amplitude of the fringe relative to the prior layer indicates
a thinner structure. Profiles from this sequence are shown in Figure 4.17.

4.5.3 Discussion

This series of results shows that the behaviour of an adsorbed DDAB layer is very different
on exposure to the non-ionic surfactant C12E5 compared to the behaviour seen in Sections 4.2
and 4.4 for exposure to the anionic surfactants tested previously; at no point did the non-ionic
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(a)

(b)

Fig. 4.15 (a) Reflectivity profile of the mixed layer formed from DDAB exposed to C12E5 at
2 CMC, then exchanged into 10 mM NaCl. (b) SLD profile of the calculated fit.
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Fig. 4.16 Reflectivity profile of the mixed layer formed from DDAB exposed to C12E5, then
after exchange into 10 mM NaCl and reintroduction of 1 CMC C12E5 in 10 mM NaCl.

Fig. 4.17 Reflectivity profiles from the mica surface showing the initial bare characterisation
in D2O (blue), after partial desorption, reformation and further removal of the mixed layer
(red), and after further re-exposure to 1 CMC C12E5 (magenta).

induce complete desorption of the surface bound layer. Unlike the anionic surfactants, C12E5

was found to adsorb to mica and would be expected to adsorb itself if desorption of the
entirety of the DDAB layer did occur. This would then lead to an identical profile to that
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seen in Figure 3.21, but the observed profiles are markedly different from this. A schematic
of the effect of C12E5 on the adsorbed DDAB layer is shown in Figure 4.18.

For the combination of anionic SDS with non-ionic MEGA-10 or MEGA-12 surfactants,
mixed micelles have been observed and particular synergism was seen in the non-ionic rich
side of the phase diagram204. The system under study in this work is effectively in the
very non-ionic rich side, but the driving force for mixed-micellisation and layer removal for
DDAB and C12E5 is clearly not sufficient to clean the surface.

Fig. 4.18 A schematic of the behaviour of a DDAB layer (shown in red, round headgroups)
on exposure to C12E5 (shown in green, rectangular headgroups) below and above the CMC,
with little or no difference in resultant structure.

Mixed adsorption of DDAB and C12E5 has been reported in the literature; Bumajdad
et al. 205 found that C12E5 acted cooperatively with DDAB to stabilise an emulsion of water
in heptane. The hydrophobic nature of the interface in that work and the simultaneous
adsorption differ to the situation here, with a charged hydrophilic surface and sequential
interactions.

As discussed earlier, it has been assumed that when the mixed layer of DDAB and C12E5

was exchanged into bulk water (or NaCl solution) that the non-ionic was reversibly removed
from the layer and all remaining organic was DDAB. This assumption may not be entirely
accurate but it is evident that at least some of the remaining material is DDAB from the
effect of this remaining organic on subsequent C12E5 adsorption. The behaviour of the mixed
layer formed from DDAB and SDS below the CMC was not investigated, and it is unknown
how much of the layer would remain adsorbed if the bulk solution was exchanged to pure
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water. The stronger interaction between the oppositely charged surfactants may cause greater
retention of the anionic surfactant in the layer.

The area per DDAB molecule in the initial adsorbed layer, and after sequential exposure
to C12E5 then 10 mM NaCl, may be calculated and compared. For the initial layer the area
per molecule is approximately 56 Å2, and if it is assumed that only DDAB remains after the
series described then the area per molecule following layer alteration is approximately 65
Å2. This is of the order of, but larger than, the idealised area per charge site of mica which
is 47 Å2, though some variation is expected in the natural mineral. It is possible that only
the DDAB required for charge neutralisation remains after partial replacement by C12E5,
but this DDAB is still tenaciously bound as it is not displaced by the 10 mM NaCl solution.
On further exposure to C12E5 it appears even more of the DDAB is replaced and even less
remains after subsequent exchange into pure water.

The fitted thickness to the DDAB layer is similar to the thicknesses previously observed
for DDAB bilayers on mica. As a water layer now appears to be present between the DDAB
and surface, the structure might be described as a surface-associated aggregate, rather than
the closely adsorbed species initially formed.

The remaining DDAB on the surface has a profound effect on the re-adsorption of
C12E5 compared to adsorption of the surfactant on the bare mica surface. Qualitatively the
difference is evident from the reflectivity data; the changes seen in Figure 4.16 and 4.17 are
much larger than the change on adsorption to the bare surface shown in Figure 3.21. The
fits to the layers show that the presence of the cationic allows the C12E5 to form a dense,
essentially unhydrated layer on the mica. This has implications for EOR and related fields, as
it indicates that even a small quantity of remaining organic on the surface of the clay mineral
can drastically alter the adsorption characteristics of other organic components. At least in
this case, the transition from a nominally ‘oil-wet’ to ‘water-wet’ surface relies on complete
removal of all surface organic material.

On cycling of the bulk solution between C12E5 and bulk water the profiles indicate a
slight reduction in organic remaining on the surface after mixed layer formation and removal,
and a thinner mixed layer formed when C12E5 was reintroduced. This can be seen from
comparison of Figures 4.15 and 4.17. This may be explained by slight loss of DDAB from
the surface on each partial desorption of the mixed layer, and the more diffuse remaining
DDAB layer then being less able to template or influence C12E5 re-adsorption.
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The series of experiments also further demonstrates the tenacity of binding of DDAB
to the mica surface. After partial replacement of the DDAB layer by C12E5, then removal
of this nonionic, the structure of the remaining DDAB is altered. Fitting suggests the new
structure to be a more hydrated or diffuse layer, with an intervening water layer between
the mica and DDAB. Even this new less dense structure was found to be persistent on the
surface when exposed to bulk water or to 10 mM NaCl.

4.6 Comparison of Adsorbed Layer Behaviour

Evidently the adsorbed DDAB layer behaviour is markedly different in the case of each of
the three surfactant systems studied. In the case of the non-ionic surfactant the cationic layer
is never entirely removed from the mica surface, and the effect of the small remaining surface
coverage of DDAB is drastic in the way that it allows and enhances the non-ionic surfactant
adsorption. The lack of complete DDAB removal has been shown not to simply be a function
of lack of alternative cationic species to compensate the surface charge.

The difference in behaviour arising from the two anionic surfactant molecules is also evi-
dent, with different removal mechanisms clearly occurring for the two cases. The structures
of the surfactant molecules are reproduced in Figure 4.19 for comparison. The surfactant
headgroups are similar; the pKaH of the sulfonate head group can be estimated from the pKa
of methanesulfonic acid, which is approximately -1.9135, and that of the sulfate head group
may be estimated from the first pKa of sulfuric acid which is -3. Both anions will be very
stable and essentially completely deprotonated under the conditions in this work.

The steric bulk of the surfactant tail region differs significantly between the single straight-
chain of SDS and the branched di-chain tail of AOT. A suggested hypothesis for the observed
behaviour is based on this steric difference, such that that the SDS tail group is sufficiently
small to be able to fit into the adsorbed DDAB layer without significant disruption, whereas
the AOT tail is too bulky to do this. At concentrations below the CMC, SDS can penetrate the
DDAB layer and replace it to some extent, resulting in the thickening of organic layer seen.
Even at the lowest SDS concentration tested a definite thickening of the bound organic layer
was measured. The alkyl tail length of SDS matches the alkyl chainlengths of DDAB, which
might also aid ordering on inclusion into a mixed layer. Once the SDS CMC is reached a
sharp change in behaviour is observed as discussed in Section 4.2.4.
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(a) sodium dodecyl sulfate (SDS)

(b) sodium bis(2-ethylhexyl) sulfosuccinate (AOT)

Fig. 4.19 Structures of the anionic surfactants used for the induced desorption study.

In the case of AOT at very low concentrations no thickening of the layer was seen. As the
concentration was increased, though still below the CMC, the driving force for interaction
between the hydrophobic tails in solution and the surfactant layer on the surface increases,
and when sufficient the layer is broken down as the AOT cannot be included into the DDAB
layer structure due to its steric bulk.

The strength of interaction between different surfactants in solution may be quantified
by means of a molecular interaction parameter, or β parameter, as discussed by Rosen and
Kunjappu 149 . Based on non-ideal solution theory206, a βσ parameter may similarly be
calculated for the strength of interaction of two surfactants co-adsorbing in a monolayer at
the air - water interface, and by extension βσ

SL for adsorption at a hydrophobic surface. A
βM may also be defined for the interaction parameter for mixed micelle formation. These
parameters may be calculated from measurements of the surface tension against concentration
for the individual surfactants and the mixture, in an appropriate background electrolyte.

Whilst it would be interesting to determine and compare the molecular interaction param-
eters between the pairs of DDAB - SDS and DDAB - AOT, and this is an avenue for future
study, the βσ describes a situation quite different to the one experimentally probed in this
chapter. Firstly the adsorption study here is at a hydrophilic surface, rather than hydrophobic,
so may be more bilayer like than the monolayer described in the theory. The surface is also
charged, resulting in additional interactions with the differently charged surfactants, and the
layer formation is sequential rather than true mixed equilibrium adsorption.



150 Induced Desorption of Surfactants at the Mica - Aqueous Solution Interface

Bumajdad et al. 205 found that for surfactant mixtures stabilising water-in-heptane mi-
croemulsions, the effects of SDS and C12E5 on DDAB were very different; C12E5 aided
the stabilisation whereas SDS reduced the ability to stabilise the emulsion. These results,
though at an uncharged and hydrophobic interface, are consistent with our findings. If the
SDS removes DDAB from the interface to preferentially form micelles, this will reduce the
stabilisation, compared to C12E5 instead including into the layer without surfactant removal.



Chapter 5

Modification of Surface Charge

The roles of different cations and surfactants on adsorption to mica have been explored in
the prior chapters. The nature of the surface, and in particular the surface charge density,
will also play a key role in determining adsorption behaviour. It is much more complex
to investigate the role of different surfaces, especially with techniques such as neutron
reflectometry which rely on surfaces with a very low roughness over a macroscopically large
area (of the order cm2). This limits the substrates which can be used, and is particularly
problematic in the study of behaviour at the clay mineral interfaces of interest in enhanced oil
recovery, as typically clay minerals are of micrometre particle size or smaller. If flat surfaces
could be generated with well defined but selected surface charge densities then this would
provide the opportunity to determine how interfacial interactions vary with surface charge,
and specifically to investigate behaviour at analogues of the basal surfaces of various clay
minerals by using selected charge densities. The important role of the surface in determining
the behaviour presented in the earlier chapters could then be examined.

Two commonly used substrates for the aforementioned techniques are muscovite mica
sheets, which have been used for the majority of the work described in this thesis, and silicon
wafers, which can be polished to very high levels of flatness. As discussed in Chapter 1,
surface charge can come from either permanent structural charge or from pH dependent
groups. Mica has one of the highest charge densities among clay minerals, but is expected
to have few silanol groups so little pH dependent charge behaviour. Silica has no structural
charge, as there is no isomorphic substitution, but will have a pH dependent component
from numerous silanol groups207. The number of SiOH groups per unit area depends on the
substrate preparation and extent of de-hydroxylation.
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It was decided to attempt to generate controlled charged surfaces by both reducing the
structurally highly charged mica, and by introducing structural charge in silicon wafers.

5.1 Modification of Mica

5.1.1 Powder Characterisation

Whilst the aim of this section was to develop substrates with well defined surface charge over
a large area of a single flat surface, attempting to measure the charge on substrates of this
type is experimentally challenging. This is because these single surfaces still have a very
small total surface area, making measurement difficult for standard laboratory techniques. In
contrast, powdered substrates allow access to much larger surface areas, and for this reason
powdered materials are generally used in batch adsorption isotherms. On many substrates
this presents little issue but for the layered mineral mica, generating a powder exposes large
areas of edge sites which have markedly different behaviour to the basal planes of interest.
Hence rather than investigating adsorption on to the basal plane of interest, a combination
of basal planes and edge sites would be experimentally accessed. Data resulting from any
experiments utilising powdered mica as a substrate must therefore be carefully considered
and interpreted.

Two samples of muscovite mica powder were procured: Imercare 3000M donated by
Aston Chemicals Ltd., and a sample of dry-ground mica provided by MicaMills (Mahlwerk
Neubauer-Friedrich Geffers GmbH). The MicaMills powder was described as 50% passing
through a 45 µm mesh. Powder X-ray diffraction of both powders was conducted, the results
of which are shown in Figure 5.1. By comparison with literature data taken from the RRUFF
database208 it is clear that both samples are predominantly mica.

The MicaMills powder contains only peaks present in the literature spectrum, indicating
that there are no crystalline impurities. The Imercare sample however does show additional
peaks, most notably at 2θ = 12.4° and 24.9°. Comparison with the kaolinite spectrum reveals
this to most likely be a kaolinite impurity in the Imercare powder. Due to this the MicaMills
muscovite sample was utilised for powder experiments. Optical microscopy of the powder,
shown in Figure 5.2, confirmed that the particles were present as high aspect ratio ‘flakes’, as
would be expected for a ground sample of a layered mineral.
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Fig. 5.1 Powder X-ray diffraction data collected from samples of the two types of mica
powder obtained, Imercare and MicaMills. Repository diffraction data for muscovite mica
and kaolinite, taken from the RRUFF project208 is also plotted. Data are offset for clarity.

Fig. 5.2 Optical microscopy of MicaMills mica powder, showing that the powder is comprised
of high aspect ratio platelets. Each division of the scale bar is 10 µm.
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5.1.2 Powder Modification to Reduce the Surface Charge of Mica

The modification treatment detailed in Section 2.11 was applied to samples of both mica
powders, to attempt to induce charge neutralisation by the Hofmann-Klemen effect discussed
in Section 1.1.4. The solutions in which the powder was immersed before calcination were 1
M MgCl2, 1 M LiCl, and H2O as a control. After the modified powders were dried, the CEC
of each was measured as described in Section 2.10.2, as well as the CEC of an untreated mica
sample. pH of the CuII solution during the CEC determination was measured and did not
vary significantly from neutral, all being in the range pH 6 - 7. Mica charge is also expected
to be mostly pH independent in the range pH 6 - 10184, so no effort was made to control the
pH. The measured values are displayed in Figure 5.3.

Fig. 5.3 Measured CEC values in meq/100g for mica powders treated with various cation
solutions. Error estimates are based on experimental limitations.

A slight decrease in CEC is seen for the treatment with water, and potentially a slight
increase in CEC for LiCl, which is unexpected though is comparable to the experimental error.
Significantly, a large and statistically significant decrease is observed when the treatment was
carried out with MgCl2.

The standard unit of CEC as per mass of clay is shown, which is the directly measured
quantity, when in fact the surface charge density is ideally expressed in per unit area. Hence
the interpretation of the raw CEC values in the desired context requires further clarification.
As the treatment process involves washing and filtering it is possible that the smallest fraction
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Table 5.1 BET area values for clay samples

Sample BET area / m2/g
Untreated MM 2.3 ± 0.1
H2O treated 1.9 ± 0.1
LiCl treated 2.1 ± 0.1
MgCl2 treated 1.9 ± 0.1

of particles have been removed in this process, and these will have a specific surface area
higher than the sample average. This could be the reason for the lower CEC measured for the
water treated mica compared to the untreated sample. To convert the CEC values to surface
charge density, the specific surface area of the samples must be known. This was measured
for the untreated and treated MicaMills powders using BET area measurements; the values
are shown in Table 5.1.

It is seen that the specific surface area does decrease as a result of the treatment for all
samples, most likely through fractioning out of the smallest particles during the treatment as
discussed. Interestingly the decrease is less for the LiCl treated powder than the other cases.
An explanation for this could be partial delamination of the mica by lithium exchange and
heat treatment, exposing new areas. This would occur by exchange at the edges of the mica
plates, and a subsequent ‘opening’ of the booklet like structures. There is literature evidence
for this process occurring209.

With the specific surface area values in Table 5.1, the CEC can be converted to units of
meq/area, and these results are shown in Figure 5.4. These CEC values are easier to interpret,
and the value for the water treated powder is now more consistent with the untreated sample
as expected. Significantly the data does clearly indicate that MgCl2 treated mica shows a
marked decrease in surface charge density as desired. The calculated CEC is 1.2 ± 0.6 eq/m2

which is similar to the values for kaolinite as calculated both from measured CEC and BET
values (0.9 eq/m2) and calculated using literature values for the source clay82 (1.4 eq/m2). It
was therefore concluded that the surface charge of mica had been reduced, as intended.

The increase in CEC after LiCl treatment is unexplained, although a rather small incre-
ment, and contrary to the Hofmann-Klemen effect reported previously. If partial delamination
has occurred on the edges of plates then it is possible that interlayer areas have been exposed
which are accessible to cations in solution but not to the nitrogen gas during BET measure-
ments, and hence a larger area is being sampled by the CEC measurement than the BET
area. This would essentially correspond to a partial conversion from mica to vermiculite, a
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Fig. 5.4 Measured CEC values in eq/m2 for MicaMills powder, calculated from BET areas.
Errors are based on experimental factors.

swelling Li+ analogue of muscovite, and is consistent with the enhanced hydration of lithium
relative to potassium allowing some swelling in solution.

It is also interesting to note that the CEC calculated from the ideal mica structure of
1 charge site per 47 Å is 3.5 eq/m2, within the error of the measured value of 3.7 ± 0.6
eq/m2. This is reassuring and suggests that the mica powder edges contribute negligibly to
the behaviour, at this pH.

5.1.3 Mica Ion Exchange Isotherms

In the previous section it was demonstrated that the surface charge of mica may be dramati-
cally reduced by ion implantation. In the case above this was from a very high charge to very
low.

One strategy for producing different surfaces with an intermediate range of controlled
surface charges from ion implantation into mica would be to exchange the mica surface
cations for a mixture of ions that can and cannot be included into the crystal structure,
then to induce implantation. Assuming spatially uniform distribution of the included and
non-included ions, this process would only neutralise a chosen proportion of the pre-existing
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mica surface charge, as selected by the ratios of ions. The other sites would not be expected
to be changed in their structural charge.

To control the ratio of surface cations, the equilibrium constants between different surface
bound ions are required. With knowledge of these constants, it should be possible to generate
the desired ratio of surface cations by immersing a mica surface in a solution with specified
concentrations of the two relevant cations. To measure exchange constants, isotherms were
carried out with potassium saturated mica exchanging with either magnesium or lithium ions
in solution. Experiments were conducted as described in Section 2.12.

Adsorption Analysis

Traditional analysis of adsorption isotherms involves plotting the adsorbed amount per unit
area against the equilibrium adsorbate concentration, and fitting the data with a Langmuir fit
or another model. This gives a binding constant between the surface and adsorbate. In the
case of the mica exchange isotherms conducted here this analysis is not possible, as it is an
exchange process rather than simple adsorption taking place. As more of an added ion ‘A’
displaces a pre-present ion ‘B’, the concentration of ‘B’ in solution will increase and inhibit
further exchange by driving the equilibrium towards adsorption of ‘B’ to the surface. It is
however instructive to present the data as adsorption and release per unit area.

In these experiments it is also possible to measure the amount of pre-present potassium
ion released from the surface per area, as ICP analysis can measure concentration of numerous
analytes simultaneously. Figure 5.5a shows the results from potassium mica exchanging
with magnesium ions in solution, and Figure 5.5b for potassium mica exchanging with
lithium ions. The adsorbed amount is calculated from the difference between the initial and
equilibrium concentration of adsorbate, and based on the surface area of solid present as
determined from BET specific surface area and mass.

It is evident from the results that as the magnesium ion concentration in the bulk increases,
adsorption of magnesium ions to the surface increases with a Langmuir like form. The
potassium per unit area released also increases with increasing bulk magnesium as would
be expected. Interestingly, this value of released potassium continues to increase even after
the magnesium ion adsorption has plateaued. The other observation which indicates effects
beyond simple stoichiometric exchange is that more than twice as much potassium is released
as magnesium is adsorbed for each sample. The initial expectation might have been that one
divalent Mg2+ can replace two monovalent K+ ions.
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(a)

(b)

Fig. 5.5 Salt exchange isotherm results of potassium saturated mica, exchanging with (a)
magnesium and (b) lithium. Error bars are estimated from error analysis from experimental
parameters, with the majority of the error in adsorbed amount originating from uncertainty
in the measured BET area. Note the difference in y-axis scales between the two plots.

An explanation for this behaviour is that in solution ions dissociate from the mica, leaving
a net negatively charged surface, forming an electrical double layer and enter the bulk
solution. The entropic driving force for ions to move from the surface layer to the bulk is
large. Here there is a low ionic strength which means there is a comparatively large volume
of solution involved in the double layer, relative to the surface area. It is noted that when
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only a low concentration of Mg2+ has been added the ionic strength will be expected to be
low. As more Mg2+ is added the ionic strength will increase and the Debye length shrink.

In the hypothetical situation of a charged surface, with counter ions only, in an infinite
volume of pure aqueous solution, the entropic driving force would be such that all of the
surface cations would dissociate fully into the bulk, leaving a charged surface uncompensated
by cations. However, this is a particular case and usually experiments have some ‘background’
electrolyte or the auto-dissociation of water provides a non-zero ionic strength.

Figure 5.5b indicates that the more strongly hydrated lithium ion appears to be unable
to displace the potassium ions as effectively from the mica, as might be expected when
compared to the divalent magnesium ion. The adsorbed amount of lithium does not increase
as the bulk concentration increases. The potassium released shows little to no increase
either, and maintains an amount slightly below the minimum potassium released from the
magnesium isotherm (approximately 1.5 × 10−6 moles m−2).

From the raw data it is possible to estimate the approximate concentrations of magnesium
and potassium ions in solution which would be required to result in a surface with mixed
cations. This can be done by taking data points on the leading edge of the curve and
comparing the magnesium adsorbed to the plateau value, to see what proportion of the
surface sites will be occupied by the magnesium at each magnesium and potassium bulk
concentration.

The value of the area per surface charge site may be estimated from the potassium -
magnesium isotherm, where significant exchange has occurred, and compared to the idealised
mica formula11 which gives an area of 47 Å2. Normally the plateau adsorbate value of an
isotherm would be used to determine an area per molecule, but in this case additional affects
are clearly present as more than twice the amount of potassium is released as magnesium is
adsorbed. As no source of potassium is present other than the mica surface, the maximum
released potassium amount is perhaps the best estimate, though a slight upward trend is still
visible for increasing equilibrium magnesium concentrations.

From the data, the largest amount of potassium released is 3.2×10−6 ± 0.1×10−6

moles/m2. This gives an area per charge site on the mica of 52 ± 2 Å2, which is reasonably
close to that predicted from the idealised formula (47 Å2). The slight discrepancy could
be explained by the continued upward trend in released potassium meaning the measured
concentration is not all the potassium ions from the surface, and the fact that not all of the
surface area present will be due to basal planes of the particles.
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Equilibrium Analysis

As previously mentioned, traditional isotherm analysis is not appropriate for this exchange
process. The most simple analysis would assume stoichiometric exchange and neglecting
any net dissociation from the surface. This is equivalent to using the Helmholtz model of
the electrical double layer210. For a mica surface initially saturated with K+ and exchanging
partially with Mg2+, the equilibrium equation is given in Equation 5.1 where ‘⊢X’ is the
species ‘X’ adsorbed to a mica charge site ‘⊢’. It is more convenient for later calculations to
consider each mica charge site in pairs.

⊢2K2 +Mg2+
Keq

 ⊢2Mg+2K+ (5.1)

The equilibrium constant for the exchange process, Keq, is then given by Equation 5.2.
These are now true concentrations of species in the sample, rather than per unit area, so the
specific surface area does not come in to these calculations. The potassium - magnesium
isotherm replotted in these units is shown in Figure 5.6.

Keq =
[⊢2Mg][K+]2

[⊢2K2][Mg2+]
(5.2)

Fig. 5.6 Salt exchange isotherm of magnesium for potassium on mica, in units of bulk
concentration. Error bars are calculated from error propagation from a single sample in each
case.
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The concentration of surface bound magnesium ions may be calculated directly through
depletion of magnesium from solution, as given in Equation 5.3. If it is assumed that
exchange is strictly stoichiometric and the initial condition is all mica charge sites are bound
to a single potassium ion, at equilibrium it would be expected that [⊢2Mg] = 2[K+]. As
discussed in the previous section, this is experimentally seen not to be the case.

The surface bound potassium concentration may be calculated similarly by taking the
plateau concentration of magnesium depletion as a surface saturation to measure the total
number of surface sites, and using the calculated bound magnesium concentration. This is
shown in Equation 5.4, where [Mg2+]0 is the initial magnesium ion concentration before
equilibration, and [⊢2Mg]sat is the saturated concentration of magnesium ions on the surface,
taken from the plateau in the isotherm.

[⊢2Mg] = [Mg2+]0 − [Mg2+] (5.3)

[⊢2K2] = [⊢2Mg]sat − [⊢2Mg] (5.4)

An alternative calculation method to Equation 5.4 is to use the maximum concentration
for released potassium ions. This alternative is shown in Equation 5.5. Given the ‘over-
release’ of ions this calculation was considered the more appropriate approximation of the
two.

[⊢2K2] =
1
2
([K+]sat − [K+]) (5.5)

The points at low equilibrium magnesium concentration in the isotherm, before the
magnesium adsorption plateau is reached, will provide the most accurate estimate of the
equilibrium constant. Equilibrium constants calculated in the described manner for the first
five points in the isotherm are shown in Figure 5.7, plotted against equilibrium magnesium
concentration as before. To calculate these values, [K+]sat was taken as 1.4 ± 0.1 mM. The
rough consistency between these calculated points gives some confidence that this method
might be useful for estimating an approximate equilibrium constant for the exchange, despite
the simplifications. These first five points give an average Keq = 6.4±0.6.



162 Modification of Surface Charge

Fig. 5.7 Equilibrium constants calculated from Equation 5.2 using Equation 5.5 for concen-
tration of adsorbed potassium ions.

If, for example, it is then desired to generate a surface which is 1/3rd exchanged with
magnesium ions and 2/3rds with potassium ions, then [⊢2K2] = 2[⊢2Mg] and concentrations
of K+ and Mg2+ can be chosen such that [K+]2/[Mg2+] = Keq[⊢2K2]/[⊢2Mg] = 6.4/2.

This calculation of equilibrium constant was intended as a very approximate tool to act as
a starting point for using mixed salt solutions to part-exchange flat surfaces with negligible
surface area. More accurate analysis of the data was considered by accounting for the variable
ionic strength across the isotherm and assuming some structure of the EDL near the surface,
which others have attempted for alternate systems70, but this was not deemed necessary.

The error in CEC powder measurements were deemed to be too large to be able to clearly
distinguish between differences in surface charge with partially exchanged substrates, so
intermediate versions of the modification treatment described in Section 5.1.2 were not
attempted on powders.

Future Work on Mica Exchange Isotherms

The initial preparation of the mica to ensure that all the exchangeable surface cations present
were potassium ions is detailed in Section 2.12. Significant washing steps were taken to
attempt to prevent any remaining over-exchange of potassium on the surface, but this was not
experimentally verified. Various techniques could be applied to ascertain whether this was
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Fig. 5.8 Schematic of isomorphic substitution of silicon for aluminium in the outer layer of a
silica sol. Reproduced from the 1959 DuPont patent211.

truly the case, including energy dispersive X-ray spectroscopy (EDX) or similar to check for
the presence of chloride counterions which would indicate adsorption of excess K+.

Additional KCl on the mica surface prior to the isotherm would lead to errors in the
calculation and could be an alternative explanation for the greater potassium release than
magnesium adsorption. The calculation of area per charge site from the maximum potassium
release being so consistent with the mica ideal structure does however suggest that this is not
the case.

A further desirable test would be to measure the released potassium concentration from
mica in the presence of differing volumes of pure water, and absence of other ions.

5.2 Isomorphic Substitution of Silica Surfaces

As silica has no structural charge, methods of introducing isomorphic substitution were
considered. In a 1959 patent by DuPont211, a method which was believed to introduce
isomorphic substitution of aluminium ions into the surface of silica sols is described. The re-
placement of the tetravalent silicon ions with trivalent aluminium ions introduces a structural
negative charge, just as in muscovite mica. The described method involves a treatment of
the silica with a sodium aluminate solution at high pH. A schematic of the claims from the
patent is reproduced in Figure 5.8.
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5.2.1 Colloidal Silica Characterisation

Various commercial colloidal silica grades are available from WR Grace, who purchased
the patent from DuPont, and are collectively sold under the name Ludox™. These grades
include Ludox LS, which is untreated colloidal silica, Ludox AM, which is described as
silica with isomorphic substitution of aluminium, and Ludox CL, which is described as silica
particles with complete replacement of the outer shell with aluminium ions and as such they
are expected to exhibit the behaviour of colloidal alumina.

As the intention in this present work was to attempt to replicate these treatments on a flat
surface, and investigate the effect on the zeta potential, initial zeta potential measurements
were conducted on the commercially available colloidal equivalents to give an indication of
the expected later results.

If a treatment were applied to substitute silicon atoms for aluminium, an initial fall in zeta
potential (at neutral pH) would be expected as negative charge is imparted by isomorphic
substitution. However, with increasing aluminium present at the surface ultimately the be-
haviour would be expected to change and become more alumina like. This would correspond
to an increase in zeta potential reflecting the isoelectric point of alumina and the protonation
of aluminol groups.

Zeta potential of Ludox LS, AM, and CL were all measured as described in Section 2.4,
over a range of pH values in a background electrolyte of 1 mM KCl. The results of these
measurements are shown in Figure 5.9. The observed trends in zeta potential are consistent
with the expected nature of the specific surfaces; silica-like for Ludox LS, alumina-like
for Ludox CL, and isomorphically-substituted-silica-like for Ludox AM. The determined
isoelectric points of Ludox LS and CL are approximately 2 - 3 and 8 - 9 respectively, which
are consistent with the literature values for silica and alumina9. Comparing the Ludox LS
and AM, where AM is described as isomorphically substituted, it is clear that the AM grade
does indeed shows a more negative zeta potential over the entire pH range, and does not show
an isoelectric point. Both of these observations are consistent with the presence of structural
negative charge in the silica surface.
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Fig. 5.9 Measured zeta potential values for Ludox colloidal silica; the three tested grades
have significantly different magnitudes of zeta potential. Lines are intended only as a guide
to the eye, and are not fits to the data or based on a physical model.

5.3 Flat-Surface Charge Measurements

Before attempting to apply any modifying treatments to macroscopically flat surfaces, the
zeta potential of unmodified planar samples was characterised using a SurPASS electrokinetic
analyser, as described in Section 2.5.

5.3.1 Silica Results

The zeta potential of a silicon wafer (Wafer 1) was measured as described in Section 2.5, in
1mM KCl over the pH range 7 - 3.5. As described in Section 3.5, certain other experiments
had suggested the possibility that UV-O3 treatment might alter the behaviour of some surfaces,
so the same wafer was rinsed and remeasured after 20 min exposure then a further 20 min
(40 min cumulative) of UV-O3 treatment. A separate wafer (Wafer 2) from the same batch
was also measured after 20 min of UV-O3, which was the standard treatment for the mica
neutron substrates. These results are displayed in Figure 5.10.

The trend in zeta potential of all samples is consistent with the Ludox LS data and the
physical interpretation of increased protonation of Si-O- groups. From extrapolation of the
streaming potential data the IEP can be estimated at a pH of 1 - 2, which is close to but
slightly lower than the expected 2 - 3 for silica. It appears that there is a change in zeta
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Fig. 5.10 Zeta potential values as a function of pH, after varying times of UV-O3 treatment.
Values measured with the SurPASS electrokinetic analyser.

potential upon UV-O3 treatment, with a slight reduction in magnitude after 20 min, though
little further change after an additional 20 min treatment. This change would appear to
be contradictory with observations that UV-O3 treatment can increase the hydroxlation of
silica212, which might be expected to increase the magnitude of the zeta potential.

There is a large difference in zeta potential between data from Wafer 1 and Wafer 2, both
after 20 min of UV-O3. Whether this is variation between samples or measurement error is
unknown, but the magnitude of the difference is approximately 40 mV which is a significant
percentage of the total. Because of this inconsistency, smaller changes in zeta potential seen
with Wafer 1 after different treatments were treated with caution. Hoggard et al. 213 measured
a zeta potential of approximately -80 mV for silicon wafers in 1 mM KCl at neutral pH, using
a custom rotating disc apparatus, which is broadly consistent with the data collected here.

In work related to an existing collaboration, Dr Becky Welbourn (ISIS, STFC) kindly
offered to conduct some trial measurements on substrates prepared by me on a new model of
the SurPASS, the SurPASS3 analyser also by Anton Paar. This device is identical in concept
and differs only slightly in operation to the SurPASS, utilising a membrane pump and
modified mounting stage. The data collected by Dr Welbourn with Anton Paar technicians on
the SurPASS3 from a silicon wafer is shown in Figure 5.11a, labelled ‘alternate measurement’.
On the same plot is shown the data from one of the earlier measured wafers for comparison.
A very significant difference in measured zeta potential is evident.
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Figure 5.11b shows the new data plotted with the zeta potential measurements for Ludox
LS which was discussed in Section 5.2.1. Although the surfaces of the silicon wafer and
the colloidal silica are likely to have slightly different chemistry due to the specifics of
preparation and very small radius of colloidal samples, it is still instructive to compare them
and it is very clear that the newly collected flat surface data is more consistent with the
colloidal measurements. This further supports the conclusion that the data collected on the
SurPASS must be treated with extreme caution, and whilst the SurPASS data was consistent
with the results of Hoggard et al. 213 the differences between the two instruments measuring
a supposedly similar quantity reinforces the argument that zeta potentials of flat surfaces are
very difficult to measure reliably.

(a) (b)

Fig. 5.11 Zeta potential data measured by Dr Becky Welbourn (STFC) for a silicon wafer
on the SurPASS3 device, in an electrolyte of 1 mM KCl. (a) shows the new measurements
plotted alongside my measurements on an equivalent sample measured on the SurPASS, and
(b) shows the data plotted with the measured zeta potentials for Ludox LS colloidal silica
also in 1 mM KCl.

5.3.2 Mica Results

A similar comparison of measurements was conducted for mica sheets prepared in an
analogous way to those used in neutron experiments. The results of experimental data
collected on our instrument, and data collected on the SurPASS3, are shown in Figure 5.12.
Again a much smaller magnitude of measured zeta potentials for the SurPASS3 data is seen.
The presence of some variation in zeta potential with pH is surprising given the ideal structure
of mica where all charge is structural, but is attributed to the presence of a few surface silanol
species.
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Fig. 5.12 Zeta potential values over a pH range for two mica sheets; measurements I conducted
on the SurPASS instrument are labelled ‘Mica sample’, and measurements by Dr Becky
Welbourn on the SurPASS3 are labelled ‘Alternate Measurement’.

Whilst it is tempting to draw further conclusions from this data when compared to that
of the silica surface, such as that the mica is more negative over the whole range (when the
two measurement sets are compared independently), this does not seem reasonable given the
unreliability of the data.

As discussed in Section 2.6, estimates can be made of the surface charge density from
zeta potential measurements by assuming a slip-plane location and the Guoy-Chapman model
of the electrical double layer. This may be done using Equations 2.26 and 2.27. Taking the
data at a pH of approximately 5.5, the zeta potential determined by the SurPASS is -140 mV
compared to -33 mV for the SurPASS3.

Work on liposomes has suggested a slip-plane location of 0.24 nm from the surface and
little to no ionic strength dependence of this distance214. Using this slip plane location, the
zeta potentials of -140 mV and -33 mV give surface charge densities of -0.037 Cm−2 and
-0.0027 Cm−2 respectively. Both of these are well below the ideal mica surface charge of
-0.33 Cm−2, but the data collected with the original instrument (SurPASS) is much closer
to the literature value. At larger zeta potentials small changes in zeta potential propagate to
large differences in calculated charge density. Back-calculating the supposed zeta potential
for a surface charge density of -0.33 Cm−2, using the same assumptions listed earlier, gives a
zeta potential of -203 mV. This is not significantly above the initial measurements conducted
with the SurPASS, further suggesting that these may be the more reliable of the two.
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The estimation of slip plane location does influence the calculated charge density to a
large degree. Using the same zeta potential values, the slip plane location which would
give the correct surface charge density of -0.33 Cm−2 may be calculated; zeta potentials
of -140 mV and -33 mV would give slip plane locations of 1.1 nm and 11 nm respectively.
Estimations of the true slip plane locations in the literature vary over orders of magnitude;
for liposomes the location has been proposed as 0.24 nm invariant of ionic strength, but other
work with montmorillonite proposed a location 8 nm from the surface in 1 mM NaCl.

5.4 Future Work

To be able to apply the promising treatments for modifying the surface charge of silica, or
partially neutralising the surface charge of mica, a more robust approach able to reliably and
accurately measure the zeta potential or surface charge is required. This is particularly true if
surfaces of well defined charge are desired over small increment in surface charge density, as
is desirable to mimic the behaviour of the basal planes of the discrete clay mineral classes.

Use of X-ray photoelectron spectroscopy (XPS) to analyse the atomic constituents of the
surface of either mica or silica could provide an alternative method for monitoring progress
of surface treatments. Measuring the level of included magnesium into mica, or included
aluminium into silica, would be valuable direct data on the treatment effect and calculation of
surface charge density based on these could then be compared to further measurement. Angle
resolved XPS can give information about the depth profile of atomic species215, which is also
of interest in predicting the extent of charge localisation on the surface of any sub-surface
charge sites.

Once the surface can be characterised then application of the ion exchange and heat
treatment described in Section 5.1.2, and the proposed basic sodium aluminate treatment,
may be trialled on mica sheets and silicon wafers respectively.





Chapter 6

Fluorescence Study of Adsorption

During experiments described in this section, operation of the fluorescence microscope was carried out by Dr

Aleks Ponjavic with my assistance. All experimental planning, preparation, and analysis was my own work.

6.1 Background

Neutron experiments, whilst very powerful in their capability to distinguish the structures
of adsorbed layers in the out-of-plane direction, are limited in their capability for in-plane
resolution. Specular reflection gives an in-plane averaged structure only. Neutron reflectivity
also requires the use of a national or international facility which limits the frequency and
duration of the experiments, subject to beamtime applications, and any time-resolved mea-
surements are limited to timescales of minutes or less and generally require a compromise in
spatial resolution or range of q-space accessed.

Alternative techniques were considered which might provide similar information to
neutron reflectivity studies about adsorption onto the basal plane of mica, without the added
complication of edge behaviour which arises from powder techniques. Additionally methods
to measure surface charge density which did not rely on streaming potential measurement, as
discussed in Chapter 5, were required.

Fluorescence microscopy has been employed widely in the field of biophysics, as it allows
imaging of specific structures or functionalities95. This has been extended to super-resolution
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single molecule imaging216. Fluorescence microscopy can also be used to spatially map
other properties or environments, such as pH217 or hydrophobicity94.

A number of designs and configurations of fluorescence microscope exist, to serve a
range of purposes. As described in Section 2.13, two configurations were employed in
this work; total internal reflection fluorescence (TIRF) microscopy allows imaging of only
the region within a few hundred nanometres of the surface, the ‘surface composition’, and
epifluorescence imaging (EPI) visualises the bulk solution above the interface, the ‘bulk
composition’.

By utilising the phenomenon of photobleaching, information about the in-plane mobility
of an adsorbed layer may also be found. Fluorescence recovery after photobleaching (FRAP)
measurements, where a region of space is bleached and the recovery monitored, are used for
this purpose. By fitting the time dependence of the fluorescence intensity recovery profile
after bleaching, it is possible to estimate the surface diffusion constants and any immobile
fraction of bound species218,219.

The specifics of the instrumentation used and the imaging set up are described in Sec-
tion 2.13.

6.2 Dye Cation Exchange

A number of measurements were planned, to complement various investigations described
earlier in this thesis. If the surface cations of mica can be exchanged entirely and in a
stoichiometric manner for fluorophores, then observing fluorescent intensity should give a
measure of cation exchange capacity and therefore surface charge density. The approximate
area per charge site of 47 Å2 is however large compared to many commonly used fluorophores,
which typically consist of a large aromatic structure, and this may result in incomplete
exchange. A further complication is that the native potassium ions display a relatively strong
affinity for the mica surface, and fully exchanging them for dye molecules is hampered by
relatively low solubility limits of many dyes in aqueous solution. Adsorption independent of
cation exchange, by effects such as hydrophobic association, must also be considered.

To attempt to overcome some of these issues, a selection of comparatively small dye
molecules, with structures comprising as few functional groups as possible and reasonable
water solubility, were selected. The cationic dyes rhodamine 6G and oxazine 725, as well
as the fluorescein sodium salt, were utilised. The structures of these dyes are shown in
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Figure 6.1. The anionic fluorescein salt was used as it is structurally similar to rhodamine
6G, but will carry a doubly negative charge in solution rather than a positive charge. Any
adsorption of this dye may then likely be attributed to Van der Waals and other forces, which
could indicate that adsorption of the rhodamine is not exclusively due to cation exchange.

(a) Rhodamine 6G (b) Oxazine 725

(c) Fluorescein sodium salt

Fig. 6.1 Structures of fluorescent dyes used for adsorption to mica.

The preliminary experiments focussed on exchanging the mica surface cations with
fluorophore molecules, then repeated exchange into bulk water to remove any free dye
molecules from solution. The specifics of the method are described in the subsequent section.

6.2.1 Cation Exchange Process and Imaging

Imaging of a mica sample with no dye, and a droplet of pure water on the surface, showed a
low level of autofluorescence of the mica itself which was sufficiently weak to present no
problem in imaging of surface dye molecules.
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Experiments were then conducted using a droplet of dye solution on the mica surface,
which had to be contained using a hydrophobic barrier pen (Thermo Fisher Scientific) due to
the low contact angles exhibited by water on the hydrophilic mica. The pen is designed for
use with fluorescent dyes, so should have minimal interaction with the dye molecules. The
area contained by the pen was approximately circular and 6 - 8 mm in diameter. The dye
solution was allowed to ‘incubate’ on the surface, then exchanged using a pipette by near
complete removal of the liquid droplet and deposition of a fresh droplet. For as much of the
process as possible, dye solutions were covered to avoid any bleaching from ambient light
sources.

Fig. 6.2 Image of dye incubation step of exchange protocol. The dye solution droplets are
contained on the freshly cleaved mica surface by a ring of hydrophobic barrier pen. From
left to right, the shown dyes are rhodamine 6G, oxazine 725, and fluorescein sodium salt.

Liquid removal and reapplication where conducted on opposite sides of the sample region
to attempt to exchange the solution as thoroughly as possible by inducing a cross-flow, and a
number of exchanges were conducted with delays between to allow for any kinetically slow
desorption of weakly bound species. Care was taken not to allow the solution to dry on the
mica sample, which would change the effective concentration of any solute or precipitate
it out onto the surface. Samples were then imaged with both TIRF and epifluorescence to
excite dye in the near-surface region and the bulk droplet respectively.

For each of the dyes, a 15 µl volume of 1 mM solution was placed on each mica substrate.
Although a higher concentration would have been desirable to drive cation exchange, the
solubility limits of the dyes are close to 1 mM and any precipitation needed to be avoided.
This situation was allowed to equilibrate for 20 min, before the dye solution was exchanged
for fresh dye solution. The aim of this double exposure was to drive the equilibrium of cation
exchange towards dye adsorption. After a further 20 min the surface was washed five times
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with 15 µl of water then left in water for 20 min. The washing step was repeated four times
before imaging, as preparatory work indicated that dye in solution was extremely difficult
to reduce to concentrations which were no longer measurable. The TIRF images focussed
on the mica surface, with the relevant laser used for excitation of each dye, are shown in
Figure 6.3.

Fig. 6.3 TIRF microscope images of the mica surface, after exposure to three fluorescent
dyes followed by repeated rinsing. Rhodamine 6G and oxazine 725 are cationic, whereas
fluorescein sodium is doubly anionic in solution.

The TIRF images show significant fluorescence for the two cationic dyes, but essentially
no measurable fluorescein adsorbed at the surface. This is as might be expected for adsorption
of cationic species onto an anionic surface, and provides encouragement that this technique
may be used to measure adsorption behaviour from solution onto mica. The imaging regime
here, in which measures have been taken to remove bulk dye from solution, will only reveal
‘irreversible’ adsorption. Although the fluorescein has carboxylate functionality and work
described earlier in this thesis revealed adsorption of carboxylates to mica in the presence of
sodium ions, this was a reversible adsorption so would not be evident in these experiments.

The image of oxazine appears to show some granularity, compared to the more homoge-
neous fluorescence intensity of the rhodamine sample. The length scale of these structures
is of the order of 1 µm, and could be due to aggregation of dye molecules. In the case of
measurements of cation exchange capacity, intermolecular interactions are undesirable and
so subsequent measurements focussed on the use of rhodamine 6G.

Imaging of the samples in epifluorescence was conducted after TIRF images, as shown
in Figure 6.4, and revealed that there was still a measurable concentration of dye in solution,
despite significant solution exchange. Conversion of fluorescence intensity to concentration
is not trivial and would require careful calibration with the same setup and filters, but the
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bulk solution above the mica clearly contains a non-negligible concentration well above
single-molecule levels for all the tested dyes.

Fig. 6.4 EPI fluorescence images, showing the bulk solution above the mica surface for the
three dyes after exchange then copious rinsing. Finite dye concentrations are visible in all
cases.

Even after 20 exchanges using a pipette, imaging the bulk solution still revealed a
finite fluorophore concentration. The high sensitivity of the technique to even nanomolar
concentrations, when compared with the initial millimolar concentrations of compound
present, as well as the manual difficulty in this exchange process may have contributed to
the maintained presence of visible free dye. It is also possible that the initial exchange and
adsorption at high concentration was reversible to some extent, and as the bulk solution was
diluted there was a slow desorption of some of the excess in the bound layer into the bulk.

In order to ensure that any photobleach recovery measurements were truly a result of the
in-plane mobility of adsorbed species, rather than the result of exchange between adsorbed
species on the surface and free molecules in solution, it was desirable to remove all the
unbound species from the bulk before carrying out these measurements.

6.2.2 Bleach Recovery

Despite the maintained presence of some low concentration of dye species in solution, an
initial bleach recovery measurement was attempted for the rhodamine 6G on the surface, as
this sample showed the greatest intensity and most uniform adsorption of surface species.
The measurement was conducted as described in Section 2.13. Results of the measurement
are shown in Figure 6.5. As the figure illustrates, after bleaching a clear darker region is
visible on the sample where the dye molecules have been photobleached. Over time the dark
region reverts back to the bulk fluorescence.
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Fig. 6.5 Images captured during fluorescence recovery after photobleach measurements of
rhodamine 6G exchanged onto mica. A small concentration of free dye remained in solution.
From left to right the images recorded were: during bleaching with high laser intensity, and
0, 4, and 20 seconds after bleaching. Line profiles shown below are intensity across the
central region shown on the images, integrated in the y-direction. Almost complete recovery
is shown after approximately 20 seconds.

After approximately 20 seconds, nearly complete recovery is seen. This suggests that
dye molecules are relatively mobile on the surface, though as previously mentioned the
finite and undefined concentration of dye in solution makes this conclusion hard to draw
with confidence. It is not possible from the images to clearly see whether the fluorescence
recovery occurs uniformly across the bleached area, which would suggest exchange with
solution species, or from the edges, which would suggest surface-diffusion.

Assuming only surface-diffusion, and neglecting diffusion occurring during bleaching,
an order of magnitude estimate of the diffusion coefficient may be calculated from the
data. From numerically solving the relevant diffusion equations, Soumpasis 220 related the
diffusion coefficient, D, to the radius of a uniform bleach laser, rn, and the time for the
bleached spot to recover halfway, t1/2. The Soumpasis equation is given in Equation 6.1.

D = 0.224
r2

n
t1/2

(6.1)

From rn ≈ 20 µm, and t1/2 ≈ 10 seconds, the diffusion coefficient for Rhodamine 6G
adsorbed to the mica surface may be estimated as 9 µm2/s (9×10−12 m2/s). Literature values
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for diffusion coefficients of surfactants on surfaces are very scarce, and even more so for the
solid - liquid interface.

Diffusion coefficients for rhodamine 6G in aqueous solution have been reported221 in the
range 3 – 4.5 ×10−10 m2/s. These are over an order of magnitude larger than the estimated
surface diffusion coefficient, as might be expected for inhibited mobility of dye on the surface
due to a strong electrostatic interaction between mica and dye.

6.2.3 Interaction with SDS

In Section 4.2 it was described how exposure to SDS at concentrations above the CMC
induced complete desorption of an adsorbed layer of the cationic surfactant DDAB. Fluo-
rescence microscopy could provide a useful tool for similar studies either as preliminary
work for, or in addition to neutron studies. To this end, the mica substrate with adsorbed
rhodamine 6G was exchanged directly into a solution of 2 CMC SDS, by pipette removal of
water and replacement with SDS of the same volume. A different region of the mica was
imaged to that used for the bleach recovery measurement described in the prior section.

Fig. 6.6 TIRF images of the mica surface after exposure to rhodamine 6G and repeated
rinsing (left), then after exchange into 2 CMC SDS. The reduction in intensity strongly
suggests removal of much of the rhodamine from the mica surface.

As can be seen in Figure 6.6, a large reduction in fluorescence intensity was visible on
exchange to 2 CMC SDS. The most likely explanation for this is removal of rhodamine
from the surface by the anionic SDS. This is in agreement with the NR data discussed in
Section 4.2, where cationic removal from the mica surface by uptake into anionic SDS
micelles was seen for DDAB.
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If all the dye was in a single layer on the surface and no other sources of fluorescence
intensity were present, then the measured intensity could be directly related to the surface
concentration of dye. The analysis is not this straightforward here, as some dye persists
in solution which could give additional signal, although this is limited by the exponential
decay of the TIRF excitation field. The autofluorescence of the mica may also preclude this
analysis, though pre-bleaching of the mica will be considered as a solution.

The same near complete loss of intensity was seen when the cationic oxazine 725
exchanged mica was exposed to 2 CMC SDS. It was therefore concluded that fluorescence
microscopy provides useful additional evidence that surface bound cationic species can be
effectively removed by SDS micelles.

6.3 Method Development

To facilitate easy and complete exchange of the solution in contact with the mica, an
alternative substrate set-up to the sessile droplet of solution was sought. Custom microfluidic
devices were considered but for convenience and reproducibility a commercially available
system was chosen. Adhesive chambers (Grace Bio-Labs HybriWell™ sealing system,
SecureSeal™) were utilised, with a circular chamber of 13 mm diameter and thickness 0.15
mm. The design of the cell is shown in Figure 6.7. The quoted volume was 18 µl, and the
chamber may be connected to standard microfluidic or HPLC tubing using press fit tubing
connectors.

The small volume was chosen to allow easy and rapid solution exchange, and the chamber
could be connected to an HPLC or syringe pump for controlled flow rates and volumes. The
chamber is manufactured from polycarbonate, which is preferable to the PDMS which many
microfluidic devices are fabricated from as PDMS been shown to retain small hydrophobic
molecules222, possibly affecting imaging. The thickness of the well is 0.15 mm. This is well
beyond the evanescent decay length of the TIRF excitation field, so any adsorption to the top
surface of the well will not be observed.

The speed and completeness of filling and exchange were investigated in the same manner
described in Section 3.3. A cell was prepared consisting of the described adhesive cells
adhered to a glass slide. The cell was filled with water, then exchanged into a red dye solution,
then back into water. Snapshots of this process are shown in Figure 6.8. It was observed that
the cell exchanged almost instantly, due to the very small internal volume. On initial filling
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Fig. 6.7 Details of the Grace Bio-Labs hybridisation wells used for fluorescence microscopy
measurements. Reproduced from Grace Bio-Labs technical information.

a small air bubble was trapped which persisted throughout. As the imaging area is much
smaller than the area of the cell, this would not be an issue in practice as the area could be
avoided and the bubble appeared stable, but in most cases complete filling occurred.

Fig. 6.8 Images of the cell used for fluorescence measurements, adhered to a glass slide
rather than mica. The images from left to right show the cell filled with water, after injection
of approximately 1 ml of red dye, and after subsequent injection of approximately 1 ml of
water. Exchange was found to be very fast and complete. On initial filling a small air bubble
was trapped, visible in the central picture to the lower left of the reservoir.

On attempting to use the adhesive hybridisation wells on mica discs, it was discovered
that there was leaking between the cell and the mica surface. Even at very low flow rates of
less than 0.1 ml/min (controlled by a syringe pump) leaking of fluid was seen. Spreading
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of cell solution into the gap between the mica and adhesive cell top will be problematic as
this solution will exchange very slowly, if at all. A more serious issue is the possibility of
concentrated dye solution escaping and contacting microscope components, and in particular
the objective lens which sits directly below the cell during imaging. The fluorescence
microscope used is capable of measuring concentrations down to single molecule levels, and
so contamination by a high (millimolar) concentration is very serious.

The cell sealing was rechecked on glass slides and it was found that the cell sealed
effectively on glass, being able to tolerate flows of greater than 1 ml/min with no leaks even
after flow of significant volume. There are a number of possible reasons for the cells sealing
better to a glass slide than freshly cleaved mica; the adhesive used on the flow cells might
adhere better to the surface chemistry of glass than of mica, the extremely flat nature of
the cleaved mica might prevent strong adhesion, or partial delamination of the mica surface
might allow leaking through the top layers. UV-O3 treatment was found to have no effect on
the sealing characteristics. Various methods of overcoming the leaking issue were considered,
including physical clamping of the outside of the cell, and selective roughening or plasma
cleaning of the mica surface on the section contacting the adhesive.

The first tested approach was addition of stronger supplementary adhesive. It was found
that sealing was possible using a two component fast curing epoxy glue (Araldite ARA-
400012 Instant). Application of a thin layer of the mixed adhesive onto the hybridisation
well, followed by adhering to the cleaved mica and pressure to distribute the glue evenly,
led to much better sealing than adhering the well to mica without epoxy. After the glue had
been allowed to cure for approximately 5 min the cells were tested using a syringe pump and
fittings as described previously.

Whilst there was some variation in the sealing properties of substrates after preparation,
with practice all prepared substrates were found to show no leaking at flow rates up to 1
ml/min even after sustained flow for longer than 30 min. At increased flow rates leaking
still did occur, presumably due to the higher pressure in the chamber. Removal of the
hybridisation well from the mica sheet after testing followed by visual inspection showed
that no glue had ingressed into the mica area inside the well, which would have affected the
imaged region. This also means contact between solution and glue would be minimised.

Unfortunately planned experiments with these new cells have not yet been able to proceed.
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6.4 Future Work

Immediate future work will focus on repeating the experiments discussed here which were
originally performed with the sessile drops, with the newly developed chamber cell and
continuous flow. This should allow unambiguous determination of what adsorption is
‘permanent’, rather than readily reversible, and allow bleach recovery measurements to give
estimates of the in-plane diffusion constants of surface species.

Another goal is to develop more quantitative analysis, relating fluorescence intensity to
adsorbed amount. Careful consideration and calibration would be required but the potential
for high throughput isotherm measurements is exciting, conducted in a similar way to QCM
experiments but with the ability to chemically resolve adsorbed species and without the
complication of solvent replacement. Screening of cations capable of bridging for a given
anionic functionality is an example.

The technique as it has been used in this work requires the use of dye molecules. These
may be chosen to represent species of interest, which allows easy interpretation and no chance
of an added probe perturbing the system, though of course restricts the systems which can
be studied. The far more common approach in fluorescence microscopy is to tag structures
of interest with a dye. Nile red is a neutral molecule, which is used to stain hydrophobic
environments in biological systems223. The dye is only sparingly soluble in water, and
has very limited fluorescence in polar media224. It is solvatochromic; the fluorescence
characteristics vary depending on the environment of the dye molecule94. Use of probes
such as this present the opportunity to monitor specific non-fluorescent molecules, such as
the DDAB surfactant used in neutron experiments, by labelling the formed structures rather
than each molecule.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

Adsorption of Anionic Surfactants onto Mica

The adsorption of the anionic surfactant AOT onto the anionic surface of the mineral mus-
covite mica was explored, to further the understanding of the effect of cation bridging.
Significantly, it was found that the caesium salt of AOT adsorbed to mica at the CMC. This
showed that it is possible for monovalent ions to act as bridging ions, in contrast to prior
literature assumptions that divalent ions are required. It was postulated that with increasing
ionic radius of monovalent ion the decreased ion hydration resulted in a greater likelihood of
bridging.

A further study was carried out using the sodium salt of AOT with added cations. It was
observed that the addition of potassium, calcium, and magnesium ions all led to adsorption
of the surfactant, with different adsorbate structures. The relative concentrations of calcium
to the non-bridging sodium ion which still facilitated adsorption was investigated, and it was
seen that bridging still occurred even in swamping excess of sodium. This observation might
inform composition of flooding water, as it suggests absolute bridging ion concentration is
more important than the ratio of relevant ions.

All of the potassium, calcium, and magnesium bridged structures were found to only
bind reversibly, and full layer desorption occurred even when ionic strength and bridging
ion concentration was maintained. This observation precludes both double layer expansion
and multivalent ion exchange as mechanisms of layer removal in this particular system. It
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was hypothesised that an effect based on solubility of acid groups in the presence of calcium
might be partially responsible for incremental recovery on reduced salinity water flooding.

The adsorption of octanoate and decanoate anions was also probed, and it was found that
the sodium salts adsorbed even in the absence of other cations. This was in contrast to the
behaviour of AOT, and suggests a difference in interaction based on the nature of the anionic
surfactant headgroup. The adsorption was found to be reversible, as with the AOT salts.

Adsorption of a Non-Ionic Surfactant onto Mica

Adsorption of the non-ionic surfactant C12E5 onto the mica surface from aqueous solution
was studied. Essentially no adsorption was seen below the CMC, and at the CMC and above
a slight change in reflectivity profile was visible. This change could be fitted by a very
diffuse or hydrated bilayer, with more hydrated headgroup regions and a less hydrated alkyl
tailgroup region.

Adsorption Comparison with Simulation

Through collaboration, MD simulations have been compared with experimental neutron
reflectivity data. By calculating the SLD profile for the molecular configuration from the
simulation the predictions can be quantitatively compared to the NR data. Initially significant
changes were required to the simulation model to be consistent with the recorded NR data,
particularly the removal of potassium ions from the simulation.

Once this insight had been determined, good agreement of simulation with experiment
reflectivity data was achieved. The optimised simulations can provide molecular information
not available from the reflectivity data; it was suggested that the adsorbate structure for
the cationic surfactant DDAB on mica is an asymmetric bilayer, with a well ordered layer
adjacent to the mica surface, and a more canted and less ordered layer beyond this towards
the bulk. This synergy of MD and NR has significant potential.

Surfactant Interaction on the Mica Surface

The behaviour of an adsorbed layer of the cationic surfactant DDAB on mica was studied,
on exposure to various solutions of organic molecules. It was found that the DDAB layer,
which had previously been thought to be irreversibly bound, could be completely removed
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by a solution of the anionic surfactant SDS. DDAB removal only occurred when the SDS
concentration was at or above the CMC, suggesting a mechanism for the removal process.
No DDAB removal was seen when a non-micellising diacid salt was used instead of SDS,
even when the concentration was raised to equal that of the CMC of SDS. This removal of a
tightly bound cationic from an anionic substrate, by an anionic surfactant, represents a new
insight and approach that could inform a number of applications.

Further work was undertaken to investigate the generality of the removal effect to other
surfactants. For the anionic surfactant AOT different behaviour was seen; DDAB was
completely removed even at well below the CMC (0.05 CMC). At 0.005 CMC no removal
occurred. The difference in behaviour between SDS and AOT was rationalised by the
differing structure of the surfactants.

The non-ionic surfactant C12E5 did not lead to DDAB complete removal, even when
alternative surface-compensating cations were present in solution. Instead a large amount of
the layer was replaced by C12E5, which was labile and was removed when the bulk non-ionic
was removed. This left a reduced and modified DDAB layer on the surface, which was still
able to template adsorption of the non-ionic into a much thicker and denser layer than for
non-ionic adsorption onto a bare mica surface.

Fluorescence Microscopy

Fluorescence microscopy has been demonstrated as a useful tool which has been newly
applied to adsorption studies on the mica surface. Some of the capabilities and possibilities
have been explored and found to be feasible, including selectively imaging dyes on the
surface, and estimating surface diffusion coefficients in an adsorbed layer. There is wide and
exciting potential for expansion into numerous further studies.

7.2 Future Work

On Anionic Surfactant Adsorption

There is potential for significant further study into the bridging interaction of cations between
anionic surfactant and anionic surfaces, focusing on the key interactions between the substrate,
ion, and surfactant. The results in this thesis showed a clear difference between the behaviour
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of AOT, which has a sulfonate headgroup, and carboxylates. Ideally, study of a range of
surfactants with constant tail groups and as wide a possible range of headgroups, with
different charge densities and pKa values, would be tested with a range of cations to give a
holistic picture. How the identity of the cations which can cause bridging changes depending
on the headgroup is a commercially important question, as is the relative concentrations of
non-bridging to bridging ion at which bridging is no longer observed.

The specifics of which cations can lead to bridging is still open to investigation; this
work describes a range of inorganic cations for both AOT and carboxylates, but organic ions
have not been tested. Organic cations, such as quaternary ammonium ions, might provide a
convenient tool to alter cation parameters such as hydration and radius by altering the organic
groups. In this way the key properties determining bridging behaviour might be elucidated.

The role of the surface in determining which ions cause bridging is also an area for further
study. Mica has a relatively high surface charge density on the scale of clay minerals, and for
less charged clays it might be expected that the break point in the monovalent ions which
cause bridging might fall lower in the periodic table.

An overall goal, relying on data collected in the ways suggested, would be to condense
the bridging interaction to a description of the key parameters involved. These parameters
would describe the surface, cation, and anionic species. An example of such a set would be
the surface charge density, cation ionic radius, and anionic headgroup pKa, and whether the
system was above the CMC. Dividing the parameter space into bridging and non-bridging
regions would provide a predictive tool for analysis of a given system.

Some other areas of interest which warrant further investigation include the specific
interactions which lead to different structures forming, as was seen for AOT with potassium,
calcium, and magnesium in Section 3.1 where it was postulated that anion - cation ratios close
to charge neutrality might influence structure. The absolute and relative ion concentrations,
and valency, might all play a part in determining the equilibrium structure, whether multilayer
or single. Understanding the factors which together cause multilayering is important for
applications such as artificial lung surfactants, where multiple surfactant layers are required
at the air - liquid interface to facilitate expansion of the lung surface area during breathing.

A further question is whether the bridging interaction can ever be strong enough to lead
to either adsorption below the CMC, or irreversible adsorption. Both of these are features
observed for cationic adsorption on mica, but not as yet for anionic adsorption.
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On Surfactant Interactions at the Mica Surface

The experiments described in this thesis relating to the interaction of a pre-adsorbed DDAB
layer exposed to species in solution show a variety of different behaviours, corresponding
to different regimes. Future work could focus on understanding what systems will fall into
which regimes, based on certain key parameters. The mechanism and dynamics of surfactant
removal, where it does occur, are also of interest.

As discussed in Section 4.6, the strength of interaction between surfactants may be
quantified by a β parameter. Determining the β parameters for the pairs of surfactants
already studied, and observing if there is any relation between the β or βσ parameter and the
observed removal behaviour, would be valuable. For example if the βσ parameter for DDAB
and AOT is significantly more negative than for DDAB and SDS, then the difference in
desorption behaviour might be explained. Another possibility is that the ratio of the strength
of interaction in the bulk, β, to the strength of interaction in a layer, βσ , might be the key
factor in determining behaviour.

A comprehensive study to elucidate the key characteristics would involve observing
behaviour of a range of adsorbed cationic layers from surfactants with different tail groups,
when exposed to a range of surfactants in solution with the same headgroup and varying tails,
and the same tail group but varying heads. Neutron reflectometry would be a prospective tool
for this work. Measurements of the β and βσ values for these pairs would further inform
conclusions about the driving forces for surfactant - surfactant interactions.

Organoclays

Whether many of the effects studied in this thesis still occur in the context of organoclays is
an open question. The packing arrangements and coverage of organic molecules between
the clay layers is dominated by the effects of the confinement and hydrophobicity of the
interlayer, and the structures and total adsorbed amount may differ from those on the basal
plane in solution. Further work on whether the use of anionic surfactants may be able to
reverse cationic-organically modified clay back into the raw state would be one example of
this.

Given the observations of cation bridging of anionic surfactants to the mica surface
described here, this behaviour could also be investigated in the clay interlayers. Organically
modified clays of this type would be expected to show a higher absorption characteristic for
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cationic species in solution. A barrier to forming organoclays with anionic surfactants and
relevant cations might be the reversibility of binding seen for cation bridging in the systems
studied. It may be the case that irreversible binding is required for a stable organoclay.
Organic modification using non-ionic surfactants has however been reported225, and the
adsorption of a non-ionic to mica was found to be only weak and reversible.

In Section 3.1 a potential alternative molecular mechanism for reduced salinity oil
recovery was suggested; precipitated carboxylates on mineral surfaces being solubilised as
the calcium concentration in solution is reduced. This effect could potentially be applied and
tested in the context of organoclays. If it is not possible to produce organoclays from anionic
surfactants and bridging cations due to the reversible nature of the binding, then the possibility
of initiating the adsorption in a slurry of clay, and then precipitating the carboxylates bound
to the surfaces could be explored. Care would need to be taken to separate bulk precipitated
organic out of the organically modified clay mixture.

On Comparison of MD Simulations with Reflectivity Data

The collaboration of experimental work with simulations has been demonstrated to be
mutually beneficial; without experimental data the MD gives incorrect structures, but once
re-directed is capable of giving much more detailed insight and higher spatial resolution
structures than possible with NR alone. Comparison of reflectivity data with molecular
dynamics simulations of systems more complex than the single adsorbates studied thus far is
an obvious next step. When simulations can reliably reproduce experimental results, then
their predictive power may be realised, alongside robust theory. Experimentally inaccessible
molecular resolution may be gained.

Neutron reflectivity experiments are of course not the only technique where data may be
compared to simulations. Physical chemistry is typified by the use of a range of techniques
applied to a system to gain different types of information. Perhaps an end goal, admittedly a
far reaching one, might be a holistic fitting package capable of analysing and co-refining a
model to datasets collected through numerous techniques. It is common to build up a picture
of a system from different information in an unstructured manner, but a rigorous scientific
method for doing so would be a shift in the manner in which surface science is conducted. A
specific example of complementary techniques ideal for such a package might be neutron
reflectivity, MD simulation, and sum frequency generation (SFG) spectroscopy.
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The specific pitfalls and limitations of each technique would require careful consideration,
as would ensuring that the systems under investigation are essentially equivalent in each
technique used. The computational power required, in particular for molecular dynamics
simulations of the system or DFT simulations of certain interactions within it, is likely a
severe limitation on the complexity of systems which this might currently be applicable to.

Sum Frequency Generation Spectroscopy of Organic Species on Mica

Sum frequency generation spectroscopy (SFG) is a non-linear optic technique which can
provide surface specific spectra226. Species in centrosymmetric environments do not generate
a signal in the SFG spectrum. Further analysis of the spectra may also be used to provide
information on the molecular orientation of surface adsorbed species.

There are examples of SFG being applied to species on mica227, but many of the systems
described in this thesis would lend themselves particularly well to the observations that SFG
can provide. The bilayers of DDAB predicted by MD simulations as described in Section 3.4
are highly asymmetric, contrasting with the classical view of a bilayer as two approximately
identical layers opposing each other. The arrangement suggested by MD would show a strong
signal in SFG, whereas the classical view would likely not, due to the symmetry present.

Described in Section 4.2.3 were efforts to determine the structure formed from a pre-
existing DDAB layer on mica when exposed to SDS below the CMC. It was suggested that
a two layer system formed, with the SDS including more into the upper layer than into the
lower. SFG data of an identical system should provide further information to support or
dispute this conclusion. Deuteration of specific species and consideration of the C-H and
C-D absorption bands would allow some distinction to be made between the species present.

In analysis of SFG data collected from mica, care would need to be taken to account
for any effect on the signal from the inherent birefringence of the mica crystal, which can
occur228.

Surfactant Equilibrium and Partial or Complete Exchange on the Sur-
face: Kinetics

In nearly all surfactant applications, understanding the equilibrium of adsorbed species with
species in solution is important. Both neutron reflectivity and SFG provide opportunities for
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measuring the speed of exchange of adsorbed layers through selective deuteration; either
observing a protonated layer exchanging with deuterated species introduced into solution
or vice versa. By observing the change in layer SLD in neutron reflectivity, or the increase
or decrease in the C-H or D-H stretches respectively in SFG, the speed of exchange may
be calculated. This could be compared to the speed of surface mobility as measured with
fluorescence recovery after photobleaching, to observe how the in-plane mobility compares
to the equilibrium between bound and free surfactant.

The different exchange speeds of relative components in a layer which has different
environments is also of interest. For example the layer structure predicted by simulations
in Section 3.4.3, with two distinct sub-layers in the adsorbed structure, might show fast
exchange of the outer leaflet, followed by slower exchange with the inner and denser leaflet.

Depending on the speed of exchange these measurements may be beyond the current
limitations of time-resolved neutron reflectivity. Many recent developments, including better
beam guides and super mirrors, as well as potential for the higher flux of the European
Spallation Source currently under development, are all making higher time resolution a
greater possibility.

Control of Surface Charge

In this work, initial procedures and data have indicated the ability to produce clay surfaces
of intermediate charge. However, it has proved very challenging to quantify this charging
behaviour experimentally on flat surfaces.

If robust measurement of surface charge density becomes possible, whether measured by
the proxy of zeta potential or through direct means, then tuning of the charge modification
techniques discussed in this thesis should be possible to yield a range of surfaces with
controlled charges. It is noted that attention must also be given to the resulting surface chem-
istry, which may influence the adsorption behaviour and in particular any non-electrostatic
interactions such as Van der Waals or chemisorption.

These surfaces may then be incorporated into many of the studies described in this
thesis, to give a similarly detailed and in-depth assessment of the surfactant systems and the
interactions present.
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Fluorescence Microscopy

The potential for fluorescence microscopy in physical chemistry is great, and for the most
part unrealised. Chapter 6 details the initial steps which have been taken to illustrate the
prospects of the method, and the experimental challenges. A major goal is the development
of protocols and analysis to make measurements as quantitative as possible; quantitative
image analysis is a very advanced field and through careful application a number of physical
chemistry challenges may be approached.

One specific objective is the measurement of in-plane diffusion coefficients for a bound
layer of cationic species by bleach recovery measurements, and comparison of this with
in-plane diffusion measured in other ways, such as with quasi-elastic neutron scattering.
The possibility of these measurements has been illustrated in this work. High-throughput
adsorption studies are also an opportunity, with the additional advantage of the ability to
distinguish components of mixtures.

Fluorescence measurements in this thesis focussed on studies linking with the other
work carried out with neutron reflectometry. Studies of surface heterogeneity are however
possible in high resolution with fluorescence microscopy, so behaviour of molecules in
solution at defect sites on the surface of mica, such as kinks and edges, may be studied.
Seeing how behaviour at these sites compares with basal plane behaviour is of great interest
to commercial systems. Minerals beyond mica are also of interest, and the possibility of
applying the same experimental setup to calcite is being considered.
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Appendix A

Beamtime experiments and DOIs

ISIS

RB1710119
Adsorption of an Anionic Surfactant on Anionic Surfaces in the Presence of Potassium and
Ammonium Ions
DOI: 10.5286/ISIS.E.RB1710119

RB1710497
Comparison of Adsorbed Surfactant Behaviour under Poiseuille Flow to Cone-Plate Shear
DOI: 10.5286/ISIS.E.RB1710497

RB1810186
Anionic surfactant induced desorption of cationic surfactants from anionic surfaces
DOI: 10.5286/ISIS.E.RB1810186

RB1820048
Modification of an adsorbed cationic layer by anionic surfactants below the CMC
DOI: 10.5286/ISIS.E.RB1820048

RB1820049
Non-ionic surfactant induced desorption of a strongly bound cationic layer from mica
DOI: 10.5286/ISIS.E.RB1820049
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Visualisation of Multi-component Ion Exchange for Oil Recovery
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Adsorption of Aqueous Carboxylates to Mica in the Presence of Cations
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