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A bstract
An electrochemically polarised liquid-liquid interface in the form o f a surfactantless
oil-in-w ater emulsion has been developed, and its creation, stabilisation and use as
a model liquid-liquid system for structural characterisation using Small Angle
Neutron Scattering (SANS) are described.
The emulsion, composed o f 1,2-dichloroethane (D CE)-in-D 20, was created using a
condensation method and the two main processes of destabilisation, sedimentation
and coalescence, were minimised using density-matching and electrochemistry. The
stabilised emulsion interface was then studied with SANS, using the D ll and D22
diffractometers at the ILL and LOQ at ISIS. This was to determine structural
information regarding a layer o f adsorbed Bovine Serum Albumin (BSA) protein at
the interface with and without stabilising salts and the only analysable results were
obtained using D l l , due to the lower Q-range accessible. The BSA layer thickness
was determined to be 40 and 48

A for emulsions with and without salts respectively,

and this was comparable with the literature thickness o f 40
Another

use

for

the

surfactantless

emulsion

A.

would

be

for electrodeless

electrodeposition o f metals at the interface, utilising the interfacial potential, and
preliminary experiments were carried out using both oil-in-w ater and water-in-oil
emulsions.
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1.1 T he L iquid-L iquid Interface
The liquid-liquid interface with and without adsorbed protein is of central
importance to many fundamental processes; for example, the cell membrane is a
lipid bilayer between two aqueous liquids, with protein molecules embedded into
and spanning across the layer, aiding in the transfer o f chemicals into and out of the
cell. This could be modelled by adsorbed proteins at an oil-water interface and
investigated to gain knowledge of the molecular structure o f this layer.
A possible technique that could be used to gain this structural information is that of
Small Angle Neutron Scattering (SANS), which has been used successfully to look
at adsorbed surfactant layers at the liquid-liquid interface, because this method
overcomes some o f the technical difficulties encountered using other investigative
techniques. For many o f the previous SANS experiments reported, surfactantstabilised liquid-liquid emulsions were widely used and it was proposed that if a
surfactantless emulsion was developed, then information could be obtained about
the structure o f the ‘clean’ interface. Investigations of protein adsorption could then
also be undertaken using the surfactantless emulsion, hence preventing problems
from competitive adsorption between the protein and surfactant.
In this chapter, recent advances into the study of the liquid-liquid interfacial
dynamics and structure are described, as are emulsions stabilised with and without
surfactants. Proteins are also introduced and a summary o f relevant SANS
experiments is reported.
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1.1.1 In v e stig a tio n s into th e S tru c tu re an d D ynam ics o f th e L iquidLiquid In terface
There has been much recent interest into the investigation o f the liquid-liquid
interface due to the development o f successful experimental surface techniques [1],
that either specifically probe the interfacial molecules or have been adapted from
traditional ‘bulk’ techniques to study the interface. Unlike the air-liquid and liquidsolid interface, the liquid-liquid interface has a buried nature and the structure and
properties o f the molecules at the interface are generally very different from
molecules within the bulk liquids. When using ‘bulk’ experimental techniques, i.e.
spectroscopy, to investigate the interface, both bulk and interfacial molecules are
analysed but any information from the interface is overwhelmed by the information
from the bulk liquid. Therefore, until recently, most o f the information regarding the
structure and dynamics o f the liquid-liquid interface was from theoretical
predictions; such as molecular dynamics computations and Monte Carlo simulations
[2-20]. Monte Carlo simulations suggest that the interface is molecularly sharp with
a dynamic roughness caused by thermal fluctuations, modelled as capillary waves,
and these produce a finite thickness of the interface. Another suggested structure is
that the interface is made up o f 3 phases, where the middle phase is a mixture of
molecules o f the two liquids [21]. These two structures are illustrated in Figure 1.1.
Results from the theoretical simulations suggest an interfacial thickness in the order
o f 10 A for the 1,2-dichloroethane (DCE)-water interface, with a molecularly sharp
interface roughened by thermally excited fingerlike water structures penetrating into
the oil phase [7]. These are able to form due to the inefficient packing of the DCE
molecules in the vicinity o f the interface, and the polarity o f the liquid. The model
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does, however,

significantly overestimate the difference in conformational

population in the bulk to that found at the interface.

a
Oil

Oil + Water
Water

Water

Figure 1.1: Schematic diagram showing the two main proposed molecular structures for the liquidliquid interface; (a) where the interface is molecularly sharp with capillary wave-like distortions, and
(b) where the interface is a separate ‘mixing region’ of the two liquids; both with a finite thickness d.

Recent work by Benjamin has studied the dynamics of hydrogen bonds at the
interface [2] and has shown, that due to these fingerlike structures, there is a high
probability o f the adjacent water molecules being hydrogen-bonded, and that these
interfacial hydrogen bonds have a longer lifetime, due to the strong intermolecular
DCE-water interactions, than those found in the bulk liquid. Jedlovszky et al have
reported that there are two markedly different orientations of the water molecules at
the DCE-water interface [20]; a parallel alignment of the molecular plane with the
interface, present over the entire interfacial surface and also in the subsurface water
layer adjacent to the interface, and a perpendicular alignment of the water molecules
penetrated deepest into the DCE phase, where one of the O -H bonds points straight
towards the DCE layer, as also described by Benjamin [7]. The two orientations are
linked via a hydrogen bond and correspond to the alignment of a hydrogen bonded
pair of water molecules.
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Much o f the experimental work investigating the structure and dynamics of the
liquid-liquid interface has used spectroscopic techniques; for example, Surface
Second Harmonic Generation (SSHG) [22-26], Vibrational Sum-Frequency
Spectroscopy (VSFS) [27-30], Front Face Fluorescence Spectroscopy (FFFS) [31],
Reflection Spectrometry [32&33], EPR spin probe spectroscopy [34] and Total
Internal Reflection Fluorescence Spectroscopy (TIRFS) [35-39]; and optical,
reflection and scattering methods; e.g. Ellipsometry [40&41], Brewster Angle
Microscopy (BAM) [42], Quasi-Elastic Laser Light Scattering (QELS) [43-45],
Total Internal-Reflected Resonance Light Scattering (TIR-RLS) [46&47], and X Ray [48-53] and neutron [54—67] reflectivity or scattering. Electrochemical
techniques; including Voltammetry [68-73], Scanning Electrochemical Microscopy
(SECM) [74] and Potentiometry [75], and Interfacial Tension measurements [76],
have also been used to study charge transfer reactions at the liquid-liquid interface.
It can be seen that, due to the recent advances in technology, there are a wide range
of techniques available but many of these are difficult to perform and analyse. For
example, much o f the experimental work on the DCE-water interface uses a
continuous interface between the two liquids that is held apart by their differing
densities. This is difficult to control experimentally though, due to the volatile nature
of the DCE and the sometimes lengthy timescales of the experiments. There is
however, a wealth o f literature concerning the structure and dynamics of the liquidliquid interface, due to the advances in technology available for use at the molecular
level, and a summary o f some o f the recent work is presented in Table 1.1 (the
literature regarding neutron scattering experiments is described in 1.3.2).
In conclusion, the liquid-liquid interface is central to many biological processes, and
knowledge o f the interfacial molecular structure and bonding can give important
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information regarding kinetic and thermodynamic processes. Such information
becoming obtainable is the thickness of the interface and how the molecules are
orientated, the adsorption o f molecules at the interface e.g. surfactants, proteins and
electrolytes, including the effects of these adsorbed molecules on the structure and
orientation of the interfacial water molecules, the interaction of the interface with the
adsorbates and also o f the adsorbates with each other, and the nature o f the adsorbed
layer. Also available, is information regarding the interface between two immiscible
electrolyte solutions (ITIES), such as the interfacial potential and the interfacial
dynamics including ion and electron transfer reactions.
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T echnique Used
SHG with Molecular
Rulers

D CE -W ater

SHG

H eptane-W ater

SHG

C arbontetrachloride-W ater

VSFS

D C E -W ater

VSFS

(T34-H exadecane-D 20

VSFS

n -H exadecane-W ater

FFFS

D odecane-Aqueous Sulphuric
Acid
Carbontetrachloride-W ater

Partial Reflection
Spectrometry
TIRFS

H eptane-W ater

TIRFS

D ecane-W ater/D20

Ellipsometry

Toluene-W ater

Ellipsometry

O bserved R esults
The dipolar width across the interface, i.e. the distance needed for the dielectric environment to
change between phases:
>9 A and molecularly sharp for weakly associating cyclohexane-water.
For strongly associating 1-octanol-w ater, the interface appeared as a hydrophobic barrier between
the two polar liquids, i.e. a ‘m ixing’ region.
Electrostatic coadsorption o f poly-L -glutam ic acid and fran.y-4—[4-(dibutylam ino)styrl]-l—
m ethylpyridinium iodide at the interface.
Structural information concerning rhodamine dyes adsorbed at the liquid-liquid interface compared
with the solid-liquid interface.
Effect o f an isolated surfactant, compared with a saturated monolayer, on the hydrogen bonding at
the interface. Suggests that an accumulation o f surface charge induces structural changes in the
solvating water.
Evidence o f a diffuse ‘m ixing’ layer at the interface compared with the molecularly sharp CC14water interfacial structure, due to the polarity o f the DCE.
M onolayer structure o f adsorbed surfactant hexadecyltrim ethylannnonium bromide at the interface.
Comparing information regarding the molecular environment o f BSA in emulsions stabilised with
different concentrations o f Tw een 20.
Sem i-quantitative molecular orientation analysis o f the adsorption o f mevo-tetraphenylporphyrin at
the interface.
M olecular recognition mediated by hydrogen bonding at the interface using riboflavin in the
aqueous phase with and w ithout A,TV-dioctadecyl-[ 1,3,5]triazine-2,4,6-triam ine.
The solvation dynamics o f the fluorophores 12-(9-anthroyloxy)stearic acid and 4 - ( 9 anthroyloxy)butanoic acid at the interface. Showing that the polarity of the interface was in between that o f the bulk phases and dependent on the polarity o f the fluorescence probe.
Using H 20 or D20 as the aqueous phase, the amount o f adsorption o f two types o f
C„H2n+/(OC2H 4)m, where n and m were 12 and 5 in the oil and 18 and 50 in the water phase. Values
o f 1.38 and 0.93 mg m~2 were obtained for the organic and aqueous concentrations respectively and
agree with theoretical values.
Determining the contact angles and structural information o f monodisperse silica particles at the
interface with good agreement with theoretical values.

R ef
[23]

[24]
[26]
[28]

[29]
[30]
[31]
[33]
[35]
[36]

[40]

[41]
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L iq u id -L iq u id In te rfa c e
Investigated
C yclohexane-W ater and
1-O ctano 1-W ater

H exane-W ater

BAM

D C E-W ater

QELS

Tetraclorom ethane-W ater

TIR -R LS

N itrobenzene-W ater and
2-H eptanone-W ater

X -R ay Reflectivity

H exane-W ater

X -R ay Reflectivity

H exane-W ater

X -R ay Scattering

G lycerol-W ater

X -R ay Scattering

Laurylam ine-Tetraethoxysilane

X -R ay Scattering

H exadecane-W ater

N eutron Reflectivity

Hexadecane—W ater

N eutron Reflectivity

D C E-A queous Potassium
Hydroxide

Neutron Reflectivity

Studying tem perature-induced phase transitions in interfacial monolayers o f octadecanol and
1,1,2,2-tetrahydroperfluorododecanol.
Investigating the dynamics o f the polarised interface in the presence o f different concentrations of
adsorbed D L -a-dipalm itoylphosphatidylcholine, and showing the behaviour to be consistent with
theoretical predictions o f a sharp interface.
Determination o f formation constants o f penicillin-berberine ion associates adsorbed at the
interface.
M easurements of the ‘clean’ interfacial thickness; in the order o f 5 and 7 A for the nitrobenzeneand 2-heptanone-w ater interfaces respectively. These are shown to be consistent with theoretical
values and also the interfacial sensitivity to temperature and electrolyte distribution is presented.
Showing that the adsorbed surfactants, 1-eicosanol and 1,1,2,2-tetrahydroheptadecafluorodecanol,
are present in different monolayer phases depending on the surfactant concentration and system
temperature.
Studying the size and distribution o f the interfacial domains in monolayers o f the surfactant
F(CF2) 10(CH2)2OH adsorbed at the interface, over a range o f temperatures.
Measurements o f the interfacial roughness were found to follow the capillary wave model, and
these were unaffected by viscosity and temperature.
Describing the formation process and mesostructure ordering o f silica at the interface.
The adsorption of tetradecyltrim ethylam m onium brom ide and Pluronic L64 was investigated, with
the surfactant being seen to reside mainly in the oil phase and the polymer to adsorb on both sides
o f the interface.
The interface structure was analysed with and without the block copolymer polybutadiene—
poly(ethylene oxide) and the ‘clean’ interface was found to be rougher than that predicted by theory
simulations. The polym er was then seen to segregate at the interface, forming layers 20 and 50 A
thick.
The interface was determined to be smooth and 10 A thick, in agreement with theoretical
simulations.

T able 1.1: Listing some o f the recent literature detailing the structure and dynamics o f the liquid-liquid interface.

oo

[42]
[43]

[46]
[49]

[50]

[51]
[52]
[53]
[54]

[64]

[65]
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1.1.2 E lectrochem ical P o ten tials at th e L iquid-Liquid Interface
When a salt is dissolved in a solution containing two immiscible liquids, i.e. oil (O)
and water ( W), an electrical potential difference is set-up across the interface when
the partition equilibrium is reached. This can be measured as the external or internal
potential and are termed the Volta or Galvani potential respectively [74]. The Volta
potential, y/', is produced by the surface charge of phase W, and is measured in a
vacuum in the vicinity o f the surface. The Galvani potential, (/>w, is produced in the
bulk o f the water phase, W, and is calculated from infinity in a vacuum. These two
potentials are linked by the surface potential drop,

calculated from yF -

. The

difference in the Galvani potentials, k w
0 <t>= <f - (jF, of the two liquids is used in the
study o f the ITIES and is determined by the distribution of charged particles near the
interface. These equilibrium potentials, which are found at reversible or nonpolarisable interfaces, can then be separated into three different types according to
what species can pass between the two phases.

Distribution potentials - These are potentials that arise when all the ions are able to
pass from one phase to the other in an equilibrium system.
Donnan potentials - These occur when two phases contain ions, some of which can
cross the interface whilst some cannot.
Nernst potentials - Similar to Donnan potentials, these occur when the transfer of
ions o f only one kind are allowed across.
Redox potentials - These occur when equilibrium is caused by the two solutions
exchanging electrons across the interface.
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It is possible to calculate the change in potential between the two phases using
knowledge o f the electrochemical properties of the ions used in the system. The ions
dissolved in both phases have an electrochemical potential and at equilibrium, these
potentials must be equal,

—o —w
Mi = Mi

1A

Where p f is the electrochemical potential of the ion, i, dissolved in phase a, and a
is either the oil (O) or the water (W) phase. As ions are charged, the electrostatic
part o f this potential is separated [75] and is written as,

—a

a

Mi ~ Mi

+

a.el

* >>

1-2

Mi ’

Here /u f and / / “

represent the ‘chemical’ and the ‘electrical’ energy terms

respectively. As these terms cannot actually be separated into two entities, the
calculation is an approximation and p f ' el can be replaced with ZiF(j>a. This is the
work needed to bring a test particle, with a charge

in a vacuum from infinity to

the inside o f phase a. This charge is assumed to have no ‘chemical’ interaction with
the phase and Equation 1.2 becomes,
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The chemical potential, p f , is related to the standard chemical potential, p **'0,
using,

OC

f f ,0

Mi =Mi

.

0 7 1 1

cc

+ R T \n a i

1.4

Where R is the gas constant and T is the absolute temperature, a, is equal to ycf,
where yt and c, are the activity coefficient and concentration of i, respectively.
When the two phases first come into contact, the ions are dissolved in one phase and
are free to move into the other until thermodynamic equilibrium is reached, and the
electrochemical potential is set-up. After this, there is no further movement of ions
between the phases and there is an inhomogeneous distribution of ions in the area of
the interface, causing the distribution potential. Using Equation 1.4 and the relation
in Equation 1.1, the potential difference can be determined and expressed as,

1.5

This shows the Galvani potential difference in terms of the chemical part of the
electrochemical potential o f i in oil and water. Equation 1.5 allows for the
dependence o f the chemical potential of the ion, i, on the concentration of the liquids
and uses the standard chemical potentials of i in either phase, p ? ’° or p ™'0. The
superscripts O and W refer to the oil and water phases respectively.
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The Gibbs energy o f transfer o f the ion, i, from the water to the oil phase, AG f ^ 0,° ,
is equal to the difference in chemical potentials p ° '° - p Y '° • This is related to the
standard ion-transfer potential

A * # =—

AG ^ ° ' °

using Equation 1.6,

1.6

and gives Equation 1.7,

«,0 „ 0

RT
A ^ = A > ” + —b ' n rt ci
«,w JV
Yi ci

1.7

This is similar to the Nemst equation for redox reactions and is used to describe the
potential at the ITIES where there is a ‘common ion’ dissolved in both emulsion
phases. Because of this similarity, it is thought that the energetics at the ITIES
follow the same laws as those for redox reactions, and this relationship has been
shown, and used in the understanding of the electrochemistry o f the ITIES, when
studying electron transfer between immiscible liquids with the use of ions to fix the
Galvani potential.
The standard ion transfer potential, Aq$° , can be used quantitatively to measure the
relative affinity o f the two ions in both phases when they are fully saturated. It
cannot, however, be measured thermodynamically and is instead determined by
measuring the distribution ratio of its salt, with the already known Gibbs free energy
of transfer o f its counterion. Tables have been calculated of the individual Gibbs
energies o f transfer for many ions in different solvents [76-79] using the assumption
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that the ions tetraphenylarsonium (TPAs+) and tetraphenylborate (TPB“) partition in
the same ratio in any pair o f solvents [80]. The Galvani potential, Aw
0<f), can also be
measured thermodynamically using conventional electrochemical techniques [8086].
A single-salt only can also be used to establish an interfacial potential by
partitioning in both liquid phases and this is known as a distribution potential
[74,87&88]. The general case for a monovalent 1:1 electrolyte partitioned in both
phases is given by Equation 1.8 [74&88].

\ w A°

\ w A°

DT

b-of++& o<P- +. R T
2F

, r* 7-

« ,0 „ W

1.8

y+ y:

When calculating the potential, for a ‘common ion’ or single-salt, the activity
coefficient also needs to be determined. This would usually be assumed to be 1, i.e.
for an ideal system, but DCE has a low relative dielectric permittivity, and therefore
ion-association is likely to occur [88&89]. Ion-association is the formation of ion
pairs of oppositely charged ions, and the degree of association in an electrolyte
solution will result in the mean activity coefficient having a value less than unity.
The activity coefficient for electrolytes in solution can be estimated using the
Debye-Hiickel Extended Law in Equation 1.9 [90].

logr±-

Iz .z M V7

r
l+BaV7

1 .9

13

Chapter 1: Introduction

Where y± is the mean activity coefficient for the electrolyte in solution, a is the
distance o f closest approach of the ions, and / is the ionic strength of the solution,
determined using Equation 1.10.

1.10

Where, mt is the concentration o f the cation or anion with valence z,. In Equation
1.9, A and B are solvent and temperature dependent constants,

e2N A

f 2x10

2 .3 /? r(8 ^ ,0£,)|^

s Qe R T

1.11
j

B fc x lO 3A aV V
[
e0e R T
,

1.12

Where Na is the Avogadro number (6.0221 xlO23 mol-1 [91]), R is the molar gas
constant (8.3145 J mol-1 K_1 [91]), e is the elementary charge constant (1.6022 xl0~
19 C [91]), 3 ) is the dielectric permittivity in a vacuum (8.8542 xl0~12 F nT1 [91]), e
is the relative dielectric permittivity of the solvent and T is the absolute temperature.
The parameter a in Equation 1.9, is the distance of closest approach of the ions in
solution and can be calculated from the sum of the effective ionic radii. A schematic
diagram linking a with the Debye Length is shown in Figure 1.2.
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1/k

\

/

Figure 1.2: Schematic diagram showing the distance of closest approach, a , for an ion i, to an
atmosphere ion j , and the corresponding Debye Length, 1Ik, for ion i [90].

The Debye Length (l//c) can be calculated using Equation 1.13,

f 2x\ OVJY,
k

=

s QskT

V7

1.13

Where k is the Boltzmann constant (1.3807 xlO-23 J K-1 [91]), and using the value
for k from Equation 1.13, the Debye Length can be approximated to be the radius of
the ion atmosphere,

ra

= 1/ k + a ~ 1/ k when 1/

k

»

a.

Due to the occurrence o f ion association in solutions with low dielectric permittivity,
the associated species will have a lower charge in solution, and hence a lower ionic
strength, than the non-associated ions and the Debye-Htickel Extended Law does
not account for this. Bjerrum’s Theory [90] can be used to estimate the degree of ion
association by calculating a critical distance, q, in the solution, below which the ions
will form pairs. The basis of the Bjerrum Equation (Equation 1.14) is that the
Debye-Htickel theory can be used to calculate the activity coefficient, as long as the
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distance o f closest approach of the ions, a , is greater than the critical Bjerrum
distance q.

z+z_e2
q=— ^ ----87t £ Qe k T

1.14

A schematic diagram relating a to q is shown in Figure 1.3.

Figure 1.3: Schematic diagram showing the relationship between the distance of closest approach a ,
and the Bjerrum distance q, below which ion association will occur and the Debye-Hiickel Extended
Law will not hold true for calculations of the activity coefficient [90].

The values calculated from Equation 1.14 for the Bjerrum distance in the solution
phases, can then be compared to the distance a for the ions, and it can be
determined if the Debye-Htickel Extended Law is valid for the calculations of the
activity coefficients.
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1.1.3 E lectro d ep o sitio n at th e Liquid-Liquid Interface.
The interfacial potential, set-up by the potential-determining salts, can be utilised to
electrodeposit metal at the liquid-liquid interface [92-111]. Electron transfer,
between redox species present in immiscible liquid phases, can be induced by
applying

an

interfacial

Galvani

potential

difference

using

conventional

electrochemical methods. This potential will drive an electron transfer reaction
across the interface, providing there is a redox reagent in the organic liquid, and a
metal ion or complex in the aqueous phase and this will follow the redox reaction in
Equation 1.15.

M

(aq) + Red(org)

* O X (0rg) + M (m)

1.15

Recent literature on metal electrodeposited at the liquid-liquid interface, using a
system of potential-determining salts, is summarised in Table 1.2.
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L iq u id -L iq u id In terface
and M etal D eposited
W ater-D C E
Platinum and Palladium

P o ten tial D eterm ining Salts Used

R edox C ouple Used
Am m onium tetrachloropalladate(aq)
Butylferrocene(org)
or
Am m onium tetrachloroplatinate(aq)
Dimethylferroceneforg)
Am m onium tetrachloropalladate(aq)
Decamethylferrocene(or^
Tetraoctylam monium
tetrachloroaurate(0rg)
Tyramine(aq)

W ater-D C E
Silver

TBuA chloride(aq)
TBuA tetrakis(pentafluorophenyl)
borate(org)

Silver Sulphate(aq)
Butyl ferrocene(org)

W ater-D C E
Palladium

TPhAs chloride(aq)
TPhAs tetrakis(pentafluorophenyl)borate(0rg)

A m m onium tetrachloropalladate(aq)
Dimethylferrocene(org)

W ater-D C E
Silver coated with
polyphenylpyrrole
W ater-D C E
Palladium

TPhAs chloride(aq)
TPhAs tetrakis(pentafluorophenyl)borate(org)

Silver Sulphate(aq)
A/,- Phenylpyrrole(org)

TBuA cloride(aq)
TBuA tetrakis(pentafluorophenyl)
borate(org)

Ammonium tetrachloropalladate(aq)
Butylferrocene(org)

W ater-Toluene
Gold

TPhAs tetrakis(4-chlorophenyl) borate(org)
Tetrahexylam m onium tetrakis(4—chlorophenyl)
boratef0rE-,

Hydrogen tetrachloroaurate(aq)
T etraoctylammonium brom ide(org)

W ater-D CE
Palladium
W ater-D CE
Gold coated with tyramine

Stmctural and electrochemical
characterisation o f the nanoparticles
formed at the interface using 4 electrode cyclic voltammehy.
Electrodeposition at bare and
templated liquid-liquid interfaces.
Simultaneous nucleation o f gold and
polymerisation o f tyramine via the
electron transfer reaction across the
interface.
The mesoscopic particles are formed
at nano liquid-liquid interfaces
supported on m icro- and nano
pipettes.
Studying the influence o f surfactants
on the electrodeposition using cyclic
voltammetry and chronoamperometry
Electrodeposition o f silver followed
by the polym erisation of
polyphenylpyrrole onto the particles.
Describing a model for the diffusion
controlled electrodeposition of
metallic particles at the liquid-liquid
interface.
Describing the electrodeposition o f
gold clusters at the interface.

T ab le 1.2: Summarising the recent literature regarding electrodeposition at the liquid-liquid interface.
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[92&93]

[94]
[96]

[104]

[108]

[109]

[110]

[111]
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Bis(triphenylphosphoranylidene)
ammonium (BTPPA) chloride(aq)
BTPPA tetrakis(pentafluorophenyl) borate(org)
(Pd)
BTPPA tetraphenylborate(org) (Pt)
Lithium perchlorate(aq)
Tetrabutylam m onium (TBuA) perclorateforg)
Tetraphenylarsonium (TPhAs) chloride(aq)
TPhAs tetrakis(pentafluorophenyl)borate(org)

E x p erim en tal Investigations
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1.2 The L iquid-Liquid Interface in th e form of an E m ulsion
1.2.1 An Introduction to C olloids
The main area o f interest in colloids is that of liquid-liquid systems, or emulsions,
because this interface poses a more challenging experimental and technical problem
to study than the solid-liquid and liquid-gas interfaces. This was shown in 1.1.1 and
is due to the lack o f appropriate in situ techniques that can be used to prepare and
look at a stable, continuous liquid-liquid interface and also to give structural detail
with a high resolution on a molecular scale. It has been proposed, therefore, that a
colloidal emulsion system could be studied using Small Angle Neutron Scattering
(SANS) to give this information.
A colloidal system can be defined as a small amount o f one substance scattered
finely and evenly in a large amount of another, and these substances are termed the
discontinuous phase and the continuous phase respectively. There are many
different types o f systems and either phase can be a solid, liquid or a gas. Some of
the different classes are Disperse systems, Association colloids, Biocolloids,
Macromolecular colloids or Multiple colloids (three-phase systems). These are
explained further in Table 1.3, and examples of some dispersed systems seen
everyday are fog, a liquid-gas aerosol, milk, a liquid-liquid emulsion, or even paint,
a solid-liquid colloid.
The class o f a particular colloid is determined by the nature and size of the phases
present and all colloids need to have at least one of their phases in the size range of
1-10000 nm to show colloidal properties [112]. This small size causes a high
surface-to-volume ratio and therefore an increase in surface chemistry effects. It is
these surface interactions that are the main cause of the properties seen as the system
destabilises.
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Class

Example

Discontinuous Phase

Continuous Phase

Milk - an emulsion

Liquid

Liquid

A dispersion o f a fine

Aerosol sprays

Liquid

Gas

substance in another

Toothpaste

Solid

Liquid

Pearls

Solid

Solid

Foams

Gas

Liquid

Industrial smokes

Solid

Gas

Soap/water

Micelles

Solvent

Dye solutions

Micelles

Solvent

Blood

Corpuscles

Serum

Bone

Hydroxyapatite

Collagen

Jellies

Macromolecules

Solvent

Glue

Macromolecules

Solvent

Disperse Systems

Association Colloids
Where molecules o f
soap or surfactants
are associated
together to form
micelles in a liquid
Biocolloids
Any biological
structure that has a
colloidal nature
Macromolecular
Colloids
A dispersion o f
macromolecules in a
liquid

Coexisting Phases

Multiple Colloids
Three phase systems

Oil-bearing rock

Porous rock

Oil

Water

Mineral flotation

Mineral

Water

Air bubbles

that coexist together
with two phases finely
divided

or
Oil drops

Table 1.3: Showing different classes and examples of colloid systems and their constituent phases
[ 112].
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1.2.2 E m ulsion D estabilisation
The main factors that affect the stability of colloids are gravity and the surface
energy of the system. It is these two factors that cause the four main processes that
lead to the phase separation of a colloid. These processes are sedimentation [112],
creaming [112-116], flocculation [116-120] and coalescence [17&119,121-124].
The formation o f a colloid causes an increase in the entropy o f the system but also,
due to the high surface-to-volume ratio, an increase in the surface energy. This
makes the system unstable and likely to separate into two phases unless the surface
energy, or interfacial tension, can be lowered. Flocculation and coalescence are
caused by this high surface energy of the discontinuous phase. As the particles in the
sub-phase group together, the surface energy is lowered and the colloid becomes
more stable. Flocculation is when the particles group together as small clumps or
floes, with the original particles still defined within the new cluster. Coalescence is
when they join to form larger particles and here the original particles fuse together to
form a larger unit. This can be seen in Figure 1.4.

o

o
o

D

88

0

O

o

O

Coalescence
---------------

O

0

o
o

O
O

88
0

o

b O
Flocculation
--------------- ^

O

Figure 1.4: Schematic diagram showing the processes of (a) Flocculation - where the particles
cluster together, and (b) Coalescence - where the particles fuse to form a larger unit.

The processes of coalescence and flocculation can be prevented if the surface energy
of the drops can be reduced. This is most commonly achieved using a surfactant
adsorbed onto the interface between the two liquids. A liquid-liquid colloid is
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commonly termed an ‘emulsion’ and flocculation would not be seen to occur in such
a system unless there was adsorption at the interface.
Sedimentation and creaming, however, are both caused by gravity and the difference
in density between the two phases. This is seen by the separation of the two phases
with the discontinuous phase either sinking to the bottom or rising to the top,
respectively, Figure 1.5.

C

0
0

o

t1

0

1
0

O

Creaming
--------------- ^

O

i

0

0

0

O

Sedimentation
W

0

b

o

C

o

Figure 1.5: Schematic diagram showing the processes of (a) Sedimentation - where the
discontinuous phase is more dense than the continuous phase and therefore falls to the bottom, and
(b) Creaming - where the discontinuous phase is less dense and rises to the top.

The effects o f gravity can be reduced or prevented by matching the densities of the
two phases. This could be achieved by dissolving a density-increasing species into
the phase with the lower density, using a concentration that would match them.
Another factor that can affect the stability of emulsion systems is that of Ostwald
ripening or molecular diffusion [124-134]. This occurs when there is a liquid-liquid
system made up o f non-uniform sized drops and the larger drops are seen to grow at
the expense o f the smaller ones due to the differences in their chemical potential.
The growth o f the drops is via a process of molecular diffusion where molecules of
the discontinuous phase move through the continuous phase to add to larger drops.
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1.2.3 E m ulsion C reation
Emulsions can be created either by dispersion - breaking down the bulk material via
shaking or stirring; or condensation of the discontinuous phase - building up the
drops [112]. Dispersion methods generally form emulsions with an inhomogeneous
and uncontrolled size distribution, with the discontinuous phase maintained with the
use o f surfactants. Condensation methods, however, allow for molecular clusters to
form which grow via molecular diffusion to produce drops with a homogeneous size
distribution. Emulsions can be made using this method by heating a mixture of oil
and water, where the solubility of the dispersed phase, e.g. oil, in the continuous
liquid, e.g. water, will increase, creating a saturated solution. This is then cooled
rapidly, thereby decreasing the solubility and causing the oil to condense from the
water as small homogeneous drops [135]. The drops form initially via a process of
nucleation where a cluster o f molecules aggregate to make a critical nucleus of
dimensions 1-10 nm, where the change in Gibb’s free-energy with respect to cluster
size is zero.

►

Cluster Size

Figure 1.6: Showing the change in free-energy with increasing cluster size [112]. The formation of
the critical nucleus, «c, occurs when
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This is illustrated in Figure 1.6 and the cluster size of the critical nucleus (nc) has
been shown to be in the order of 4 molecules for the nucleation of water [136].
The extent o f nucleation depends on the saturation of the oil in water; when the
temperature o f the system is decreased rapidly, this causes the concentration of the
aqueous dissolved oil to suddenly go above the critical supersaturation point,
causing the oil to spontaneously nucleate to reduce the concentration to below the
critical point. Once this concentration is reached, no more nucleation will occur and
instead the existing clusters will grow via molecular diffusion until the excess
aqueous dissolved oil is depleted [112]. This is illustrated in Figure 1.7.

Critical
Supersaturation
Concentration
O il(a q )

Nucleation
Time

Time

Figure 1.7: Showing the Critical Supersaturation point and corresponding Nucleation Time, after
which the drops grow via molecular diffusion [112].

Because the nucleation is spontaneous and the nucleation rate very fast, the resulting
emulsion will have a monodisperse size distribution.
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1.2.4 The DLVO T heory D escribing Em ulsion Stability
The Deryagin-Landau-Verwey-Overbeek (DLVO) theory describes the stability of
liquid-liquid emulsions being controlled by the interaction free-energy as a function
of drop separation; i.e. a sum of the contributions from the attractive Van-derWaals interactions, *Fai and repulsive Coulomb interactions between the double
layers of two drops, Wr [112,137&138]. A simplified form is given as Equation 1.16.

^tot=^a+^r

1.16

Where Wtot is the total interaction potential and Wa is defined by Equation 1.17.

Wa =

Af
12d

1.17

Where A is the Hamaker constant determined from the materials forming the two
emulsion phases (~ 10-20 J), r is the drop radius, and d is the separation distance
between two drops.
The Coulomb interactions,

arise due to the presence o f an electrical double-layer

at the liquid-liquid interface, and the widely accepted model is the Gouy-Chapman
approximation [139], which describes the layer of charge on the surface of a particle
to be balanced by a region o f opposite charge in the surrounding medium. In a
liquid-liquid emulsion system containing potential-determining ions, this would be
seen as two diffuse regions either side of the interface and this is illustrated in a
schematic diagram, Figure 1.8.
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Water

Water

Oil

w __
Distance

Figure 1.8: Schematic diagram of the Gouy-Chapman model showing the electrical potential
distribution across an oil-in-water emulsion drop. Included is the interfacial potential difference,
AW
o<f>= <f>w ~ <
f)o >and the layers A and B are the diffuse layer thicknesses in the aqueous and oil
phases respectively. D is the drop diameter and the vertical dashed lines represent the liquid-liquid
interface either side of the DCE drop.

Figure 1.8 shows a schematic diagram of the potential drop at the interface of a
water-oil-water system, e.g. across an emulsion drop. There are two diffuse layers A
and B on either side o f the liquid-liquid interface and an indication of the thickness
of these layers is given by the Debye length,

Mk

for each solution phase.

The Coulomb interactions, Wri can then be calculated using Equation 1.18.

Wr =

2n e r^

2 ln[l + exp(- k </)]

Where e is the dielectric permittivity of the continuous phase,

1.18

k

is the Debye-Huckel

parameter or inverse Debye-length, and £ is the surface zeta-potential. The zeta-
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potential is the potential measured at the outer edge o f the diffuse layer, termed the
Stem, Outer Helmholtz or Shear Plane [139-141], shown in Figure 1.9.
Shear
Plane
Potential
Debye
Length

4—
►
4-------------------► Distance

Mobile
Layer

Stationary
Layer

from
Surface

Figure 1.9: Schematic diagram showing the location of the Shear Plane and corresponding zetapotential, £ Also included is the relationship to the double-layer Debye-Length ( 1/ a :).

For an electrochemical potential established using potential-determining ions, there
would be a Shear Plane located either side of the liquid-liquid interface, as
described in Figure 1.8, and hence give rise to positive and negative zeta-potentials
of equal magnitude.
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1.2.5 S u rfa c ta n t-S ta b ilise d E m ulsions
Once an emulsion has been created without stabilisation, either by dispersion or
condensation, the attractive Van-de-W aals forces will be higher than the repulsive
Coulomb interactions and this will eventually result in phase separation. Most
emulsion systems therefore include a stabilising surfactant which acts by
partitioning or adsorbing at the interface. This will lower the surface energy between
the two phases and an example would be the formation of micelles, a schematic
diagram of which is shown in Figure 1.10.

Water

Water
Oil

+

a

Hydrophilic
Head

I Hydrophobic
f Tail

Micelle S

Figure 1.10: Schematic diagram showing a representation of a micelle by surrounding an oil drop
with lipid molecules. The hydrophobic tail of the lipid is soluble in the oil and the hydrophilic head is
soluble in the surrounding water. This creates a layer around the oil drop allowing it to remain
suspended in solution by preventing coalescence.

The addition o f surfactants to a simple emulsion system creates an association
colloid system, as described in Table 1.3, and there has been much research on the
characterisation of emulsions stabilised using surfactants [117,125,127&128];
namely the interfacial adsorption of surfactant molecules [66], proteins [142] and
other macromolecules [24] and their effect on the destabilising processes [128]. This
information is useful to the food processing industry as protein stabilised colloids
influence such properties as shelf life and foam stability in many food processes.
Also enzyme modified oil-water colloids are of interest to the pharmaceutical
industry [81]. When surfactants are used in a liquid-liquid system, the surface of the
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drops is covered with a hydrophilic layer allowing a hydrophobic, discontinuous
phase to remain suspended in an aqueous, continuous phase, Figure 1.10. These
studies using such a stabilised emulsion do not, however, give any information on
the ‘clean’ liquid-liquid interface
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1.2.6 R e se arch into S u rfa cta n tless E m ulsions
The lack o f structural information about the ‘clean’ liquid-liquid interface leads to
the need for a liquid-liquid emulsion system that can be prepared and stabilised,
without the use o f surfactants. This would give a ‘clean’ interface between the two
phases that could be studied easily to gain structural details of the interface. Studies
into surfactant-less emulsions can be seen in Table 1.4 and, despite the promising
work o f R.M. Pashley et al [149-151] and M. Abe et al [118,119,126,143-148],
research is still limited in this field.
As can be seen from Table 1.4, work has primarily been done on stabilising a
surfactant-free liquid-liquid emulsion and investigating the destabilising processes
that affect them. It can also be seen that the possible use of a surfactantless emulsion
as a model liquid-liquid interface has yet to be utilised.

30

E m ulsion System

P re p a ra tio n M ethod

P henom enon Studied and D ata O btained

Benzene, Cyclohexane and
Polystyrene in W ater

Agitation followed by Ultrasonication

[143]

77 -D ecane

Ultrasonication

Investigation o f the stabilising effect o f added polystyrene using light scattering,
turbidity, viscosity, interfacial tension, and zeta-potential measurements o f the
emulsion.
Coalescence and Ostwald Ripening rates m easured using a Single-D roplet detection
method from fluorescence-bunching signals.
Fluorescence measurements comparing the stability o f emulsions containing pyrene
dissolved in different hydrocarbon oil phases.
M olecular diffusion and droplet size using dynamic light scattering and ffeezeffacture microscopy.
Flocculation, evolution and growth o f the oil drops using freeze-fracture
microscopy.
Emulsion formation, surface properties and the environment o f the oil drops using
dynamic light scattering, size distribution, interfacial tension, zeta-potential,
Fourier-transform infra-red spectroscopy and fluorescence spectrum measurements.
Dispersion and stabilising effects o f n-H exadecane using size distribution, dynamic
light scattering and interfacial tension measurements.
Evolution and growth o f the drops using size distribution, light scattering and
conductive probe measurements.

[126]

in W ater

Benzene, Fluorobenzene, n Hexane or Cyclohexane and
Pyrene in Water.
flydrocarbon (Cfi-C^) in
W ater
Benzene in Water

Ultrasonication

Ultrasonication
Ultrasonication
Ultrasonic D ispersion

Tetralin, Benzene and n—
Hexadecane in W ater
Benzene, Hexane,
Cyclohexane or
Fluorobenzene in W ater
Soybean Oil, Perfluorooctyl
bromide, Perfluorohexane,
Propofol or Griseofulvin in
Water
Hexane, Octane, Decane,
Dodecane, Octadecane,
Squalane or 4-fluorotoluene
in W ater
Hexadecane in NaCl solution

Ultrasonication
Sonication or M echanical Dispersion

[144]
[145]

[118&119]
[146]

[147]
[148]

D e-gassing by F reeze-Thaw Cycling
followed by Agitation

Particle size, zeta-potential and turbidity measurements, to investigate de-gassing as
a method o f forming stable surfactantless emulsions containing water insoluble
drug-delivery oils.

[149]

D e-gassing by F reeze-T haw Cycling
followed by Agitation

Particle size, zeta-potential and turbidity measurements, to investigate de-gassing as
a method o f forming stable surfactantless emulsions containing different
hydrocarbon oil phases. The effect o f pH on the emulsions was also studied. A
mechanism based on the ‘fingering’ o f the oil into the water was proposed.
Electroacoustic measurements to investigate the stabilisation due to hydroxyl ions
with changing pH.

[150-152]

Homogenisation

T able 1.4: Summarising research into surfactantless emulsions systems and how they were prepared and studied.

[153]
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Oleic Acid and its Esters in
W ater
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1.3 Protein A dsorption and Small Angle N eutron S catterin g
1.3.1 An Introduction to P roteins and Bovine Serum Albumin
Proteins are a very important class of biochemical molecules because they are the
basis for the major structural or mechanical components of animal and human tissue
and play a role in almost every biological process. They are built from 20 simple
amino acids consisting o f an amino group, a carboxyl group, a hydrogen atom and a
specific R group or side chain. These acids can be hydrophilic, hydrophobic or
neutral and are also chiral molecules. Figure 1.11, shows the basic amino acid unit
and the 20 different R groups arranged according to their pH [154]. These amino
acids are then linked via peptide bonds to form a polypeptide chain, the linear
primary structure of proteins, with each protein being made from a different
combination. The amino acid sequence for Bovine Serum Albumin (BSA) is shown
in Figure 1.12 [155] derived from complementary DNA data. Also included in the
structure, are the positions of 17 disulphide bridges that form between adjacent
cysteine amino acids and give rise to the looped configuration of the polypeptide
chain. The primary structure has been classified as having 3 domains, as labelled in
Figure 1.12, and the linear pattern of loops with short-range coupling between the
cysteine groups, gives BSA a flexible structure and resistance to extreme conditions.
This is because the loops can associate together to form a globular structure, but can
also separate reversibly.
Figure 1.12 also shows that BSA has a low content of tryptophan, methionine,
glycine and isoleucine; and large numbers of cysteine, leucine, glutamic acid and
lycine. This causes the protein molecule to have a high total charge, 185 ions per
molecule at pH 7, and also a net negative charge o f -17, due to there being more
acidic amino acids than alkaline. The net charge of the protein is not spread evenly
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along the whole polypeptide, however, but is instead different for each domain. The
calculated net charges, therefore, for each domain are -11, -7 , and +1 for domains I,
II and III [155]. The isoelectric point has been determined to be at pH 4.7 [155].
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Figure 1.11: Showing the molecular structure of the 20 amino acids arranged according to their pH.
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lalvaljPUSRthr

Domain I

Domain II

fig

Domain III

Figure 1.12: The determined amino acid sequence of BSA and the positions of the 17 disulphide
bridges and 3 Domains [155].
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The secondary structure o f a protein details how the polypeptide chain is arranged.
This can either be as an a helix - a rod-like structure where the polypeptide chain is
tightly coiled, with the amino acid side groups extending outward in a helical array,
and is stabilised by hydrogen bonds between all the NH and CO groups on the main
chain; or a P pleated sheet - where the polypeptide chain is almost fully extended
and is stabilised by hydrogen bonds between NH and CO groups on different
polypeptide strands. The polypeptide chain can be present as both structures in the
protein molecule and it is the nature of folding and spatial arrangement of the chain
that gives rise to the protein tertiary structure. BSA has been shown to have 68 % of
the tertiary structure as a helixes, 17 % in the p form, and the remainder being
extended peptide chains [155]. The tertiary crystal structure, and native state, of
BSA is shown in Figure 1.13 [156&157].

Figure 1.13: Tertiary crystal structure of BSA showing the spatial arrangement of the domains I, II
and II. These domains have been further split into two subdomains, A and B, which share common
structural features [156].

As mentioned, BSA is a flexible protein that is resistant to moderately harsh
conditions, such as extremes of temperature and pH. Under such conditions, the

35

Chapter 1: Introduction

native structure changes conformation due to disruptions of the noncovalent
interactions that maintain the globular shape, and BSA has been shown to exist in 5
different isomers according to the pH: E (extended) below pH 3, F (fast) at pH 4, N
(normal) around pH 7, B (basic) near pH 8, and A (aged) near pH 10. Movement
between these isomers is reversible and does not result in complete denaturation, or
an irreversible loss o f structure and function.
In solution, two conformational forms have been suggested for BSA; firstly a heartshape with dimensions 84 x 84 x 31.5 A [159], similar to the crystalline, or N, form
and that o f human serum albumin in solution; and secondly an oblate ellipsoid, or
cigar shape, with dimensions 140 x 40 x 40 A [155]. A schematic diagram of the
cigar shape showing the 3 domains can be seen in Figure 1.14.

140 A
Figure 1.14: Schematic diagram showing the oblate ellipsoid conformation and domain positions, for
BSA in solution.

Overall, BSA is a well characterised water soluble protein and its function is as a
binding protein that transports chemicals, in the blood, thereby regulating the
distribution o f water and maintaining the osmotic pressure in the body. Because of
these binding properties, BSA has been shown to adsorb at interfaces, via physical
adsorption, as a monolayer with dimensions supporting those in Figure 1.14, without
losing any globular structure [160]. Fluorescent X-Ray interference patterns have
shown that BSA molecules adsorb with their short axis perpendicular to the interface
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[161] with a calculated surface area per BSA molecule of 7070 A2 [155]. This value
corresponds to a flattening of the BSA molecule at the interface, due to a partial
unfolding o f the structure, and it has been shown that there is a loss of a helix
structure and gain of random coil upon adsorption at equilibrium, with an
intermediate P structure [162].
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1.3.2 Investigating A dsorption a t the Liquid-Liquid Interface using
Small Angle N eutron S cattering.
As described, proteins adsorb via physical adsorption - i.e. electrostatic and
hydrogen bonding interactions, at the liquid-liquid interface to form a monolayer,
resulting in a conformational change in the protein molecule, but not irreversible
denaturation [163]. This can happen at an emulsion interface, and the rate of
adsorption o f BSA has been reported to be very fast once the interface has formed,
and acts to give increased stability to the emulsion [164-173].
A technique that has been used to investigate an adsorbed layer is Small Angle
Neutron Scattering (SANS). This is a simple diffraction technique that uses the
considerable difference in the scattering of a neutron from hydrogen nuclei
compared with that from a deuterium nucleus, to determine structural information
about the size and shape of molecules, and experiments using SANS to probe an
adsorbed interfacial layer are summarised in Table 1.5. From this table, it can be
seen that SANS has primarily been used to study the adsorption of surfactants at the
interface, with the adsorption of protein being restricted to solid-liquid or gel-liquid
interfaces. There is however, no reason why SANS should not be used to investigate
protein adsorption at an emulsion interface.
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A dsorbed L ay er Studied

W ater-H eptane

Blended cationic Didodecyldimethylammonium bromide
and Poly(ethylene glycol) monododecyl ethers

W ater-n-O ctane

Coadsorbed 1,2-«-O ctanoyl-.57z-glycero-3phosphocholine and /z-Pentanol,72-Hexanol or n Octanol.
M ixed Hexaethylene glycol monododecyl ether and
Sodium dodecyl sulphate.

H exadecane-W ater

In fo rm atio n O b tained
The effect o f changing size o f ether on the emulsion stability,
nanostructure and interfacial composition, showing that longer chain
ethers partition strongly into the surfactant layer w hilst shorter chains
adsorb much more weakly.
Droplet structure and composition o f the adsorbed layer showing
interfacial partitioning o f the alcohols.

R ef
[56]

[58]

Structure and composition o f the adsorbed m ixed-surfactant layer with
increasing surfactant concentration and the formation o f micelles.

[55]

Ethyl octanoate-W ater

N,7V-Dimethyldodecylainine-A-oxide

Details o f the structure and composition o f the emulsion interface using
contrast variation and model fitting.

[59]

D ecane-W ater

Pentaethylene glycol dodecylether

The microstructure o f the emulsion over a range o f surfactant
concentrations and the effects o f changing temperature on the micellar
size and shape.

[174]

Ceramic m em branesW ater

Bovine sem m albumin and Human serum albumin

Extent o f protein deposition at the pore membrane interfaces with
changing pH.

[175]

Surfactant-W ater

M ixed Pentaethylene glycol n-dodecyl ether and Sodium
decyl sulphonate
Lysozyme crystals

M easurements o f the bulk and interfacial properties o f lamellar
mixtures o f surfactants in water.
The protein is seen to adsorb oh the gel surface and the rate of
adsorption increases with increasing protein concentration.

T able 1.5: Summarising the literature concerning experiments using SANS to probe adsorbed layers at an interface.

[176]
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Silica gel-W ater

[67]
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1.4 Sum m ary
Overall, it can be seen that there is a need for structural and dynamical information
at the molecular level, regarding the ‘clean’ liquid-liquid interface due to its
importance

in many fundamental processes,

and recent techniques using

spectroscopic techniques have shown promising results. Information obtained
regarding the DCE-water interface is still mainly from theoretical predictions and
experimental results are in disagreement as to whether the interface is molecularly
sharp [43] or a diffuse ‘mixing’ region between the two liquids [29].
It has been proposed that SANS could be used as a technique to probe the liquidliquid interface with and without adsorbed protein, and to do this a surfactantless
emulsion needs to be developed that is stable for the timescales of the experiment.
This would therefore need to be resilient to the effects of gravity and have an
‘electrified’ interface so as to prevent drop coalescence.
Presented in this thesis are results concerning the development and characterisation
of such an emulsion, and also data from SANS experiments investigating an
adsorbed layer o f BSA at the emulsion interface. The utilisation of the established
potential to electrodeposit interfacial palladium is also described.
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2.1 M aterials
The water (H2O) used in experiments, was HPLC grade (Fluka), whereas the H2O
used for cleaning, was from a Milli-Q Gradient 18.2 MQ cm (at 25 °C) water
system. Sulphuric acid (H2SO4) (0.1 M, BDH; Analar grade with a minimum assay
of 98.0 %) was also used when cleaning all glassware.
The emulsions were composed of 1,2-dichloroethane (DCE) (Sigma; 99+ %
spectrophotometric grade) and deuterium oxide (D2 O) (Aldrich; 99.9 % atom D) and
stabilised by dissolving a density-matching species in the aqueous layer and
different potential-determining ions in the DCE or D20 phase. To match the
gravimmetric densities o f the two phases, both glucose (Aldrich) and sucrose
(Aldrich; 99+ % ACS reagent) were investigated. The different salts used were
lithium tetrakis(pentafluorophenyl)borate (diethyletherate)

(LiTPFB) (Boulder

Scientific, CO, 98 % pure), tetraheptylammonium bromide (THpABr) (Sigma),
tetraethylammonium

chloride

(TEAC1)

(Fluka

Biochemika;

>99

%),

tetrabutylammonium chloride (TBuACl) (Fluka Chemika; >97 %), and sodium
tetraphenylborate (NaTPB) (Aldrich; 99.5+ % ACS reagent).
For the electrochemistry experiments, tetrathiafulvalene (TTF) (Aldrich; 97 %) was
used as the electrochemical probe. This was also used in UV-Vis experiments to
determine the organic-ion concentration in the emulsion drops. Other probes tested
in the electrochemistry experiments, were ferrocene (Fc) (Fluka; >98 %) and
butylferrocene (BuFc) (Aldrich; 97 %).
The dyes used in optical microscopy experiments were oil-soluble Sudan Black
(Aldrich) and water-soluble Brilliant Blue (Sigma).
For Small Angle Neutron Scattering (SANS) experiments, the protein Bovine Serum
Albumin (BSA) (Sigma; >97 %) was partitioned at the liquid-liquid interface, and
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deuterated 1,2-dichloroethane (C2 D4 CI2 ) (d-DCE) (Aldrich; 99 atom % D) was used
in phase contrasting.
Using a D20-in-D CE (water-in-oil) emulsion, the emulsion interfacial potential
was

manipulated

to

drive

an

electrodeposition

reaction.

Ammonium

tetrachloropalladate (II) ((NEL^PdCU) (Aldrich; >99.995 %) and dimethylferrocene
(DmFc) (Aldrich; 97 %) were used as redox reagents, and lithium sulphate (U 2 SO4 )
(Sigma; 99 %) and lithium chloride (LiCl) (Aldrich; 99.99 %) were added to ‘saltout’ the solution.
All chemicals were used as received.
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2.2 G lassw are C leaning
Glassware was thoroughly cleaned by boil washing in sulphuric acid solution to
remove any contamination from detergents, which could possibly act as a surfactant.
All glassware was put into a large 2 L glass beaker and this was then filled with
deionised water until it covered the glassware by approximately 5-8 cm.
Concentrated H 2 SO4 (0.1 M) was added very slowly to the beaker with a pipette and
this was done in a fume cupboard and protective clothing was also worn.
The filled beaker was then heated, to allow the solution to boil, for 2 hours until half
the water had evaporated and this was then left to cool. Next, the H2SO4 solution
was poured away and the glassware rinsed thoroughly with deionised water several
times, and then left to dry overnight in an oven at 65 °C.
For equipment that had plastic or metal components, it was first washed in deionised
water directly from the water system; water was not used from plastic bottles as
these could be contaminated with plasticisers. The equipment was then washed with
ethanol and put in the oven to dry. If there was only metal, and no plastic
components, then the equipment was also rinsed with acetone before drying.
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2.3 S y n th e sis of Tetraalkylam m onium T etraphenylborate S alts
Firstly equimolar amounts (0.01M) of tetraalkylammonium chloride (TXAC1, where
X = methyl, ethyl, propyl, butyl etc.) and sodium tetraphenylborate (NaTPB) were
dissolved separately in water and in a mixture of 2:1 water to ethanol, respectively.
These solutions were then mixed together in an open beaker and left to stand for 2-3
hours.
The solution was filtered and the fine, crystalline precipitate o f salt was washed well
with water to remove any NaCl. The washings were tested for Cl~ ions using
AgNC>3 , which would turn white if any were present, and the salt was then left to dry
overnight in an oven at 65 °C.
To purify by recrystallisation, the crude salt was dissolved in a minimum amount of
hot acetone and stirred well. Some drops of ethanol were added and the solution was
heated gently, with stirring, to remove the acetone. It was then left to cool and
recrystallise. If, after removing the acetone, precipitation instead of recrystallisation
occurred, enough hot acetone was re-added to dissolve this precipitate and the
solution was then heated again.
When cool, the solution was filtered, washed well with ethanol and oven dried
overnight. The filtrate and ethanol washings were also recrystallised as above,
filtered, washed and dried separately.
The remaining filtrate and washings were heated to remove any acetone and then
left to cool overnight to see if any remaining salt was present.
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2.4 P ro ced u re for C reating a D CE-in-D 20 Em ulsion
The emulsion was created using a condensation technique and the manipulation of
the solubility o f DCE in water and its subsequent changes with temperature [135].
i

o

'i

Firstly, 10 cm D20 or H20 and 1 cm DCE were mixed in a 25 cm stoppered, glass
conical flask. A stirrer bar was added and the flask was then put into a 500 cm3 glass
beaker water-bath on a hot-plate. This was heated to 65 °C, with gentle stirring, for
1 hour to ensure that the aqueous phase became fully saturated with the DCE. The
flask was then put into a water-bath (Grant LTD 6; Grant Instruments, UK) set at 15
°C and left to cool for 30 mins. This decrease in temperature caused a decrease in
the solubility o f the DCE in water and resulted in the DCE condensing out of the
aqueous phase as emulsion drops.
After the solution had cooled for 30 mins, a sample of the emulsion was taken for
analysis using a variable volume pipette (Volac 200-1000 pi) with a modified tip.
The pipette tip was cut approximately 5 mm from the end, to increase the surface
area o f the opening, and so reduce the shear forces when pipetting the solution. Care
was also used when the sample was taken, to avoid withdrawing large drops of
suspended DCE. These were always present in the bulk solution due to the excess
volume o f DCE used in the formation of the emulsion.
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2.5 Stability M easurem ents
As a measure of stability with time, the turbidity of the emulsion was monitored
using a PC-controlled UV-Vis spectrophotometer (Agilent 8453 UV-Vis
Spectroscopy System; Agilent Technologies, Germany) with a thermostatted cell
holder set to the emulsion cooling temperature. The absorbance spectra between
190-1100 nm was recorded every 10 secs and, even though the processes of
sedimentation and coagulation could not be quantified separately, this gave a
qualitative measure o f the turbidity of the sample. This is because the UV-Vis
spectrophotometer records the light scattering from the emulsion drops and hence its
turbidity. As the emulsion destabilises, i.e. the drops change in size or sediment due
to gravity, the emulsion slowly clears and hence the turbidity decreases. To compare
the obtained data for each emulsion studied, the absorbance or turbidity was taken at
550 nm every 10 secs. This wavelength was chosen because, from a scan of the
emulsion across the 190-1100 nm range, there was no measurable absorbance peak
at this value, and it was therefore assumed that the spectra was purely emulsion
scattering at this wavelength. 10 mm or 2 mm pathlength Far-UV quartz cuvettes
(Hellma UK Ltd) were used in the spectrophotometer and were filled to the top to
prevent any DCE evaporating out of the emulsion into any headspace at the top of
the cuvette.
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2 .6 O p t i c a l M i c r o s c o p e E x p e r i m e n t s

The emulsion drop volume and number density were determined using Optical
Microscopy (Jenalab; Carl Zeiss, Germany), with bottom illumination, connected to
a video camera (TK-1085E; JVC, Japan) with PC data collection (Presto Video
Works Ver 4.1 Rev 6; NewSoft Technology Corp, Taiwan). The temperature was
maintained and controlled with the use of a peltier device (Thermo Electric Cooler
(TEC) Type DT 1069; Marlow Industries Inc., USA), Figure 2.1, positioned on the
stage of the microscope.
(a)

(b)
Copper Plate

Microscope Slide

r

O

Peltier Device
Water Bath
Light Beam

F igure 2.1: Schematic diagram o f the microscope platform temperature controller set-up showing (a)
side view and (b) top view. N ot to scale.

This was connected to a variable current supply temperature selector (built inhouse; R. Waymark, Figure 2.2: circuit diagram) and the copper plate above the
peltier device, allowed for efficient heat transfer between the peltier device and the
microscope slide.
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Figure 2.2: Circuit Diagram for the Microscope Temperature Controller.
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A sample o f the emulsion was put on the microscope slide (all slides and coverslips
from Agar Scientific, UK) on the temperature controller and the slide temperature
was recorded using a thermocouple at the end of each experiment, allowing for any
changes in temperature due to extra heating from the microscope lamp. The
thermocouple was also fixed to the top of the slide to compensate for any differences
between the temperature selector and the emulsion sample, and for all sizing
experiments the selector was set at 15 ± 0.2 °C.
Using the video camera and data capture software, images of the emulsion could be
recorded and from these, the average drop volume was calculated. This was done
using a calibrated size standard of 5.0 pm ± 0.05 pm Polymer Microspheres in water
(Duke Scientific Corporation, USA) (Figure 2.3a).
Due to the nature of the emulsion, the diffraction pattern of individual drops
changed according to the focal plane and so, for accuracy, the sizing images were
taken when the drops appeared with the same diffraction pattern. To calculate an
average volume and hence error from the standard deviation, three different images
of each sample were recorded and analysed. This gave on average 6 individual drops
in total for each sample. Figure 2.3b shows a typical image of the emulsion used to
calculate the drop volume.
The number density o f the emulsion was determined using a haemocytometer (non
metallised Improved Neubauer; Hawksley & Sons Ltd., UK) with a grid of 1/400
mm2 x 0.1 mm depth etched onto the surface. By placing a sample of the emulsion
on the haemocytometer, the number of drops per square could be counted under the
microscope and then scaled to give a value for drops per cm3. A typical image is
shown in Figure 2.3c. To obtain an average of six values for the number density per
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cm3, three images of each sample were taken and the standard deviation was used as
the error.

I

m

h

i

Figure 2.3: Typical images from optical microscopy experiments to measure Drop volume (b) and
Number density (c) An image o f the calibration polymer microspheres used for size calibration is also
included (a). All images were taken with the same magnification.
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2 .7 S m a l l A n g l e N e u t r o n S c a t t e r i n g ( S A N S ) E x p e r i m e n t s

The SANS experiments were carried out using three different diffractometers; LOQ
at the ISIS facility (Didcot, UK) and D22 and D ll at the Institute Laue-Langevin
(ILL) (Grenoble, France).
The first set of experiments were done at the ISIS pulsed neutron source (CCLRC
Rutherford Appleton Laboratory) using the LOQ diffractometer. The neutrons are
produced by using spallation of nuclei in a high atomic number target, i.e. an 800
MeV, 200 pA proton beam, is delivered in 50 Hz pulses to a tantalum target cooled
by heavy water [177]. Cryogenic moderators are then used to slow the neutrons.
LOQ is a fixed-geometry instrument and so uses pulses of neutrons of wavelengths
2.2 to 10 A, separated by time-of-flight and recorded at a 64 cm2 two-dimensional
3He gas detector. This was positioned 4.1 m from the sample and the sample was
placed in a thermostatted cell-holder set at 25 °C. A schematic diagram of the
diffractometer is shown in Figure 2.4 [178].

Monitor 3

ORDELA A re a
D e te c to r

— _____

(o n ly p l a c e d in b e a m f o r \
tra n s m is s io n m e a su re m e n ts )

M o n ito r 2

F r a m e O v e r l a p M irro r s

M o n ito r 1
H ig h -a n g le
D e te c to r B ank.

8AMPLE
A p e rtu re S e le c to r 2

D o u b l e - d is c C h o p p e r

NEUTRONS

A p e rtu re

S e le c to r

1

S o il e r S u p e r m i r r o r B e n d e r

THE LOQ
D IFFRACTOM ETER
F igure 2.4: Schematic diagram o f the ISIS LOQ diffractometer [178].
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The scattering vector Q-range obtained was 0.008 to 0.22

A-1, with

a 12 mm

diameter neutron beam. Once collected, the raw data was reduced by making
wavelength-dependent corrections, to allow for the incident spectrum shape,
detector efficiencies and measured sample transmissions [177]. Data collection and
reduction was done using standard ISIS programs.
The next two sets of SANS experiments were carried out at the ILL D22 and D11
diffractometers respectively. Here the neutron beam is produced from a reactor
source with a 93 % 235Uranium fuel element, and cryogenic moderators are again
used to slow the neutrons. Schematic diagrams of the two diffractometers are shown
in Figure 2.5 and 2.6 [179].
Sample

Neutron velocity
selector

Collimator

Aperture

Neutron beam

Neutron
guide

Aperture

Vacuum tube
L=20m; 0 = 2 5 m

Detector
120x129 pixels

F igure 2.5: Schematic diagram o f the ILL D22 diffractometer [179].

neutron guides

cold source
(liquid D j )

monochromator
(mechanical
velocity selector)

evacuated detector tube
(sun pie-detector distance: l.lm-3<un)

2 <lm«nsk>nal multidetector
\
(resolution lc m 2)

4.S sX [A .]s2 0
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fuel element
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F igure 2.6: Schematic diagram o f the ILL D l l diffractometer [179].
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Both D22 and D11 are fixed-wavelength instruments and these were set-up at
= 15 A and tarn = 13 A for the experiments. The neutron scattering from the sample
'i

was recorded on two-dimensional He gas detectors, with D22 having a 96 cm and
D ll having a 64 cm2 detector surface-area [179]. These were mounted on movable
stages to allow more than one sample-detector distance to be used and enabled a
larger g-range to be measured with each experiment. Two sample-detector
distances were used for both diffractometers; 3 m and 17.6 m to give a (2-range of
0.001 to 0.125

A-1 for D22 and 8 m and 34 m to give a Q-range of 0.0006 to 0.022

A-1 for D 11. The samples were placed in a thermostatted cell-holder set at 15 °C for
both diffractometers and the circular beam aperture diameters were 16 and 14 mm
for D22 and D ll respectively [179]. After data collection, the raw data from both
diffractometers were radially averaged and corrected for sample attenuation and
scattering from the quartz cell, using standard ILL programs.
The treated data from both ISIS and the ILL were then analysed using the
FORTRAN based SANS analysis program FISH [180] to model and fit the data.
For all SANS experiments, the emulsions were created as described in 2.4 and, after
cooling for 30 mins (LOQ and D22), a sample was placed in a 2 mm or 1 mm
pathlength circular Far-UV quartz cuvette (Hellma UK Ltd). For D l l , the cuvette
was heated to 65 °C and the emulsion was added to the cell without prior cooling.
This was then cooled in the cuvette in a water-bath set at 15 °C, for 5 mins before
being placed in the neutron beam for data collection. This prevented problems with
shear caused when taking the ‘cold’ sample.
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2 .8 O t h e r E q u i p m e n t

Another method employed to create an emulsion, was done using the ‘Avanti MiniExtruder’ (Avanti Polar Lipids Inc., USA) [181] A schematic diagram of the MiniExtruder is shown in Figure 2.7.

Sample Injection
Syringe

Heating Block

O -Ring
Channel

Extruder Outer
Casing

Sample Injection
Syringe

Filter
O-Ring Supports

Internal
Membrane
Support

GHP
Membrane

O -R ing

Teflon
Bearing

Internal
Membrane
Support

Retainer
Nut

Figure 2.7: Schematic diagram of the ‘Avanti M ini-E xtruder’ [181]

25 mm hydrophilic polypropylene (GHP) membrane filters (Pall Gelman
Laboratories, UK) with a pore size of 0.45 pm, were used in the Mini-Extruder to
create the emulsion and the filter supports used were those supplied with the
Extruder (polyethylene drain discs, 10 mm) (Whatman Nucleopore; UK).
Cyclic Voltammetry (CV) and Rotating Disc Electrode (RDE) (Oxford Electronics,
UK) electrochemistry experiments were carried out using a platinum working
electrode (Oxford Electronics, UK) with a 0.36 cm2 working area, platinum wire as
the counter electrode (Johnson Mathey; 99.99 %) and a silver/silver chloride
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electrode (BAS, UK) as the reference. These were connected to a PC softwarecontrolled potentiostat (Autolab; Windsor Scientific, UK) and a thermostatted cell
was custom-made (built in-house; J. Hughes, Figure 2.8: schematic diagram) to
accommodate the sample, working, reference and counter electrodes.

Reference
Electrode

Working
Electrode

Counter
Electrode

Coolant
Out
Coolant
Emulsion
Sample

Figure 2.8: Schematic diagram of the thermostatted cell used in all electrochemistry experiments

This was connected to the water bath to maintain the temperature of the emulsion
during the experiments.
The electrode was polished using 1.0 pm and then 0.3 pm grade alumina (Buehler,
USA) on a polishing pad (Kemet, UK) in a ‘figure-of-eight’ motion. This was then
rinsed with pure H 2 O and cleaned using potential cycling in 0.1 M sulphuric acid
from -0.3 to +1.3 V. The potential was cycled successively until a defined
voltammogram was obtained (Figure 2.9).
For the acid cycling, the counter electrode was platinum wire and the Standard
Calomel Electrode (SCE) was used as the reference.
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Figure 2.9: Typical cyclic voltammogram for a clean platinum working electrode used in all
electrochemistry experiments

Light Scattering was employed in various techniques to determine different
information. To measure the drop size and size distribution, a laser backscatter
technique (Optical Reflectance Measurement (ORM) Particle Size Analyser) (MTS,
Germany), using the thermostatted cell in Figure 2.8, and a laser diffraction
technique (Mastersizer 2000) (Malvern Instruments Ltd., UK) were used.
The backscatter technique works by focusing a laser beam through a lens to create a
very small focal point of high intensity [182]. The lens is then rotated, at a known
velocity, to give a circular scanning beam. When this beam intercepts a drop, light is
backscattered and can be recorded on a detector behind the lens, and because both
the scanning velocity and time of the backscattering are known, and the probability
of the beam hitting any part of the drop is equal, characteristic lengths are
determined for the sample being probed. These are termed chord lengths rather than
the drop diameter but the data is then converted from chord distributions into drop
diameter distributions.
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The laser diffraction technique, however, measures the drop diameter by using an
expanded He-Ne laser beam (9-18 mm beam width) [183]. This is shone through
the sample and, as the drops pass through the beam, they scatter light. At small
forward angles, this scattering is predominantly diffraction and this is detected by a
set of concentric detectors placed at the focal point of a Fourier transform lens. This
means that the detector only measures light scattered at a specific angle, which is
independent of the position in the sample of the drops, and calculates the drop
diameter.
Other laser diffraction instruments were also used to measure the zeta-potential at
the oil-water interface, namely a Coulter DELSA 440SX (Beckmann Coulter
Laboratories, UK) and a Zetasizer 3000 (Malvern Instruments Ltd., UK). All the
light scattering techniques investigated were PC software-controlled.
To analyse the electrodeposited samples, Scanning Electron Microscopy (SEM) with
X-Ray diffraction (EDAX) (15kV; JEOL, UK) and Electron Microscopy X-Ray
Analysis

(EMXA)

(Super Probe JXA-86000serie;

Electron Probe X-Ray

Microanalysers, JEOL, UK) were used with PC controlled software. The samples
were mounted on either aluminium with a conducting self-adhesive tab, or pure
carbon stubs (all Agar Scientific, UK).
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Chapter 3: Creation and Characterisation of an Oil-in-Water
Emulsion
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3.1 Introduction
The creation of an emulsion of 1,2-dichloroethane (DCE)-in-water using a
Condensation Technique is described and this technique has been optimised to give
the conditions needed to produce reproducible emulsions with comparable drop
volumes and number densities. These have been measured using optical microscopy
and light scattering techniques to characterise the emulsion and to investigate how
the drop volume, and hence the solubilities of the two phases, are dependent on
temperature.

60

Chapter 3: Creation and Characterisation o f an O il-in-W ater Emulsion

3.2 E m ulsion C reation
To create a surfactantless emulsion of 1,2-dichloroethane (DCE)-in-water, different
methods were investigated, with the most successful procedure being a
Condensation Technique [135]. This uses the manipulation o f the solubility of the
DCE phase in the water, illustrated in Figure 3.1.

DCE (0rg)

DCE
Oil
Water

Figure 3.1: Schematic diagram of a DCE drop in water showing the dynamics of solvent exchange,
schemes 1 and 2.

Figure 3.2 shows the literature solubility of DCE in water at different temperatures
and it can be seen that the solubility of the DCE in water increases with temperature,
and so as the two liquids are heated, the DCE dissolves into the water. The literature
data has been regression fitted using the equation: y=0.8+0.06exp° °3*.

|
J5*
15

O
co

0.8
20

30

40

50

60

70

80

Temperature / °C
Figure 3.2: Solubility plot of DCE in H20 determined between 23-73 °C [184]. The solid line
corresponds to the regression fit using the equation: y=0.8+0.06exp° 03jc.
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Conversely, as the solution is cooled rapidly, the solubility of the DCE in water
decreases and the DCE condenses out of solution as emulsion drops. From Figure
3.2 and using the equation for the regression line, it can be determined that when a
mixture of DCE and water is heated to 65 °C, 1.25 wt % of DCE is dissolved in
water, and then after it is cooled to 15 °C, 0.85 wt % of DCE remains dissolved. This
leaves 0.4 wt % of DCE supersaturating the water that will condense out of solution
to form small emulsion drops at nucleation sites [112]. Table 3.1, shows the
solubility weight percent of DCE dissolved in water at different temperatures, and
the calculated weight percent of DCE present as emulsion drops when the emulsion
is heated to 65 °C and then cooled to temperatures in the range 55-5 °C.

Temperature
/°C
65
55
45
35
25
15
5

Solubility
/wt %
1.25
1.11
1.01
0.94
0.88
0.85
0.82

wt % DCE
drops
-

0.14
0.24
0.31
0.37
0.40
0.43

Table 3.1: Showing the solubility weight percent of DCE in water at different temperatures [184].
Also included is the calculated wt % of DCE present as drops when the emulsion is heated to 65 °C
and cooled to temperatures in the range 55-5 °C.

As described in 1.2.3, the D20 becomes supersaturated with DCE as the mixture is
heated, and therefore when the temperature is rapidly decreased, the excess DCE
condenses out as drops. The nucleation sites form simultaneously in a finite period
of time and then the drops grow at a constant rate limited by radial molecular
diffusion [112]. Ostwald ripening, introduced in 1.2.2 as emulsion destabilisation
caused by the growth o f larger emulsion drops at the expense of smaller ones,
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therefore has a negligible effect and is ignored for an emulsion formed using this
technique. A proposed mechanism for the emulsion nucleation and growth is
described in Figure 3.3.
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Figure 3.3: A proposed scheme for emulsion nucleation and growth when created using a
Condensation Technique. A mixture of DCE and water are heated to 65 °C and the DCE dissolves
into the water as ‘free’ molecules and ‘clusters’ of 2-3 molecules (a). This mixture is then cooled to
15 °C, and clusters of 3-4 DCE molecules form nucleation sites over a finite time (b). These then
attract free molecules of dissolved DCE, via molecular diffusion, to create an emulsion DCE drop,
and the drops then grow by attracting other smaller clusters of dissolved DCE (c) eventually setting
up an equilibrium between the DCE drop and the aqueous dissolved molecules of DCE (d).

In Figure 3.3, it is proposed that when a mixture of DCE and water are heated to 65
°C, the DCE dissolves into the water. The DCE molecules will be dispersed in the
aqueous solution, not only as free molecules but also as clusters of 2-3 molecules
(Figure 3.3a). If, for example, a nucleation site corresponds to a cluster of 3 or 4
DCE molecules in aqueous solution [136], when the mixture is cooled to 15 °C,
these DCE clusters will spontaneously nucleate to reduce the concentration of the
supersaturated DCE-in-water solution. Other DCE molecules will also form clusters
and nucleate over a finite period of time (Figure 3.3b). These nucleation sites will
then attract the free aqueous dissolved DCE molecules and grow via molecular
diffusion, to create a DCE drop [112] (Figure 3.3c), eventually setting up an
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equilibrium between the DCE drop and the aqueous dissolved DCE (Figure 3.3d). In
turbidity experiments using the UV-Vis spectrophotometer, a sharp peak with a
scattering >3.5 au was repeatedly seen <200 nm when the emulsion was scanned
from 190-1100 nm, shown in Figure 3.4.
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Figure 3.4: Graph showing the turbidity vs. wavelength from 190-300 nm for an emulsion
containing D C E -in-1.5 M sucrose D20 , illustrating the sharp ‘scattering’ peak seen <200 nm. The
different plots correspond to measurements taken at different times; (----- ) initial scan, (------ ) after 10
mins, and (......) after 1 hour.

This sharp saturated peak seen in Figure 3.4 occurred for all emulsion samples that
were placed into the spectrophotometer at 65 °C and then allowed to cool to 15 °C in
the beam, while the turbidity was measured. The magnitude of this peak was seen to
be at the saturation limit of the UV-Vis absorbance over the first 10 mins while the
emulsion formed, and this then decreased slowly as the emulsion destabilised. This
peak was also present in a sample of D2 O saturated with DCE at 15 °C and is
thought to correspond to the clusters of DCE molecules dissolved in the aqueous
phase. The saturated maximum and then steady decrease in the scattering of this
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peak would then be due to the aqueous dissolved DCE molecules forming clusters
and then growing to form emulsion drops. The absorbance of this peak is still quite
high after 1 hour due to the presence of DCE still dissolved in the aqueous phase at
15 °C.
To heat the emulsion mixture, both an oven and a water-bath were investigated, but
it was found that the most effective method of heating was from a water-bath on a
hot-plate/stirrer set to the required temperature. This was because the liquids could
then be mixed more efficiently by stirring the two liquids gently with a magnetic
stirrer bar and because the water-bath allowed for efficient heat exchange between
the emulsion mixture and the hot-plate. Different methods of cooling were also
studied; namely, a fridge, a water-bath or leaving to stand at room temperature; with
the most successful and efficient being a cooling water-bath set to the desired
temperature. This was again because heat exchange was made more efficient and
therefore maintained a steady rate of cooling.
To determine the length of heating time needed to create a reproducible emulsion of
DCE-in-water, a mixture of DCE and 1.5 M sucrose in D 2 O were heated to 65 °C
for different, recorded solubilisation times and then cooled to 15 °C for 30 mins.
D 2 O and sucrose were used to reduce the rate of sedimentation and hence improve
the stability of the emulsion for this experiment. This is described fully in 4.2, and
the procedure for forming the emulsion is outlined in 2.4. A sample from each
emulsion was then taken and the turbidity was measured using a UV-Vis
spectrophotometer, and the average drop volume and number density were recorded
using optical microscopy, as outlined in 2.6. The results are shown in Figure 3.5.

65

Chapter 3: Creation and Characterisation o f an Oil—in—Water Emulsion

3 .2 e -1 1
3 .0 e -1 1 2 .8 e -1 1 ^ 2 .6 e -1 1 -

0)

E 2 .4 e -1 1 -

n

.

o 2 .2 e -1 1 H
o .2.0e-11 H

E

q

1.8e-11 H

20

40

60

80

100

Heating Time / mins

Figure 3.5: Turbidity measured at 550 nm (a), Number of drops per cm3 (b) and Drop volume (c) vs.
heating, or solubilisation, time for an emulsion of DCE-in-1.5 M sucrose D20 only. The different
symbols used in (a) correspond to two different experimental data sets and each data point shown for
all plots, was determined from a different emulsion created as described. Sucrose was included in
these experiments to reduce the rate of sedimentation and improve stability, and will be discussed
further in 4.2.

From Figures 3.5a and b, it can be seen that the turbidity and number density of the
emulsion follow a similar trend and reach a plateau after 1 hour of solubilisation
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time; illustrating the link between the turbidity and the number density of the
emulsion. Figure 3.5c plots the average drop volume of the emulsion against
solubilisation time and from this it can be seen that there is a very slight decrease in
the drop volume as the solubilisation time is increased. This also reaches a plateau
after 1 hour, and may be due to the emulsion becoming more reproducible.
Using the relationships,

3.1

N x V av= V t
and,

V;

ioo

3.2

Where N is the number of drops per cm3, Vav is the average drop volume in cm3,
is the initial volume and Vt is the total volume, in cm3, of DCE present as emulsion
drops, Mvi is the gravimetric mass of the initial volume, the total weight percent of
DCE ( W), present in the emulsion samples as condensed drops, can be calculated
from the drop volume and number density. This is plotted in Figure 3.6 for an
emulsion mixture that has been heated to 65 °C and then cooled to 15 °C, and it can
be seen that the weight percent of DCE condensed as drops, also reaches a plateau
after 1 hour o f solubilisation time, reaching a value of approximately 0.4 wt %. This
supports the literature data seen in Figure 3.2, verifying that the aqueous phase of
the heated emulsion sample is saturated with DCE after 1 hour.
The turbidity was also plotted against number density, and this can be seen in Figure
3.7, where the fitted regression line shows that there is linear relationship between
the two and therefore the turbidity can be used as a measure of emulsion
destabilisation.
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Figure 3.6: Total DCE wt % present as condensed emulsion drops, calculated from the average drop
volume and number density from Figure 3.5b and c, vs. solubilisation time for an emulsion of DCEin-1.5 M sucrose D20 only.
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Figure 3.7: Graph plotting the emulsion number density vs. turbidity to illustrate the linear
relationship between the two. The equation for the fitted regression line isy=24x-58.

Other methods investigated for creating the emulsion, were shaking by hand,
mechanical agitation, and sonication. But these led to emulsions that were
inhomogeneous with a large size distribution and, with sonication in particular, an
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emulsion that consisted o f both DCE-in-water and water-in-DCE drops. This
phenomenon is termed a ‘multiple’ or ‘double’ emulsion [124] and was also seen to
occur when the emulsion was created using an “Avanti Mini-Extruder” [181]. This
is commonly used in the creation of unilamellar vesicles [185] and it was proposed
that it could be used to make a homogenous emulsion. A schematic diagram of this
is shown as Figure 2.7 in 2.8 and was set-up so that one syringe was filled with
DCE and the other with water. One phase would then be pushed through the
membrane into the other, and it was proposed that the extruder would create an
emulsion that consisted of a uniform drop volume, similar to the pore size of the
membrane used [185]. In practise, the Mini-Extruder could produce an emulsion
that was relatively more stable than one created using a condensation technique, but
proved to an unreliable method for emulsion formation. The turbidity versus time
for emulsions created using the Extruder and condensation technique are shown in
Figure 3.8, where the data has been normalised for easier qualitative comparison.
This was because the emulsions were created using different methods causing the
number densities, and therefore turbidities to be significantly different, making them
hard to compare. The original turbidity values were 0.91 and 1.26 a.u., for the
emulsion formed using the ‘Avanti’ mini-extruder and one formed using a
condensation technique, respectively.
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Figure 3.8: Graph showing the turbidity at 550 nm vs. time of DCE-in-D20 emulsions formed using
(a) the ‘Avanti’ mini-extruder and (b) a Condensation Technique. The original turbidity values were
0.91 and 1.26 au, and the rate of change of turbidity with time for the lines are -90.7 and -179.8 xlCT
6 au s-1 for the emulsion formed using the extruder and condensation methods respectively.

Even though Figure 3.8 suggests that the extruder method created an emulsion that
had a lower change in turbidity with time, -90.7 xlO-6 au s-1 compared with -179.8
xlO-6 au s '1, the extruder proved to be an unreliable technique. This was due to
frequent problems from leaking syringes, caused by the high pressure at the internal
membrane, and rapid coagulation of the DCE after it had been pushed through the
extruder into the water phase, resulting in a single drop of DCE in water containing
a suspension of fine water drops.
There were also problems encountered when removing the emulsion from the
injection syringes. The emulsion experienced a high degree of shear when pushed
through the syringe needle, and this increased the rate of coalescence of the
emulsion drops. When stabilising agents were added, namely sucrose or potential-
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determining salts, these were seen to precipitate from the solution when pushed
through the extruder membrane.
Due to these problems, it was determined that emulsions created using the
condensation technique, i.e. heated to 65 °C for 1 hour and then cooled to a lower
temperature for 30 mins, were more reproducible with respect to drop volume and
number density, and were easier to produce and analyse.
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3.3 Em ulsion C haracterisation
3.3.1 Optical M icroscopy Experim ents
The emulsion drop volume and number density were determined using optical
microscopy, as outlined in 2.6. Transmission illumination, was used because it gave
sharper images with the most distinguishable interface, than top or side illumination.
Because DCE and water have similar refractive indices, 1.333 and 1.445 (at 20 °C,
589 nm [186]) respectively, the drops were hard to distinguish in the water phase
under the microscope using top and side illumination, and therefore it was hard to
determine the interface. With transmission illumination, however, the interface was
seen as a ‘shadow’ and gave rise to different diffraction patterns. This pattern
changed according to the focal plane, Figure 3.9, and so, for accuracy, sizing images
and measurements were taken of drops with the same diffraction pattern (d) (see
also 2.6, Figure 2.3).
<—<

F igure 3.9: Images o f an emulsion drop, (a-f), showing some o f the different diffraction patterns
observed. The diffraction pattern shown in (d) was chosen as showing the sharpest interface and only
drops seen with this pattern were measured.

To try and improve the microscope images, and make the drops more visible in
solution, the use of oil and water-soluble dyes were attempted. These were still
however partially soluble in the other liquid and so did not give a visibly sharp
interface. Different slides were also tested, namely mirrored and black slides, but
without success, and there were also problems arising from the DCE drops adhering
to the hydrophobic glass slide and coverslip and therefore giving a ‘false’ size. To
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overcome this, ‘cavity’ slides and a slide with a ‘fused-ring’ in the centre, were
tested. These had a circular hollow in the centre and so allowed for a larger sample
volume to be studied. Neither of these proved to be successful however because,
even though there was an increase in sample volume, this led to there being a higher
number density of drops in the sample and so it was harder to distinguish individual
drops. To ensure that only emulsion drops that were free in solution were measured,
images were only taken of drops that were seen to be moving and not static. The
temperature o f the emulsion also needed to be maintained and controlled, i.e. when a
sample of emulsion at 15 °C was placed on a slide at room temperature, problems
arose from the sudden change in temperature. This was solved by the use of a peltier
device, shown in 2.6 as Figure 2.1, to maintain and control the slide temperature and
was positioned on the stage of the microscope.
To calculate the average drop volume, calibrated size standards of 5.0 pm ± 0.05 pm
Polymer Microspheres in water were used. Images of these were taken under the
highest magnification, shown in 2.6 as Figure 2.3a, and the average diameter of the
spheres was measured. By measuring the diameter of the emulsion drops under the
same magnification and comparing this with the measured diameter of the size
standard, an accurate value for the volume of the emulsion drops was calculated.
The number density, o f drops per unit volume of the emulsion, was calculated using
an optical microscope and a Haemocytometer slide. This was a specially designed
cell, commonly used to count blood cells, and consisted of a slide with an etched
grid in the centre. Each square in the grid was of a known dimension and so, by
counting the number of drops in one square, this number could be scaled up to give
the number of drops per unit volume, as described in 2 . 6 .
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To characterise the emulsion, a mixture of DCE-in-1.5 M sucrose D2 O, was
prepared, as in 2.4, and a sample of the emulsion was put on a microscope slide on
the Peltier device, set at 15 °C. The initial drop volume and number density were
measured whilst the flask containing the bulk emulsion solution was maintained at
15 °C in the water bath for subsequent samples. Measurements of the initial drop
volume were recorded as outlined in 2 .6 , and then fresh samples from the bulk
emulsion were taken every hour for 5 hours. The change in drop volume with time
can be seen in Figure 3.10, and it can be seen that the drop volume increased
linearly, doubling after 2 hours.
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Figure 3.10: Change in drop volume with time for a DCE-in-1.5 M sucrose D20 emulsion system.

The number density of the emulsion was also measured every hour in this
experiment; however, due to the high vapour pressure of DCE, as every sample was
removed, the DCE in the headspace of the vessel was also released. As a result the
number density, and thus the volume fraction of DCE in the emulsion, was reduced
falsely by a destabilising factor other than sedimentation or coalescence. This was
also seen to be true for the drop volume, and so an experiment was performed where
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the drop volume and number density were measured initially and then again after 20
hours. The flask was not reopened during this time and the results show that, for an
emulsion o f DCE-in-1.5 M sucrose D 2 O, heated to 65 °C and cooled to 15 °C, the
initial drop volume was 25 ±5 pm3 and after 20 hours, this increased to 180 ±4 pm3.
f\

1

The initial number density was found to be 140 ±12 xlO drops per cm and after 20
hours and this decreased to 7 ±6 xlO6 drops per cm3 (this error seems to be large due
to extensive emulsion destabilisation, resulting in only 3 ±3 drops being counted per
square of the Haemocytometer). The value for the drop volume after 20 hours is
similar to that obtained after 7 hours by extrapolating Figure 3.10, and this suggests
that by opening the flask and releasing the headspace every hour, the rate of
destabilisation of the emulsion was accelerated. Figure 3.10, still shows,
qualitatively, how the emulsion destabilises over time and from calculations using
the data for the drop volume measured initially and after 20 hours, the volume is
seen to double after 7 hours instead of after 2 as suggested by Figure 3.10.
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Figure 3.11: Graph showing turbidity at 550 nm vs. time for an emulsion containing DCE-in-1.5 M
sucrose D20. The change in turbidity with time is -179.8 xlO-6 au s-1.
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By looking at the change of the turbidity with time, as described in 2.5, for an
emulsion of DCE-in-1.5 M sucrose D 2 O, Figure 3.11, it can be seen that this also
decreases with time, -179.8 xlO-6 au s"1, showing the link between the drop volume
and number density with emulsion turbidity.
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3.3.2 Light S cattering E xperim ents
Surfactant stabilised emulsions are conventionally characterised using light
scattering techniques involving analysis using Mie Theory, using the dependence of
the complex scattering from a large sphere, on the scattering angle [112]. To
determine the emulsion drop volume and size distribution, a variety of light
scattering techniques were investigated, as described in 2 . 8 , but initial backscatter
methods and subsequent experiments using a conventional laser light scattering
emulsion sizer proved inconclusive. Results from the laser backscatter method
recorded a drop diameter of 6 ±3 pm irrespective of temperature. The technique,
however, involved stirring of the sample, in the thermostatted cell (2.8, Figure 2.8),
using a magnetic stirrer bar and this was seen to rapidly destabilise the emulsion due
to the increase in shear. The results were therefore believed to be inconclusive and
unreliable and so a conventional laser light scattering technique was tested.
As described in 2.8, this conventional light scattering technique was done using a
Mastersizer 2000, used at room temperature, 25 °C. An emulsion was created,
following the procedure in 2.4, composed of 100 cm H2 O and 1 cm DCE. Also
included were, 0.1 M tetraethylammonium chloride (TEAC1) in the water and 1 mM
tetraethylammonium tetraphenylborate (TEATPB) in the DCE phase to help
stabilise the emulsion. The emulsion was also added to the Mastersizer ‘hot’, at 65
°C, rather than being cooled first. This was to make sure that the emulsion formed at
the same temperature as the equipment and avoided any destabilisation caused when
introducing the sample. A larger volume of the aqueous phase was also used so that
the emulsion could be added directly to the Mastersizer without prior dilution. This
was because the sizer employed a flow-through system which would mix the sample
with an aqueous medium and dilute the sample for analysis. Stirring and dilution
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(not shown) have been seen to destabilise the emulsion due to an increase in shear,
and so, by initially using a larger volume of water to make the emulsion, this would
eliminate the dilution stage and allow the propeller to be run at its lowest setting. For
these experiments, this setting was 1500 rpm and, although this still accelerated the
rate of destabilisation, this gave an interesting result for the drop size, seen in Figure
3.12.
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Figure 3.12: Graph showing emulsion drop percentage volume vs. drop diameter (pm) for an
emulsion containing DCE-in-H20, measured at 25 °C using a Mastersizer 2000.

From Figure 3.12, two peaks, at 3.6 and 12.3 pm belonging to two different
populations of drop diameters, can be seen. The peak at 3.6 pm corresponds to the
expected diameter of the emulsion drops, whereas the larger peak at 12.3 pm is
believed to be from larger coalesced drops formed by the stirring of the solution.
Using the measured percentage volume for each diameter, a ratio of 6:1 is calculated
for drops at 3.6:12.3 pm, showing that the smaller drops are more prevalent in
solution, even though the peak height for the larger drops is much greater than that
for the small drops.
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3.3.3 T em perature Effects on the O il-in-W ater Em ulsion
Due to the nature o f the emulsion system and the way that it was formed, the
solubilities o f the system, and hence drop volume are sensitive to temperature
changes. To investigate this further, an emulsion of DCE-in-1.5 M sucrose D 2 O
was created, following the method described in 2.4, by heating to 65 °C for 1 hour
and cooling to 15 °C for 30 mins, and then a sample was taken. Sucrose was
included in the emulsion to reduce the rate of sedimentation, described in 4.2. Using
the microscope temperature controller, a sample of the emulsion was heated under a
optical microscope, as outlined in 2 . 6, and the drop volume was measured at
intervals as the emulsion was heated in recorded increments from 15 to 40 °C. The
measured volume was then converted to weight percent using the measured initial
number density o f l 4 0 ± 1 2 x l 0 drops per cm and this was plotted in Figure 3.13,
showing that the weight percent of the DCE drops, and hence also drop volume, is
inversely proportional to the temperature, as expected. The data was also regression
fitted using the equation: y=0.08+0.8exp-° 07*.
This effect o f temperature on the emulsion was also reversible and to illustrate this,
an emulsion of 5 mM LiTPFB DCE-in-1.5 M sucrose D 2 O was created as described
in 2.4, sucrose was again used to reduce sedimentation and also the potentialdetermining salt, lithiumtetrakis(pentafluorophenyl)borate (LiTPFB) was added to
reduce the rate of coalescence, described in 4.3.
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Figure 3.13: Graph showing the weight percent of DCE as emulsion drops vs. the temperature of the
system for an emulsion containing DCE-in-1.5 M sucrose D20 . The solid line is the regression fit
using the equation: ^0.08+O.Sexp-0^07x.

After the emulsion had cooled to 15 °C for 30 mins, a sample was put into a 10 mm
pathlength cuvette and analysed using a UV-Vis spectrophotometer set at 15 °C.
Figure 3.14 shows the turbidity at 550 nm versus time of the emulsion sample as the
temperature was cycled starting from 15 °C to 35 °C and then down to 15 °C. As the
temperature was increased the drop volume decreased accordingly and thus there
was a corresponding decrease in turbidity. The reverse was observed on cooling
from 35 °C to 15 °C. The turbidity at 25 °C, seen at points (b) and (d) in Figure 3.14,
shows no change after heating and cooling, indicating that there was no significant
change in the number density of the emulsion. There was, however, a small decrease
in the turbidity o f the emulsion at 15 °C, at the end of the experiment compared to
the start, and this was probably due to convection currents destabilising the emulsion
during the experiment.
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Figure 3.14: Turbidity at 550 nm versus time for temperature cycling starting from 15 °C (a), 25 °C
(b), 35 °C (c), 25 °C (d) and 15 °C (e). This is for an emulsion of 5 mM LiTPFB DCE-in-1.5 M
sucrose D20, using a 10 mm pathlength cell.

The rate at which the temperature was altered was maintained at a slow rate of
approximately 1-2 °C per minute during the experiment. This was because, if the
temperature was decreased too quickly (1-2 °C per second), the emulsion drop
volume would increase slightly, but a secondary emulsion would also start to
nucleate and grow, discussed further in Chapter 5.
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3.4 C o nclu sio n s
It was found that the most reproducible emulsion was formed using a Condensation
Technique, manipulating the solubility of DCE in water. This technique was
optimised and a procedure was created for the formation of a surfactantless DCEin-water emulsion. This involved heating a mixture of DCE and water to 65 °C for 1
hour with stirring and then cooling rapidly in a water bath set at 15 °C for 30 mins.
The emulsion was then characterised using optical microscopy and UV-Vis
spectrophotometry and was found to have an initial number density of 140 ±12 xlO6
drops per cm3 and an initial average drop volume of 25 ±5 pm3. This was seen to
almost double after 7 hours in a sealed container, however, and was shown to be
very unstable. The emulsion drops were also found to be very sensitive to external
shear and this was shown when using conventional light scattering techniques and
also electrochemistry. Cyclic Voltammetry (CV) and Rotating-Disc Electrode
(RDE) studies were carried out to look at the diffusion kinetics of the
electrochemical probes tetrathiafulvalene (TTF), ferrocene (Fc) and butylferrocene
(BuFc) across the emulsion interface; however problems were encountered when the
solution was stirred by the electrode. The rotation caused rapid destabilisation of the
emulsion and a layer of DCE was seen to form at the electrode surface, thereby
preventing any useful information being obtained.
The emulsion was also seen to be sensitive to changes in temperature, with the drop
volume being inversely proportional to an increase in temperature. This
phenomenon was shown to be reversible and that the drop volume could be
controlled using temperature changes. This was only dependent on the temperature
being changed by 1-2 °C per minute, rather than 1-2 °C per second. If the
temperature change occurred too quickly, a secondary emulsion would start to
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nucleate and grow from the DCE dissolved in the aqueous phase, rather than this
adding volume to the original emulsion drops.
Overall, techniques using a condensation method, optical microscopy and turbidity
measurements, were developed and optimised to create and characterise a
surfactantless emulsion with a reproducible drop volume and number density.
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Chapter 4: Stabilisation of an Oil-in-Water Emulsion
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4.1 Introduction
In this chapter, the stabilisation of the DCE-in-D20 emulsion created and
characterised in Chapter 3, is described. This is achieved by reducing the effects of
sedimentation by dissolving sucrose, a neutral density-altering species, in the
aqueous phase, and also reducing coalescence of the drops, by establishing a
Galvani-type potential across the oil-water interface. The effects of the stabilisation
have been monitored using turbidity and optical microscopy measurements and the
emulsion is seen to have significant stabilisation over two hours compared with an
emulsion of DCE-in-C^O only.
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4.2 R educing Sedim entation
A set of experiments were designed and carried out to investigate the effects of
gravity on the oil-in-water emulsion system. As DCE (density = 1.235 g cm-3 at 20
°C) [186] is denser than water, sedimentation of the drops, rather than creaming,
occurs. It was proposed that if the densities of the two liquids were matched then the
rate o f sedimentation would be reduced and the main factor affecting the stability
would be that o f coalescence. It was also thought that, due to the uniform drop size
resulting from the condensation technique used, the effects of Ostwald ripening
would be negligible.
Firstly, D20 (p = 1.105 g cm-3 at 20 °C [186]) was used as the aqueous phase
instead of H20 . Emulsions were prepared, as in 2.4, to compare DCE-in-H20 only
with DCE-in-D 20

only and the stability was monitored using turbidity

measurements at 25 °C. The results are shown in Figure 4.1 and all the turbidity
versus time graphs have been normalised for easier qualitative comparison. This was
because, in these experiments, the emulsion was heated until it reached 65 °C for 20
mins. This led to the aqueous phase not being fully saturated with DCE and so the
turbidities of the different emulsion samples were significantly different, making
them hard to compare. The original turbidity values were 0.99 and 1.26 a.u., for the
H20 and D20 emulsions respectively.
From Figure 4.1, it can be seen that using D20 does not give any significant
stabilisation to the emulsion, relative to using H20 . This can be verified by
comparing the change in turbidity with time for the two plots; -179.5 xlO-6 for H20
and -172.6 xlO-6 au s-1 for D20 . The similarity between the destabilisation of the
two systems is because the difference in density between H20 and D20 is negligible
when compared with the density of DCE. Although it would be less expensive to use
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H2 O as the aqueous phase, D2 O would be required in SANS experiments and so it
was decided to use this in future stabilisation experiments.
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Figure 4.1: Turbidity at 550 nm vs. time at 25 °C, comparing H20 (— ) and D20 (— ) as the
aqueous phase in a DCE-in-water emulsion. The original turbidity values were 0.99 and 1.26 au, and
the rate of change of turbidity with time for the plots are -179.5 and -172.6 xlO-6 au s_1 for the H20
and D20 emulsions respectively.

To match the density of the D 2 O with that of the DCE, a neutral-density altering
species, e.g. a sugar, was required. Possible aqueous sugar concentrations and their
densities [186] can be seen in Table 4.1, and these were matched with the density of
DCE at 20 °C, a value of 1.235 g cm-3. From Table 4.1, sucrose was chosen on the
basis of its cost, availability and effectiveness at altering density.
The literature densities of the different sucrose solution concentrations in H2 O
investigated can also be seen in Table 4.2, and included in this table is the
experimentally measured gravimetric density of 1.5 M sucrose in D20 .
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Sugar

Density
/g cm'3 at 20 °C

Concentration
/M

1.2404
1.1372
1.2342
1.1340
1.2299
1.1308
1.2304
1.1367
1.2295
1.1366

Fructose
Glucose
Glycerol
Maltose
Sucrose

3.580
2.020
3.562
2.014
11.752
6.385
1.796
1.062
1.796
1.063

Table 4.1: Showing the densities of different concentrations of various sugars dissolved in water at
20°C [186].

Solution
h 2o
d 2o

DCE
0.5 M Sucrose H2 0
1.0 M Sucrose H2 0
1.5 M Sucrose H2 0
2.0 M Sucrose H2o
1.5 M Sucrose D2o

Density /g cm 3
0.998
1.105
1.235
1.07
1.13
1.19
1.25
1.26

Table 4.2: Showing the literature densities of various solutions at 20 °C [186], and also the
experimentally measured density of 1.5 M Sucrose in D20 at room temperature.

As the densities of the two phases change with temperature, an experiment was
designed to determine at which temperature the densities of the DCE and
D20/sucrose solution were matched. The experiment involved the observation of
creaming or sedimentation of large (1-3 mm diameter) DCE drops in aqueous
sucrose solutions, as the solution was heated slowly from 5 to 85 °C. The initial state
of the sample was recorded and as the emulsion was heated, the density of the DCE
relative to the D20 , and vice versa, was observed. Different sucrose concentrations
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were investigated in a range of 0.5 to 2.0 M and temperature ranges were determined
for each concentration of sucrose to show at which temperature the DCE would be
affected by either sedimentation or creaming. The results are shown in Table 4.3.

1.0

1.25

1.5

1.75

2.0

<60 °C

<45 °C

<30 °C

< 15 °C

<10 °c

Dispersed

65-73 °C

53-58 °C

40-45 °C

28-33 °C

15-23°C

Creamed

> 80 °C

> 63 °C

> 55 °C

>45 °C

>30 °C

Sucrose conc.
/M
DCE state
Sedimented

Table 4.3: Showing the temperature range at which the DCE phase is dispersed (i.e. the same
density) as the D20 phase containing different concentrations of sucrose.

It can be seen, from Table 4.3, that at 25 °C, the optimum concentration of sucrose
in D2 O would be between 1.75 and 2.0 M. It also shows that to match the densities
of the two liquids, a balance needs to be achieved between the concentration of
sucrose and the temperature that the solution is cooled to during formation.
Different sucrose concentrations between 0.5-2.0 M were then tested in an
emulsion. The emulsion was made using the procedure outlined, in 2.4, with the
sucrose dissolved first in the D2 O before the DCE was added, and after cooling for
30 mins to 15 °C, a sample was taken for analysis of turbidity with time. The results
can be seen in Figure 4.2. As explained, the turbidity versus time graphs have been
normalised and, for these experiments, the original turbidity values were 1.92, 1.71,
1.63 and 1.26 a.u., for 1.5,1.0, 0.5 M and no sucrose respectively. It can be seen that
there appears to be a trend of increasing turbidity with increasing sucrose
concentration and, even though the samples were not heated until saturated, they
were heated for approximately the same length of time, this suggests that the sucrose
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is therefore increasing the rate of solubility between the DCE and water. This could
be due to the increased viscosity of the aqueous phase causing a decrease in the rate
of coalescence and so maintaining a high DCE-water surface area during emulsion
heating.
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Figure 4.2: Turbidity at 550 nm vs. time at 15 °C, for DCE-in-D20 containing (a) 1.5 M, (b) 1.0 M
and (c) 0.5 M sucrose with no salts and (d) a sample of DCE-in-D20 only. The original turbidity
values were 1.63, 1.71, 1.92 and 1.26 au, and the rate of change of turbidity with time for the plots
are -23.5, -29.7, -36.8 and -214.6 xl0~* au s“' for 1.5, 1.0, 0.5 M and no sucrose respectively.

From Figure 4.2, and by comparing the change in turbidity with time for the results
from each sucrose concentration, it can be seen that with a concentration of sucrose
of 1.5 M there was a marked improvement on the stability o f the emulsion, by
reducing the effect of phase separation. For 1.5 M sucrose, the change in the
turbidity with time is -23.5 xlO-6 au s-1, whereas for an emulsion containing DCEin-D20 only, this is increased to -214.6 xlCT6 au s_1. For emulsions containing 1.0
and 0.5 M sucrose, the change of turbidity with time was -29.7 and -36.8 xlO-6 au
s 1 respectively. When a solution of 2.0 M sucrose in D 2 O was investigated, the

90

Chapter 4: Stabilisation o f an O il-in-W ater Emulsion

density of the DCE was less than that of the D 2 O, and so the DCE formed a layer at
the top of the mixture, resulting in evaporation as the solution was heated. This
prevented the emulsion from forming via a condensation method. There was also a
limit to the amount of sugar that could be dissolved in the aqueous phase and the
higher the concentration, the higher the probability of precipitates forming when the
emulsion was heated and then cooled rapidly. It was therefore ensured that the
concentrations of sucrose and stabilising salts used in all future experiments, were
low enough so that precipitates did not form.
Different glucose concentrations were also tested in a range of 1.7M to 2.7M, and
the emulsion was made using the procedure explained in 2.4, with the sugar
dissolved first into the D 2 O before the DCE was added. These emulsions were then
studied using turbidity measurements, and the results can be seen in Figure 4.3.
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Figure 4.3: Turbidity at 550 nm versus time at 25 °C, for DCE-in-D20 containing (a) 2.7 M, (b) 2.2
M and (c) 1.7 M glucose with no salts and (d) a sample of DCE-in-D20 only. The original turbidity
values were 1.11, 1.24, 1.46 and 1.26 au, and the rate of change of turbidity with time for the plots
are —20.7, -32.8, -58.1 and -215.3 xlO-6 au s-1 for 2.7, 2.2, 1.7 M and no glucose respectively.
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The data in Figure 4.3 was also normalised, with the initial turbidity values being
1.11, 1.24, 1.46 and 1.26 a.u., for 2.7, 2.2, 1.7 M and no glucose respectively. There
appears to be an inverse trend, when compared with the experiment using sucrose, in
the turbidity values with relation to glucose concentration and it is thought that this
is due to changes in experimental technique between creating the samples and not
due to the glucose affecting the emulsion number density.
From Figure 4.3, it can be seen that glucose also stabilised the system well by
reducing the change in turbidity with time to -20.7 xlO-6 au s_1 for 2.7 M glucose
compared to -215.3 xlO-6 au s_1 for an emulsion of DCE-in-D20 only. 2.7 M
glucose is a relatively high concentration compared to the amount of sucrose that
gives slightly less stability (-23.5 xlO-6 au s-1 for 1.5 M) and therefore sucrose, at a
concentration of 1.5M in D2 O, was determined to be a better density-matching
species than glucose. The emulsion was still seen to destabilise over time, however,
due to the effects o f coalescence.
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4.3 R educing C o alescen ce
Coalescence of the drops is caused by the high surface energy at the liquid-liquid
interface, causing a decrease in the electrostatic repulsion, and therefore resulting in
the coalescence o f the DCE drops. To reduce these effects, the liquid-liquid
interface was ‘electrified’ using potential-determining salts, following the principles
of DLVO theory, as introduced in 1.2.4, which describes the stability of an
emulsion as a function of the ionic strength of the aqueous phase.
Setting up the electrical double layers can be achieved by two different methods; a
single partitioning salt that is soluble in both phases and a two salt system with a
‘common ion’ dissolved in each phase. These are illustrated in Figure 4.4 as
schemes (a) and (b) respectively.

(a)
DCE

(org).

Figure 4.4: Schematic diagram of a DCE drop in a D20 phase showing (a) the partitioning of a single
potential-determining salt, soluble in both phases, across the liquid-liquid interface, e.g. LiTPFB or
THpABr (A+B~), and (b) the partitioning of a two salt ‘common ion’ system, e.g. TEACl(aq) (X'lT)
and TEATPB(org) (X+Z“).
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4.3.1 Investigating th e T w o-Salt Em ulsion Stabilisation System
By using a system of two salts, a Galvani-type potential can be established across
the liquid-liquid interface; scheme (b) in Figure 4.4. This is made possible by using
two salts with a ‘common ion’, e.g. tetraethylammonium (TEA+), and a hydrophilic
or hydrophobic counter-ion, e.g. chloride (Cl-) or tetraphenylborate (TPB~). With
one salt dissolved in the aqueous phase and the other in the DCE, and by using
different concentrations of the salts, the common ion is distributed unequally across
the interface and hence a potential gradient is set-up, similar to a Galvani potential
described in 1.1.2. This potential makes the emulsion drops ‘charged’ and hence,
when they are in solution, they repel each other and destabilisation from coalescence
is reduced.
Firstly this theory was tested to see if using a salt system improved emulsion
stability. Two emulsions were created as described in 2.4; one with 1.5 M sucrose
added to reduce sedimentation and both with 0.1 M tetraethylammonium chloride
(TEAC1)

dissolved

in the D 2 O phase

and

10

pM

tetraethylammonium

tetraphenylborate (TEATPB) in the DCE phase. These ions were added to the
separate phases before the two were mixed and heated, and then once the emulsions
had cooled at 15 °C for 30 mins, samples were taken for analysis using turbidity
measurements. These were then compared with the turbidity results for an emulsion
containing DCE-in-D20 only and are shown in Figure 4.5. The initial turbidity
values, before normalisation, were 1.76, 1.88 and 1.26 a.u. for the emulsions: salts
and sucrose, salts only and DCE-in-D 2 0 only respectively.
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Figure 4.5: Graph comparing turbidity at 550 nm vs. time at 15 °C for emulsions containing (a) 10
pM TEATPB DCE-in-0.1 M TEAC1, 1.5 M sucrose D20, (b) 10 pM TEATPB DCE-in-0.1 M
TEAC1D20 and (c) DCE-in-D20 only. The original turbidity values were 1.76, 1.88 and 1.26 au,
and the rate of change of turbidity with time for the plots are -33.4, -60.8 and -182.2 xlO-6 au s-1 for
emulsions stabilised using TEA+ and sucrose, TEA+only, and an emulsion of DCE-in-D20 only,
respectively.

From Figure 4.5 it is clearly seen that the presence of potential-determining salts in
the emulsion has a marked improvement on the stabilisation of the system, which is
improved further with the inclusion of sucrose. This is illustrated by looking at the
values for the change in turbidity with time. For an emulsion with no stabilisation,
this equals -182.2 xlO-6 au s_1, and is decreased to -60.8 xlO-6 au s-1 when
potential-determining salts are used. This is then decreased further to -33.4 xlO-6 au
s-1 when using both sucrose and potential-determining salts. These results cannot,
however, be compared with the results obtained in 4.2 due to the different
experimental conditions used. This was because, when investigating the effects of
sedimentation, the turbidity measurements were made using a Pye Unicam SP8-100
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UV-Vis spectrophotometer and all emulsions were made at room temperature, 25
°C. The emulsion creation and monitoring techniques were subsequently optimised
and all further experiments were undertaken at a recorded and controlled
temperature using the Agilent 8453 UV-Vis Spectroscopy System. The results
presented in 4.2 can still be analysed qualitatively, however, to investigate the
optimum concentration of sucrose needed to effectively reduce sedimentation.
To investigate the stabilisation from the salts further, different salt concentrations
were studied. The concentration affects the interfacial potential according to
Equation 4.1, first introduced in 1.1.2 as Equation 1.7 [75]:

aW

1

,

AW l O
R T
C:
= A
^ ;+ —
In YY ht -S
-

z iF

Where Aw
0(f) and

4.1

Y i ci

are the interfacial equilibrium and standard ion-transfer

potentials respectively, R is the gas constant (8.3145 J mol-1 K_1 [186]), T is the
absolute temperature (288 K at 15 °C), z, is the ionic charge, F is the Faraday
constant (96485.3 C mol-1 [186]), y f and y f are the activity coefficients and c f
and c f are the concentrations of the ‘common ion’ in the oil and water phases. As
described in 1.1.2, this is similar to the Nemst Equation for redox reactions and is
used to describe the potential at the interface between two immiscible electrolyte
solutions (ITIES). From Equation (4.1), it can be seen that the interfacial potential is
determined by the standard ion-transfer potential and the concentration ratio of the
ion in the water and oil phases. It is thought that by changing this concentration
ratio, the magnitude of the potential could be changed, thus further reducing the rate
of coalescence. It was assumed that the concentration of the ions in the DCE drops
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at 15 °C was the same as the initial concentration before heating. This is not strictly
correct but the concentration in the drops would certainly be a fraction of the initial
value. This is because the salt concentration is determined by its solubility in water
at the highest and lowest temperatures used in emulsion formation but this, however,
must be calculated in terms of the number of moles of the organic ion in the DCE
and water due to the different volumes of each phase present. If the initial number of
moles of the organic ion is lower than the aqueous number of moles at 65 °C, the
final number of moles in the DCE drops will be equal to the initial number of moles
minus the number of moles dissolved in the aqueous phase at 15 °C, Equation 4.2.

n(TEATPBDcE)Finai = n(TEATPBDCE)initiai- n(TEATPBAq)i5 °c

4.2

Where n(TEATPBx)y is the number of moles of TEATPB in solution x at
temperature or time y. If, however, the initial number of moles in the DCE is higher
than the aqueous number of moles at 65 °C, the final number of moles in the DCE
drops will be equal to the number of moles dissolved in water at 65 °C minus the
aqueous number of moles at 15 °C, Equation 4.3.

n(TEATPBDCE)Finai= n(TEATPBAq)65 °c - n(TEATPBAq)i5 °c

4.3

Assuming that n(TEATPBix;E)Finai = n(TEATPBDCE)initiai (i.e. n(TEATPBAq)i5 °c is
negligible) and that the charge on the ion and the activity coefficients are unity,
approximate values for the interfacial potential have been calculated using Equation
4.1, at 15 °C (288 K), and are shown in Table 4.4. The ‘common ion’ investigated
was TEA+ and the standard ion-transfer potential used in the calculations was 43.5
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mV [78]. The concentration of the aqueous ion was kept constant at 0.1 M whilst the
concentration of the organic ion was changed.

kM
c DCE, // T
M
TEA
1 xlO 3

/ mV
-70.8

1 xlO-4

-171.4

1 xl<rs

-228.6

Table 4.4: Calculated values, using Equation 4.1, for the interfacial potential,

, for different

DCE

initial organic ion concentrations, CTEA+, at 15 °C.

From Table 4.4, it can be seen that as the ratio of the concentration of the aqueous
ion to that of the organic ion is increased, the magnitude of the equilibrium potential
increases. These are only approximate calculations for the potential because the
equilibrium concentration of the organic ion is likely to be less than the initial value
and the activity coefficients are assumed to be unity. These organic ion
concentrations were then used in an emulsion to investigate their effect on the
stability. The salt concentrations used were 10 pM, 0.1 mM and 1 mM TEATPB
with 0.1 M TEAC1 and the emulsions were created as described in 2.4, with 1.5 M
sucrose included to increase stability. The changes in turbidity with time were then
measured for each emulsion at 15 °C and are shown in Figure 4.6. The initial
turbidity values for the emulsions were 1.84, 1.67 and 1.69 a.u. for the organic
concentrations 10 pM, 0.1 mM and 1 mM respectively.
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Figure 4.6: Graph comparing turbidity at 550 rnn vs. time at 15 °C for emulsions containing (— ) 10
pM, (......) 0.1 mM and (— ) 1 mM TEATPB DCE-in-0.1 M TEAC1, 1.5 M sucrose D20. The
original turbidity values were 1.84, 1.67 and 1.69 au, and the rate of change of turbidity with time for
the plots are -33.4, -34.8 and -51.8 xl0~* au s-1 for emulsions stabilised using 10 pM, 0.1 mM and 1
mM TEATPB, respectively.

From Figure 4.6, it can be seen that there is an increase in the stability of the
emulsion when the organic ion concentration is decreased from 1 mM to 0.1 mM,
with the change in turbidity with time decreasing from -51.8 xlO-6 au s”1 to -34.8
xlO-6 au s-1. However, when this is decreased further from 0.1 mM to 10 jjM, there
is no significant change in the turbidity with time; -34.8 and -33.4 xlO-6 au s-1.
From looking at Equation 4.1, it was suggested that a greater change in interfacial
potential might be achieved by using a different potential-determining ‘common
ion’. Each ion has a standard ion-transfer potential which can be determined using
conventional electrochemistry techniques. Example values for standard ion-transfer
potentials,

are shown in Table 4.5 for a range of tetraalkylammonium salts.

Included in Table 4.5, is the interfacial equilibrium potential, A ^ , when aqueous
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and organic concentrations of 0.1 M and 10 pM, respectively, are used. Also
tabulated is the standard Gibb’s energy of transfer of the ion from the aqueous to the
organic phase, AG vf~*°'°. This relates to the standard ion-transfer potential using,
A*o$ = “ ~ AG w^ ° ’° as introduced in 1.1 .2 .
*iF

Tetraalkylammonium ion
(TXA+)
Methyl
(TMA+)
Ethyl
(TEA+)
Propyl
(TPrA+)
Butyl
(TBuA+)
Pentyl
(TPeA*)
Hexyl
(THxA+)

A o tf/m V

AGw ^ o ,° /kJ mol-i

A ^ / mV

182.4

17.6

-46.2

43.5

4.2

-185.1

-91.2

-8.8

-319.8

-224.9

-21.7

-453.5

-359.6

-34.7

-588.2

-494.4

-47.7

-723.0

Table 4.5: Examples of standard ion-transfer potentials, AW
Q<j>°, and the standard Gibb’s energy of
transfer, A G f ^ 0 ,0 , for tetraalkylammonium salts (TXA+) [78] and the calculated approximate

equilibrium interfacial potentials, b^0 <f) , at 15 °C, when the aqueous and organic ion concentrations
are 0.1 M and 10 pM respectively. The activity coefficients are assumed to be unity.

From Table 4.5 it can be seen that by changing the salts used in the emulsion, the
potential established could have a greater magnitude than from merely changing the
concentration ratio.
To investigate this, tetraethylammonium (TEA+) and tetrabutylammonium (TBuA+)
were used in emulsions as the ‘common ion’. This was incorporated as the chloride
salt (TXAC1) in the aqueous phase and the tetraphenylborate salt (TXATPB) in the
DCE. Three emulsions were created as in 2.4, one containing DCE-in-D20 only,
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and the other two using stabilising salts 0.1 M TXAC1 and 10 pM TXATPB, both
with 1.5 M sucrose dissolved in the aqueous phase for added stability. The turbidity
was then measured with time once the emulsions had cooled for 30 mins at 15 °C
and the results are shown in Figure 4.7. The data was normalised and the initial
turbidity values were 1.94, 1.84 and 1.26 a.u. for TBuA+, TEA+ and DCE-in-T^O
only, respectively.
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Figure 4.7: Graph comparing turbidity at 550 nm vs. time at 15 °C for emulsions containing (a) 10
pM TBuATPB DCE-in-0.1 M TBuACl, 1.5 M sucrose D20 , (b) 10 pM TEATPB DCE-in-0.1 M
TEAC1, 1.5 M sucrose D20 and (c) DCE-in-D20 only. The original turbidity values were 1.94, 1.84
and 1.26 au, and the rate of change of turbidity with time for the plots are -10.2, -33.4 and -182.2
xlO-6 au s"1for emulsions stabilised using TBuA+, TEA+ and an emulsion of DCE-in-D20 only,
respectively.

Figure 4.7 shows that using TBuA+ caused a significant improvement to the stability
of the emulsion and that the rate of coalescence was effectively reduced. This was
also shown by the values for the change in turbidity with time; -10.2 xlO-6 au s”1 for
an emulsion stabilised with TBuA+ and 1.5 M sucrose, and -33.4 xlO-6 au s_1 when
using TEA+ and sucrose. There is still some long-term destabilisation (not shown),
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however, but this is because the destabilising processes cannot be prevented
completely and will still act to separate the two phases over time. This was
illustrated by measuring the initial emulsion drop volume and number density at the
start of the experiment and again after 20 hours. These measurements were taken
following the procedure described in 2.6 and are tabulated in Table 4.6. The
diameter of the emulsion drops, in pm, is also included in brackets, below the value
calculated for the drop volume in cm .

Emulsion
Stabilisation

TBuA+ + sucrose
TEA+ + sucrose
Sucrose only

After 20 Hours

Initial
Drop Volume
w
24 ±5
(3.6 ±0.2 pm)
27 ±5
(3.7 ±0.2 pm)
25 ±5
(3.6 ±0.2 pm)

Number Density
/xlO6 drops cm-3
150 ±19
130 ±17
140 ±12

Drop Volume
/pm3
140 ±61
(6.3 ±0.8 pm)
150 ±70
(6.5 ±0.9 pm)
180 ±35
(7.0 ±0.4 pm)

Number Density
/xlO6 drops cm-3
10 ±6
5 ±6
7 ±6

Table 4.6: Comparing the average initial drop volume and number density with measurements taken
after 20 hours, for emulsions containing TBuA+ and sucrose, TEA+ and sucrose, and an emulsion
stabilised with 1.5 M sucrose only. The standard deviation, determined from replicate measurements,
is given as the error. Also included in brackets, is the average drop diameter, in pm, below the
determined value for the drop volume in cm3.

Table 4.6 shows that after 20 hours, all three emulsion systems have destabilised by
the same order o f magnitude, with a doubling of the drop diameter from 3.6 to 6.6
pm, and that any stabilisation achieved from using sucrose and potentialdetermining ions is largely seen over the first few hours, as shown by Figure 4.7.
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4.3.2 Determ ining the Interfacial Potential for a T w o-Salt Em ulsion
The approach used to determine the interfacial potential, was by calculation using
Equation 4.1. To do this, the standard ion-transfer potential of the ‘common ion’
and its activity coefficient and concentration in both the water and oil phases needed
to be known. These can all be determined except the activity coefficient and
concentration of the ion in DCE. The equilibrium concentration would not equal the
initial concentration due to the method with which the emulsion is created, because,
as the two liquids are mixed and heated, the DCE dissolves into the water phase, as
does a proportion of the potential-determining salt. The remaining oil soluble salt
stays in the ‘excess’ DCE that does not dissolve in the water. When the emulsion
cools, the dissolved proportion of oil-soluble salt diffuses back into the condensing
DCE drops and results in different concentrations of salt in the emulsion drops and
in the excess DCE. To determine the concentration of the ‘common ion’ in the DCE
emulsion drops, it was proposed that UV-Vis spectroscopy could be used, along
with the Beer-Lambert Law, Equation 4.4.

A=emcl

4.4

Where A is the absorbance of the sample, c is the concentration, / is the path length
of the sample, and Sm is the molar absorbtivity coefficient. Because the potentialdetermining salt TPB“ contains phenyl groups, which would absorb light in the UV
range, the molar absorbtivity coefficient can be determined by measuring the
maximum absorbance for different concentrations of TEATPB in DCE. Firstly
solutions were created containing 0.1 mM and 10 pM TEATPB in DCE. UV scans
were run in a range of 190-1100 nm, using a 10 mm pathlength cell and DCE to
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blank the UV spectrophotometer and an absorbance peak was seen at 242 ±1 nm in
both solutions, and is shown in Figure 4.8.
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Figure 4.8: Graph showing the absorbance vs. wavelength, in a range from 190-300 nm, for different
concentrations of TEATPB in DCE: (a) 0.1 mM and (b) 10 pM. The base line is DCE only.

Table 4.7 contains the maximum absorbance value for each TEATPB concentration
and, using Equation 4.4, the calculated molar absorbtivity coefficient. This was
determined to be 930 mol-1 mm-1 for TPB~ in DCE.

[TEATPB] /M

Absorbance at
242 ±1 nm /au

1 xlO^*

0.93

Calculated Sm of
TPB" in DCE
/mol-1 mm-1
930

1 xlO-5

0.093

930

Table 4.7: Showing the maximum absorbance at 242±1 nm and calculated molar absorbtivity
coefficients for a range of TEATPB concentrations in DCE.

The shift in the absorbance peak, and resulting error, was thought to be due to the
occurrence o f ion-association in the DCE.
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The absorbance could then be measured for an emulsion sample and the
concentration of the ion in the DCE drops calculated. Because the emulsion sample
would also scatter light, i.e. the turbidity measurement, the absorbance of the ions in
the DCE would equal Equation 4.5.

^TpB_ =~ - ^ ( t u r b i d i t y

Where - ^ ( t u r b i d i t y
e m u ls io n o n ly )

o f e m u ls io n + m a x . a b s o rb a n c e

o f e m u ls io n + m a x . a b s o rb a n c e

TPB

)

- ^ ( tu r b i d it y o f e m u ls io n o n ly )

TPB- ) W BS

4.5

measured at 242±1 nm and v 4 ( t u r b i d i t y o f

is from the same emulsion but at a different wavelength where no ionic

absorbance was seen (550 nm). These were obtained from the same UV-Vis scan of
absorbance versus wavelength over 190-1100 nm, for a single emulsion sample, to
ensure reproducibility.
An emulsion of 2 mM TEATPB, DCE-in-0.1 M TEAC1, 1.5 M sucrose, D 2 O was
therefore created, as in 2.4, and the UV spectrum was measured. A small peak was
seen at 272.3 ±0.2 nm with a maximum absorbance of 0.908 au, and is shown in
Figure 4.9. At 550 nm, the absorbance was only from the emulsion turbidity and a
value of 0.579 au was determined for this. The high absorbance seen at <210 nm
was due to the aqueous dissolved DCE, as observed in 3.2, and from the sucrose and
TEAC1 in the aqueous phase of the emulsion, shown in background scans of the
emulsion components, Figure 4.10.
Using the calculated maximum absorbance from Equation 4.5 and an average molar
absorbtivity coefficient of 930 mol-1 mm-1, the calculated concentration for the
emulsion TEATPB concentration is determined to be 0.2 mM, compared with the
initial concentration of 2 mM.
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Figure 4.9: Graph showing the absorbance vs. wavelength, in a range from 190-600 nm, for an
emulsion of 2 mM TEATPB, DCE-in-0.1 M TEAC1, 1.5 M sucrose, D20.
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Figure 4.10: Graph showing the absorbance vs. wavelength, in a range from 190-300 nm, for a
solution of 0.1 M TEAC1 and 1.5 M sucrose in D20.

For the calculation using Equation 4.4, the pathlength for the cell was estimated to
be 2 mm rather than 10 mm, which was used to determine the molar absorbtivity
coefficient. This is because the pathlength in the emulsion would not be the width of
the cuvette, but the sum o f the diameters of each DCE drop in the light path. If the
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number o f drops per cm3 is 140 xlO6, hence 520 drops per cm, and the diameter of
one drop is 4 pm, the sum o f the diameters would be 0.2 cm.
To confirm the calculated concentration value of 0.2 mM for TEATPB in the DCE
emulsion drops, the experiment was then repeated using tetrathiafulvalene (TTF) as
the organic ion. This was originally used in electrochemical experiments, in Chapter
3, to investigate the dynamics at the liquid-liquid interface and, because it is very
hydrophobic, it was thought to have a similar solubility in water as TEATPB. TTF
has a single absorption maximum in the UV range and, by using this as the oil
soluble ion in the emulsion, it was hoped that it would give a more accurate molar
absorbtivity coefficient, and a more defined UV spectrum for the emulsion. The TTF
concentrations used were 0.1 mM and 50 pM in DCE and their UV spectra were
measured as for TEATPB, shown in Figure 4.11. Also included in Figure 4.11, is the
spectrum obtained for an emulsion of 2 mM TTF, DCE-in-D20, created as in 2.4.
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Figure 4.11: Graph showing the absorbance vs. wavelength for different concentrations of TTF in
DCE: (a) 0.1 mM and (b) 50 pM. Also included is the UV spectrum (-----) for an emulsion of 2 mM
TTF, DCE-in-D20 (c). The base line is DCE only.
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From Figure 4.11, the maximum absorbencies at 319 nm, were measured and the
molar absorbtivity coefficients were calculated. These are shown in Table 4.8.

[TTF] /M

Absorbance at
319 nm /au

1 xlO"*

2.097

Calculated Sm of
TTF in DCE
/mol-1 mm-1
2097

5 xlO5

1.044

2088

Table 4.8: Showing the maximum absorbance at 319 nm and calculated molar absorbtivity
coefficients for a range of TTF concentrations in DCE.

The molar absorbtivity coefficient for TTF in DCE was calculated to be 2092.5 ±4.5
moF1 mm-1 and, from Figure 4.11, the maximum absorbance from TTF in the
emulsion was measured as 1.648 au at 319 nm. The concentration of TTF in the
DCE drops o f the emulsion sample, using the determined molar absorbtivity and
absorbance, was then calculated to be 0.2 mM, compared to the initial concentration
of 2 mM and is comparable to the concentration calculated for TEATPB. Because
the organic ion concentration in the emulsion drops is dependent on the solubility of
the oil-soluble ion in water, the results show that at least 0.15 mM TXATPB will be
present in the DCE drops. Therefore, for the emulsions containing 10 pM TXATPB,
all o f the oil-soluble ion should dissolve into the water as the emulsion is heated,
and then diffuse back into the drops upon cooling. This would be true for both
TEATPB and TBuATPB, because it is the solubility of the hydrophobic TPB" that
determines the final concentration, following Equation 4.2.
To calculate the interfacial potential, the activity coefficients of the ions in the oil
and water phases also needed to be determined. Firstly the Bjerrum Equation,
Equation 4.6, introduced as Equation 1.14 in 1.1.2, was used. This calculates q, the
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minimum distance o f ion separation in the solvent, to determine if ion-association
occurs.

4.6

%7t £ 0e k T

Where z+ and z_are the ionic valences, e is the elementary charge constant (1.6022
xlO-19 C [91]), so is the dielectric permittivity in a vacuum (8.8542 xl0~12 F m-1
[91]), s i s the relative dielectric permittivity of the solvent (£bcE = 10.42 [91] and
S0 20 = 78.26 [190]), k is the Boltzmann constant (1.3807 xlO-23 J KT1 [91]) and T is
the absolute temperature (288 K). Solving Equation 4.6 for each solvent, gives
values o f q = 27.84

A for DCE and q = 3.71 A for D2 O at

15 °C. Table 4.9 contains

the literature ionic radii for the salts used to stabilise the emulsion, and the resulting
sum of the ionic radii, used as a in the Debye-Hiickel Extended Law, Equation 4.7
introduced as Equation 1.9 in 1.1.2.

/A

Stabilising
Salt

S u m of Ionic Radii
(a ) l k

TEA+

4.00 [187]

T E A C l(aq)

5.81

TB uA +

4.94 [187]

TBuACl(aq)

6.75

cr

1.81 [188]

TEATPB(org)

8.21

TPB“

4.21 [189]

TBuATPB(org)

9.15

Stabilising
Ion

Ionic Radii

Table 4.9: Showing the ionic radii and sum of the ionic radii, a , for the two-salt systems used in
emulsion stabilisation.

From Table 4.9, it can be seen that for the aqueous salts a > q and that, as described
in 1.1.2, the calculated activity coefficient would follow the Debye-Hiickel
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Extended Law. For the organic salts, however, a < q, showing that ion-association
would occur within the DCE phase and that the activity coefficient would not be
unity.
For the aqueous salts, the activity coefficients were therefore estimated using the
Debye-Hiickel Extended Law in Equation 4.7,

4.7

Where y± is the activity coefficient for the electrolyte in solution, a is the sum of the
ionic radii and / is the ionic strength of the solution, determined using Equation 4.8,

4.8

Where, w, is the concentration o f the cation or anion z*. The parameters

z,- and V/

for both TEACl(aq) and TBuACl(aq) aqueous stabilising salts were 0.1 M, ±1, and
0.316 respectively.
In Equation 4.7, A and B are solvent and temperature dependent constants,

el N k

f 2 x l 0 3ArA2e2 V

f2xlOXVV
[

e0sRT

4.9

4.10

J
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Where NA is the Avogadro number (6.0221 xlO23 mol-1 [91]) and R is the molar gas
constant (8.3145 J mol-1 K_1 [91]). Solving Equations 4.9 and 4.10 for D 2 O gives, A
= 0.540 mol_1/2 kg1/2 and B = 33.50 xlO8 m-1 mol_1/2 kg1/2 at 15 °C. The calculated
activity coefficients were therefore determined to be y±=1, for TEACl(aq) and
TBuACl(aq).
Because a < q , for the ions in the DCE phase, the activity will not be equal to unity
due to the occurrence o f ion-association and will therefore not follow the DebyeHiickel Extended Law. The interfacial potential has therefore been calculated, using
Equation 4.1, with a range o f values for the organic ion activity coefficient and the
results are shown in Table 4.10.

f

tsf0O 6Y TBuA ++

0.5

sU
+
o y te a +
/ mV
-202

-456

0.4

-208

-476

-191

-459

0.3

-215

-483

0.7

-194

—462

0.2

-225

-503

0.6

-198

-466

0.1

-242

-511

1.0

sU
+
O Y TEA+
/ mV
-185

AU
+
O Y TBuA+
/ mV
-453

0.9

-188

0.8

/ mV
-471

Table 4.10: Showing the calculated interfacial potential, Aw
0 <j>, at 15 °C for TEA+ and TBuA+, using
a range from 1.0 to 0.1 for the activity coefficient.

Using the data in Table 4.10, the interfacial potentials for the two-salt emulsion
systems are estimated to be -205 ±17 mV and -474 ±19 mV for systems using
TEA+ and TBuA+ at 15 °C respectively.
The Debye-Length (1 I k ) can also be estimated for the emulsions containing TEA+
and TBuA+ using Equation 4.11, introduction as Equation 1.13 in 1.1.2.
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k

=

£0ekT

V7

4.11

This gives a value o f 0.9 nm for the Debye-Length, or drop interaction distance, for
both the emulsions stabilised with TEA+ of TBuA+. Comparing this with the
1/I
calculated average separation distance between each drop; using I = N~ , where N is
•

•

the number density o f drops per m and gives a value of 19 pm, it can be seen that
the Debye-Length, and hence interaction distance is much smaller that the drop
separation distance, therefore confirming the stability of the emulsion drops as
explained by DLVO theory.

112

Chapter 4: Stabilisation o f an O il-in-W ater Emulsion

4.3.3 Investigating th e S in g le-S alt Em ulsion S tabilisation System
The single salt system establishes a potential because the salts do not distribute
across the two phases equally, scheme (a) in Figure 4.4. This is because they
dissolve more readily in one phase than the other and to illustrate this, a simple
partitioning experiment was used. For this, a known concentration of either lithium
tetrakispentafluorophenylborate

(LiTPFB)

or

tetraheptylammonium

bromide

(THpABr) potential-determining salt was dissolved in 10 cm DCE and this was
then mixed with 10 cm D 2 O. After leaving to stand for 1 week, a 1 cm aliquot was
taken from each phase and the solvent was left to evaporate, hence leaving the
precipitated salt. The initial and resulting equilibration masses can be seen in Table
4.11, showing that both salts partition into the aqueous phase from the DCE layer,
resulting in the D 2 O becoming saturated with the salts.

Equilibration Mass
(initial mass)
/mg
Initial conc.
/mM
5
10
50

LiTPFB
DCE

THpABr
d 2o

2.4
(3.9)
4.4
(6.7)
30
(38)

DCE
1.3
(0)
2.1
(0)
5.4
(0)

2.4
(2.5)
4.8
(5.1)
24.0
(26)

d 2o

*
(0)
*
(0)
2.0
(0)

Table 4.11: Showing the equilibration (and initial) masses of potential-determining salts before and
after partitioning across the oil-water interface. * indicates a mass less than the accuracy of the
balance which was ±0.1 mg.

Table 4.11 shows that The effect of the ions on the stability of the system was then
assessed by comparing with an emulsion of DCE-in-1.5 M sucrose D 2 O. For this,
emulsions containing 5 mM LiTPFB or THpABr, DCE-in-1.5 M sucrose, D 2 O and
DCE only-in-1.5 M sucrose, D 2 O were created as in 2.4. Once the emulsions had
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cooled to 15 °C for 30 mins, samples were taken for analysis using optical
microscopy and the bulk emulsion was maintained at 15 °C in the waterbath.
Measurements were made o f the initial drop volume, using optical microscopy as
outlined in 2 . 6 , and then subsequent, fresh samples were measured every hour for 5
hours. The change in drop volume with time can be seen in Figure 4.12 and it is
clear that the salts have a significant effect on the stability o f the emulsion drop
volume.
1.8e-10
1.6e-10 1.4e-10 -

E1.0e-10 58.0e-11 p6.0e-11 ■
4.0e-11 2.0e-11 -
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Time /hours
Figure 4.12: Change in drop volume vs. time for DCE-in-D20 emulsion systems containing 1.5 M
sucrose with no salts (•), THpABr (■) and LiTPFB (A).

After the first two hours there was no detectable change in the drop volume when
salts were present, yet there was a doubling of the drop volume in the absence of
stabilising salts. This improved stability was a direct result of the addition of salts to
reduce coalescence and it appears that the identity o f the salts has no effect. This
may be due to LiTPFB and THpABr setting-up similar interfacial potentials.
Using the same procedure, the drop volume and number density were measured
again after 20 hours. The number densities for the emulsions were also measured,
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initially, and, adding these to the data from Table 4.6, are shown in Table 4.12. This
compares the initial and final drop volumes and number densities for emulsions
containing a two-salt stabilisation system (average of TBuA+ and TEA+ data from
Table 4.6), a single-salt system (average of LiTPFB and THpABr) and an emulsion
containing sucrose only. Also included in Table 4.12, is the data for LiTPFB and
THpABr before averaging. The average drop diameter, in pm, has also been
calculated and this is presented in brackets below the value for the drop volume in

Emulsion
Stabilisation

LiTPFB + sucrose
THpABr + sucrose
Single-Salt System
Two-Salt System
Sucrose only

Initial
Drop Volume
/pm3
(Drop Diameter)
25 ±6
(3.6 ±0.2 pm)
23 ±7
(3.5 ±0.3 pm)
24 ±7
(3.6 ±0.3 pm)
26 ±5
(3.7 ±0.2 pm)
25 ±5
(3.6 ±0.2 pm)

After 20 Hours
Number
Density /xlO6
drops cm"3
200 ±24
170 ±19
185 ±22
140 ±18
140 ±12

Drop Volume
/pm3
(Drop Diameter)
80 ±50
(5.2 ±1.0 pm)
66 ±10
(5.0 ±0.2 pm)
73 ±30
(5.1 ±0.6 pm)
145 ±66
(6.4 ±0.9 pm)
180 ±35
(7.0 ±0.4 pm)

Number
Density /xlO6
drops cm"3
26 ±1
24 ±9
25 ±5
8 ±6
7 ±6

Table 4.12: Comparing the average initial drop volume and number density with measurements
taken after 20 hours, for emulsions containing sucrose and LiTPFB or THpABr. This data is averaged
to give results for a single-salt system and is compared with data from Table 4.6 (for TBuA+ and
TEA+ averaged to give results for a two-salt system) and an emulsion stabilised with 1.5 M sucrose
only. Because these are average measurements, the standard deviation of the results is included as the
error. The value in brackets below that of the drop volume in cm3 corresponds to the average drop
diameter in pm.

From comparing the two-salt and single-salt systems, it can be seen that the single
salt system drop volume is approximately half that of the two-salt emulsions after
20 hours. This suggests that the single-salt system might give better long-term
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stability than the two-salt, and this is also reflected in the number densities of the
emulsions, with the average from the LiTPFB and THpABr emulsions being nearly
triple that from the TBuA+ , TEA+ and no sucrose emulsions after 20 hours. By
comparing the results from Table 4.12 with those in Figure 4.12, it can be seen that
they do not correlate. The drop volume measured after 5 hours in Figure 4.12, for
the emulsions are similar to those measured after 20 hours in Table 4.12. This was
due to the different experimental techniques used; for the measurements taken every
hour in Figure 4.12, the emulsion vessel was repeatedly opened and closed causing a
quantity o f DCE, contained in the head space of the vessel, to be released. This led
to the accelerated destabilisation of the emulsion by reducing the weight percent of
DCE present in the emulsion mixture. The results in Table 4.12, however, were
measured by only opening the flask at the start of the experiment and then again
after 20 hours, hence showing the emulsion to be more stable when kept in a closed
vessel.
To investigate the improved stability caused by the single-salt system further, the
turbidities o f emulsions containing 5 mM LiTPFB or THpABr DCE-in-1.5 M
sucrose D 2 O, created as in 2.4, were measured. The results are compared with
turbidity vs. time results, from Figure 4.7, for emulsions containing sucrose and
TBuA+, and are shown in Figure 4.13. The initial turbidity values before
normalisation were 3.26, 3.13 and 3.18 au for the emulsion stabilised using LiTPFB,
THpABr and TBuA+.
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Figure 4.13: Graph comparing turbidity at 550 nm vs. time at 15 °C for emulsions containing (— ) 5
mM LiTPFB DCE-in-1.5 M sucrose D2O, (---- ) 5 mM THpABr DCE-in-1.5 M sucrose D20 and
(

) 10 (iM TBuATPB DCE-in-0.1 M TBuACl 1.5 M sucrose D20 . The original turbidity values

were 3.26, 3.13 and 3.18 au, and the rate of change of turbidity with time for the plots are -6.5, -6.5
and -10.2 xlO-6 au s_1 for emulsions stabilised using LiTPFB, THpABr and TBuA+, respectively.

From Figure 4.13, it can be seen that the single-salt system does give greater
stabilisation than the two-salt system, with the change in turbidity with time
decreasing from -10.2 xlO-6 au s_1 to -6.5 xlO-6 au s_1 for stabilisation using TBuA+
and LiTPFB and THpABr respectively. This may be because the interfacial potential
is greater for the LiTPFB and THpABr emulsions.
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4.3.4 C alculating th e Interfacial Potential for a S in g le -S a lt Em ulsion
The interfacial potential for a single-salt system is calculated differently to that for a
two-salt emulsion. For a single-salt system, the interfacial potential depends on the
transfer potential of the cation and anion across the interface. Whereas in a two-salt
system, the interfacial potential follows Equation 4.1 and is dependent on the
transfer potential, activity coefficient and concentration of the ‘common ion’ only,
in both the oil and water phases. Equation 4.1 is therefore not valid for a single-salt
system and is rewritten to give the interfacial distribution potential, A ^ , for a
single-salt emulsion, shown as Equation 4.12 [74&88J. This was introduced in
1.1.2 as Equation 1.8.

a^

u

= a\ W
^

A°

+ a\ W
o A^° + RD Tr l n r„ O J^W

_ l.

2

2F

4 n

yWr °

Where AW
q <I>+ and A ^ ^ are the standard ion-transfer potentials, from the water
phase to the oil phase for the cation and anion respectively, and y ^ or0 is the
activity o f the cation or anion in the water or oil phase. Equation 4.12 does not
depend on the final concentration (i.e. after partitioning) of the ions in the DCE
drops and is therefore easily solvable providing the ion-transfer potentials and
activity coefficients of the anion and cation are known.
As described in 4.3.1 or 1.1.2, the transfer potentials can be found in the literature
or, as outlined in 1 .1 .2 , can be measured using conventional electrochemical
techniques. The data available for the single-salts, used in these experiments, is
shown in Table 4.13, where the Gibb’s energy of transfer from water to oil,
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Ag J~*0,0 , has been estimated for THpABr by extrapolating the data from Table 4.5.
It has not been possible to measure the Gibb’s energy of transfer or standard iontransfer potential for TPFB- , due to an inability to set a potential window large
enough. The value has therefore been assumed to be larger than that extrapolated for
THpABr but o f a similar magnitude due to their similar stabilisation effects.

Ion

A ^ f/m V

AC7 ^ ^ 0 / k J mol-1

-610

-59

Br-

398

38.4

Li+

576

55.6

-620

-60

THpA+

TPFB-

Table 4.13: Literature standard ion-transfer potentials, A

, and the standard Gibb’s energy of

transfer, A G ^ ^ 0,° , for Br" and Li+ [78] and estimated values for THpA+ and TPFB".

To calculate the interfacial potential, the activity coefficient has to be determined.
From 4.3.2, the minimum distance of ion separation is found to be q = 27.84
DCE and q = 3.71

A for D 2 O

A for

at 15 °C, using the Bjerrum Equation, Equation 4.6.

The ionic radii o f each stabilising ion are shown in Table 4.14, as are the sum of the
ionic radii, used as a in the Debye-Hiickel Law, Equation 4.7.
From Table 4.14, it can be seen that for the aqueous salts a> q and that, as
described in 1.1.2, the calculated activity coefficient will follow the Debye-Hiickel
Law. For the organic salts, however, a < q , showing that ion-association will occur
within the DCE phase and that the activity coefficient will not be unity.
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Stabilising
Ion
THpA+

Ionic Radii
6.31*

L iT P F B (aq)

Sum of Ionic Radii
(a)/ A
6.17

L i+

0.60 [188]

THpABr(aq)

8.26

B r'

1.95 [188]

L iT P F B ( 0 rg)

6.17

5.57*

THpABr(org)

8.26

/A

TPFB'

Stabilising
Salt

Table 4.14: Showing the ionic radii, and sum of the ionic radii for the single-salt systems used in
emulsion stabilisation. *The value of a for THpA+ was estimated by extrapolating data for
tetraalkylammonium ions from [187] and the value for TPFB" was estimated by using the sum
QTPFB-

=

^ TPB-

—(1.36 A [188])

For the aqueous salts, the activity coefficients were calculated using the DebyeHiickel Law in Equation 4.7 and the parameters mit z, and V/ for the different
aqueous single-salt used, are 5 mM, ±1 and 0.071, respectively, for both LiTPFB(aq)
and THpABr(aq). Using Equation 4.7, the calculated activity coefficients are then
determined to be y± =1, for LiTPFBaq and THpABraq.
Because a < q , for the ions in the DCE phase, the activities will not be equal to unity
due to the occurrence o f ion-association. However, by assuming that y+ = y ° and

r l= i , Equation 4.11

can be simplified to Equation 4.13.

AW ±0 , f W .o

A ^ = A° ^

4.13

The distribution potentials have been calculated to be -106 and -22 mV for
THpABr and LiTPFB stabilised emulsions respectively. It can therefore be seen that
the interfacial potentials for the LiTPFB and THpABr emulsions are much lower
than those estimated for the two-salt system using TBuA+ and TEA+ (-474 and -
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205 mV respectively). These contradict the greater emulsion stability seen when
using the single-salt and suggest that the extra stability comes from an additional
factor to the interfacial potential. This could be because the single-salt systems
lower the surface tension between the DCE and D2 O, similar to the manner in which
surfactants work. It has been reported that the surface tension can increase or
decrease when in the presence of electrolytes [191] and is a function of the activity
of the bulk solution, therefore if the solution activity is increased, the surface tension
will decrease.
Another reason why the value obtained for the potential is very small, would be that
there was an error in the calculation. Considering the large amount of experimental
data suggesting that both single-salt emulsions have a value >400 mV, it is therefore
thought that Equation 4.13 is inaccurate or that underestimates have been made for
the Gibbs energy o f transfer of TPFB- and THpA+.
Because the concentration of the salt in the aqueous emulsion phase is unknown it is
not possible to calculate the Debye-Length. It is however thought that this will be of
the same order o f magnitude or less than that of the two-salt emulsion, <1 nm, and
therefore this would be much less than the emulsion separation distance of 17 pm,
supporting the DLVO theory o f emulsion stability.
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4.4 T em p erature E ffects on th e S alt-S tab ilised E m ulsion
In 3.3.3, it was shown that the emulsion drop volume is sensitive to temperature
changes, due to the changes in solubility of the two phases in each other. To
investigate if the stabilising salts affect the solubility of DCE in D 2 O, and hence the
sensitivity o f the drop volume to temperature, the drop volume at different
temperatures was measured for the stabilising salt-systems studied. Emulsions were
made as described in 2.4 containing: DCE-in-D20 only, 10 pM TEATPB DCE-in0.1 M TEAC1 D20 , 10 pM TBuATPB DCE-in-0.1 M TBuACl D20 , 5 mM LiTPFB
DCE-in-D20 and 5 mM THpABr DCE-U1-D 2 O. 1.5 M sucrose was included in all
the emulsions to improve stability and once the emulsions had cooled to 15 °C for
30 mins, a sample was taken for analysis using optical microscopy, as in 2.6. The
measured drop volume was then converted to DCE weight percent using the
measured initial number densities in Tables 4.6 and 4.12, and this was plotted versus
temperature for each system in Figure 4.14. From this figure, it can be seen that the
DCE drop weight percent, and hence drop volume, is inversely proportional to
temperature and that the emulsions respond to the temperature change in a similar
manner irrespective o f the stabilising salt. This is because the drop volume is
dependent on the solubility only, which in turn is reliant on the temperature of the
system. The salts also seem to have a negligible effect on the change in solubility
with temperature for DCE in D 2 O.
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Figure 4.14: DCE weight percent vs. temperature for emulsions containing: (♦) DCE-in-D20 only
O=0.08+0.8exp-° 07jc), (•) 10 pM TEATPB DCE-in-0.1 M TEAC1D20 (y=-0.2+0.8exp^°3j:),
(▼) 10 pM TBuATPB DCE-in-0.1 M TBuACl D20 (y=0.07+0.7exp^°5jc), ( A) 5 mM LiTPFB
DCE-in-D20 (y=0.07+l.lexp^°7*) and (■) 5 mM THpABr DCE-in-D20 (y=0.1+1.2exp“° 09x).
1.5 M sucrose was included in all the emulsions to improve stability and the fitted regression line
equations are included in brackets for each emulsion.

The data from Figure 4.14, at 15 °C was then used in Table 4.15 to show the initial
weight percent o f DCE present as emulsion drops, for each system, and it can be
seen that TEA* and TBuA* have a minimal effect on the solubility of DCE in D2 O,
but THpABr and, in particular LiTPFB, cause an increase in the weight percent of
DCE present as emulsion drops. This supports the theory that the single-salt systems
affect the surface tension between DCE and D 2 O, therefore causing an overall
increase in the solubility o f the two phases. This increase in solubility is seen as an
increase in number density due to the increase in the nucleation rate as described in

1.2.3.
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Stabilisation System

Weight Percent DCE

DCE-in-D20 only
+sucrose
TEA+ + sucrose

0.38 ±0.06

TBuA+ + sucrose

0.41 ±0.10

THpABr + sucrose

0.49 ±0.13

LiTPFB + sucrose

0.55 ±0.14

0.40 ±0.09

Table 4.15: Showing the weight percent of DCE condensed as emulsion drops, for emulsions
containing: DCE-in-D20 only, 10 pM TEATPB DCE-in-0.1 M TEAC1D20 , 10 pM TBuATPB
DCE-in-0.1 M TBuACl D20 , 5 mM LiTPFB DCE-in-D20 and 5 mM THpABr DCE-in-D20. 1.5
M sucrose was included in all the emulsions to improve stability
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4.5 M easuring th e Z eta-P o ten tial of th e E m ulsion Interface
The zeta-potential is not the “true” interfacial potential and is instead measured at
the slip or shear plane. This is explained more fully in 1.2.4 but consists of a layer
of charged ions that form at the interface and move with the DCE drop in solution.
Although it is not the exact value of the interfacial potential, it is useful in the
explanation of electrostatic interactions in the emulsion.
The zeta-potential measurements were carried out using a DELSA zeta-potential
analyser at the Beckman Coulter Particle Characterisation Group in High Wycombe.
The emulsions tested were DCE-in-D20 only, DCE-in-1.5 M sucrose D 2 O, 0.1
mM TEATPB DCE-in-0.1 M TEAC1 1.5 M sucrose D20 , and 10 pM TEATPB
DCE-in-0.1 M TEAC1 1.5 M sucrose D 2 O. All emulsions were created following
the procedure in 2.4 and, once they had cooled to 35 °C for 30 mins, the samples
were analysed. The emulsions were cooled to 35 °C and not 15 °C to produce drops
with a small volume. This was so an attempt could be made to measure the emulsion
drop size when in the DELSA.
The two emulsions that did not contain ions gave no zeta-potential reading, as
expected because there was no potential set-up at the interface from potentialdetermining salts. There would, however, be a slight potential as reported for the
DCE/H 2 O interface [135], but this would be below the accuracy o f the DELSA.
The emulsion samples that contained potential-determining ions gave very
interesting results o f two peaks either side of zero, Figures 4.15 and 4.16. For these
measurements the DELSA was set at 35 °C, but the attempt to measure the size was
unsuccessful because the drops were still too big at 35 °C to be detected by the
DELSA.
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Figure 4.15: Graph showing the zeta-potential measurement of a sample of 0.1 mM TEATPB DCEin-0.1 M TEAC11.5 M sucrose D20 measured at 35 °C.
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Figure 4.16: Graph showing the zeta-potential measurement of a sample of 10 pM TEATPB DCEin-0.1 M TEAC1 1.5 M sucrose D20 measured at 35 °C.

The conductivities of the two samples were also measured by the DELSA, giving
values o f 3.51 and 3.44 m S cm-1 for Figures 4.15 and 4.16 respectively. It can be
seen that the conductivities o f the two samples were similar, due to their comparable
drop volume, whereas the zeta-potential readings were different, and it was
proposed that this was due to the different TEATPB concentrations in the two
emulsions. The reason for the two, almost identical, positive and negative peaks is
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unknown, but may be an experimental artefact caused by the transparent and
perfectly spherical emulsion drops. The unique nature of the interfacial potential
established; namely two diffuse double layers, may also contribute to the two peaks.
The zeta-potential was also measured using a Malvern Zeta-Sizer 3000. The
different emulsions analysed at 15 °C, were DCE-in-D20, 10 pM TEATPB DCEin-0 .1 M TEAC1 D2 O, 5 mM LiTPFB DCE-in-D20 and 5 mM THpABr DCE-inD2 O, created as in 2.4. 1.5 M sucrose was included, in all the emulsions tested, to
improve stability and the results are shown in Table 4.16.

Zeta
Potential Measurement /mV

Emulsion
Stabilisation
1

2

4

No Salts

-2.6 ±4.4

-0.3 ±9.3

—

—

TEA+

-2.6 ±0.9

-2.7 ±0.7

—

—

LiTPFB

-25.8 ±6.1

-3.5 ±0.2

THpABr

-3.8 ±4.5

-3.4 ±1.2

3

-0.2 ±6.2
—

-0.4 ±2.3
—

Table 4.16: Table showing measured Zeta-Potentials for emulsion samples containing: DCE-inD20 (No Salts), 10 pM TEATPB DCE-in-0.1 M TEAC1D20 (TEA+), 5 mM LiTPFB DCE-in-D20
(LiTPFB) and 5 mM THpABr DCE-in-D20 (THpABr). 1.5 M sucrose was included in all samples to
improve stability. The different zeta-potential values for each stabilisation system correspond to
multiple measurements at 15 °C.

From Table 4.16, it can be seen that the Zeta-Sizer gave inconsistent results. The
values for TEA+ also do not correlate with those determined using the DELSA, and
the Zeta-Sizer was also unable to confirm the ‘double peaks’. This was thought to
be due to the way the data was presented; the DELSA gave the results as a graph of
zeta potential vs. intensity, enabling the two peaks to be seen, whereas the Zeta127
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Sizer presented only the maximum zeta potential for each run, thereby ignoring any
possible second maximum. For the DELSA results, the peaks seen were of almost
equal intensity at positive and negative zeta. This would not be reflected in the ZetaSizer readings and may explain the low, inconsistent results using the Zeta-Sizer, if
the average peak intensity was recorded. Also, the Zeta-Sizer used an “injection”
system to introduce the sample into the analyser and it is believed that this would
cause a large degree o f shear. This has been shown in Chapter 3, to rapidly
destabilise the emulsion and it is thought that this would have occurred for all the
zeta-potential measurements using the Zeta-Sizer. When using the DELSA, a
method was employed for “dripping” the emulsion into the sample chamber and so
the emulsion would have experienced less shear force using this technique. Because
of this, it is believed that the DELSA gave more reliable results but, due to the
“double peaks”, a quantitative value for the zeta-potential cannot be determined for
the emulsion systems. The results do show, however, that there is a potential
established at the interface and confirm the presence and effect of the potentialdetermining salts. Because it has not been possible to measure the zeta-potential,
estimations cannot be made of the Coulomb interactions and total drop interaction
potential using DLVO theory.
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4.6 C o n c lu sio n s
From the results in 4.2, it was seen that it was possible to reduce the effects of
sedimentation using a density-altering species. It was found that 1.5 M sucrose
provided good stabilisation at a lower concentration than that needed for comparable
stabilisation using glucose (-23.5 xlQT6 au s_1 compared with -20.7 xlO-6 au s-1). It
was also found that the stability o f DCE-in-D20, -172.6 xlO-6 au s”1, was similar to
that ofD C E -in-H 20 , -179.5 xlO-6 au s_1, and showed that the aqueous phase of the
system is interchangeable and therefore SANS experiments could be carried out on
both with minimal loss o f stability in the system.
The emulsion was further stabilised in 4.3.1, by reducing the effects of coalescence.
This was achieved using the partitioning of potential-determining salts across the
liquid-liquid interface. Two systems were studied: a two-salt system using TEA+ or
TBuA+ as a ‘common ion’, and a single-salt system using the partitioning of
LiTPFB or THpABr. It was found that LiTPFB gave the best stabilisation, -6.5 x 10“
6 au s-1, and effectively caused insignificant changes to the emulsion drop volume
over the first two hours when used in conjunction with sucrose. The interfacial
potential established at the interface was estimated in 4.3.4, to be -22 mV and this
was compared to the potentials estimated for the other salt systems of -205 ±17, 474 ±19 and -106 mV for systems containing TEA+, TBuA+ and THpABr at 15 °C.
The potentials were calculated using UV-Vis spectroscopy in 4.3.2, to determine
the concentration of ions in the emulsion oil drops; 0.15 mM. The difference in the
magnitude o f the potential between the single-salt emulsions and the two-salt
emulsions is not entirely clear but may be due to the single-salts reducing the
interfacial tension between the two phases. It was thought, though, that this would
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be insufficient to cause the significant improvement in stability and therefore it was
suggested that there are terms missing from Equation 4.13.
It was also seen in 4.4, that the emulsions were sensitive to changes in temperature,
irrespective o f the stabilising salt used and that the inclusion o f TEA+ and TBuA+
had an insignificant effect on the solubility of the DCE in D 2 O. LiTPFB and
THpABr, however, were seen to increase the solubility of DCE in D 2 O and this is
believed to be due to the partitioning salts lowering the surface tension between the
two phases.
Calculations o f the emulsion drop Debye-Length also showed that the drop
interaction distance was much less than the drop separation distance as expected,
following DLVO theory, and correspond to the resulting emulsion stability.
Another method used to stabilise the emulsion was by dilution, (not included). The
aim was to dilute the emulsion samples to give the DCE drops a lower probability of
collision and thus reduce the process of coalescence. This however, caused a
decrease in the emulsion stability, likely to be due to the increase in shear caused by
the mixing o f the two liquids.
Attempts were also made to measure the zeta-potential at the interface in 4.5, with
some interesting results when using the DELSA. These showed that the potential
changed with different organic ion concentrations and this was presented as two
peaks at almost identical positive and negative potentials. It has been proposed that
these could be an experimental artefact due to the perfectly spherical and transparent
emulsion drops. This may result in a ‘shadow’ being seen by the DELSA as the drop
moves in solution. The similar refractive indices of the DCE and aqueous solution
may also add to the creation of this ‘shadow’. Another proposition, is that these
peaks are caused by the unique nature of the liquid-liquid system, i.e. because there
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is no solid particle with a defined positive or negative charge. Instead there is an oil
drop with two separate charge layers either side o f the interface. As a potential is
applied to the system, a solid particle would move in the opposite direction to its net
overall charge and this single movement would be seen as a positive or negative
zeta-potential reading. The liquid drop, however has no net overall charge and so
would be both attracted and repelled to the applied potential, causing the drop to
deform and elongate, and could result in equal positive and negative zeta-potentials.
Overall the emulsion was successfully stabilised using 1.5 M sucrose to reduce
sedimentation and 5 mM LiTPFB to reduce coalescence. This stabilisation was then
seen to be effective over the first two hours, enabling the emulsion to be studied
using SANS.
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5.1 Introduction
The adsorption o f the protein bovine serum albumin (BSA) at the liquid-liquid
interface has been investigated using small angle neutron scattering (SANS) on an
oil-in-water emulsion using three different diffractometers; D ll and D22 at the
Institute Laue-Langevin (ILL), France, and LOQ at the ISIS facility, UK, with the
only analysable data being obtained from D ll due to the lower (2-range accessible.
The interfacial layer has been investigated using different isotopic solution phase
contrasts and information has been obtained about the thickness of the protein layer
with and without the stabilising salt LiTPFB.
The emulsion containing BSA with and without LiTPFB has also been characterised
using optical microscopy, and this is compared with the emulsion composed of
D CE-in-D20 investigated in Chapters 3 and 4.
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5.2 C h aracterisatio n of th e DCE-in-BSA D20 E m ulsion
As described in 1.3, bovine serum albumin (BSA) is a well characterised protein
that adsorbs to form a layer at the liquid-liquid interface [160]. This adsorbed layer
has also been shown to act to stabilise emulsions [169&170] and, therefore to
investigate this, DCE-in-1.5 M sucrose D20 emulsions were created, as in 2.4,
containing: 5 mM LiTPFB in the DCE and 5 pM BSA in the D20 , and an emulsion
containing 5 pM BSA only with no salts. The emulsion drop volume was then
measured initially after 30 mins cooling to 15 °C, and then every hour for 5 hours.
The results were compared with those from Figure 4.12 in 4.3.3, for DCE-in-1.5 M
sucrose D20 and 5 mM LiTPFB DCE-in-D20 , and are shown in Figure 5.1.
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Figure 5.1: Graph showing the change in drop volume with time for DCE-in-1.5 M sucrose D20
emulsion systems containing: (A) no salts or protein, (A) 5 mM LiTPFB only, (•) 5 pM BSA and 5
mM LiTPFB and (o) 5 pM BSA only.

From Figure 5.1 it can be seen that the presence of protein causes further
stabilisation o f the emulsion, irrespective of the presence of stabilising salt, due to
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the BSA adsorbing at the liquid-liquid interface and reducing the surface energy
between the two phases.
The effect o f temperature changes on the emulsion containing BSA were then
studied by creating emulsions containing DCE-in-1.5 M sucrose D 2 O, with 5 mM
LiTPFB and 5 pM BSA, and BSA only. The emulsions were heated to 65 °C and
then cooled to 15 °C for 30 mins, and a sample was placed onto the microscope
temperature controller for analysis as in 2.6. The initial drop volume and number
density were measured and then the temperature was increased in recorded
increments from 15 to 45 °C. The results were converted to DCE drop weight
percent using the measured initial number density, and compared with the data from
Figure 4.14 in 4 .4 for emulsions containing no salts or protein, and salts only, and
these are shown in Figure 5.2. From this figure it can be seen that the presence of
BSA at the emulsion interface does not affect the solubility of DCE in D 2 O and the
sensitivity o f the emulsion to temperature changes. The recorded number density,
initial drop volume and calculated DCE weight percent, used in Figure 5.2 for the
emulsions containing BSA, were then tabulated in Table 5.1 and these were
compared with the data from Table 4.12 in 4.3.3 for the emulsions without protein.
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Figure 5.2: Graph showing the weight percent of D20 as emulsion drops vs. the temperature of the
system. For DCE-in-1.5 M sucrose D20 emulsion systems containing: ( A) no salts or protein, (A) 5
mM LiTPFB only, (•) 5 pM BSA and 5 mM LiTPFB and (o) 5 pM BSA only.
The solid lines are the regression fits using the equations: y=0.07+0.9exp“°'07*for no salts or protein,
y=0.09+1.2exp“° 07'f for salts only, y=0.3+l.lexp'0 09* for protein and salts,
and y=0.2+0.7exp^° 09* for protein only.

Emulsion System
(+ sucrose)
DCE—in—D20
LiTPFB DCE-in-D20
DCE-in-BSA DzO
LiTPFB DCE-in-BSA D2Q

Drop Volume
/pm3
25 ±5
(3.6 ±0.2 pm)
25 ±6
(3.6 ±0.2 pm)
15 ±2
(3.1 ±0.1 pm)
18 ±2
(3.3 ±0.1 pm)

Number Density
/xlO6 drops cm-3
140 ±12

Weight Percent
Emulsion Drops
0.35 ±0.06

200 ±24

0.51 ±0.14

160 ±10

0.25 ±0.03

230 ±16

0.42 ±0.05

Table 5.1: Comparing the measured drop volume, number density and calculated weight percent of
emulsion drops for emulsions containing DCE-in-1.5 M sucrose D20 , with 5 mM LiTPFB and/or 5
pM BSA. The value in brackets below that of the drop volume in cm3 corresponds to the average
drop diameter in pm.
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Table 5.1 shows that the average drop volume for emulsions containing BSA is
slightly lower than that measured for emulsions without protein, and this is reflected
in the weight percent of DCE condensed as emulsion drops. The weight percent is
significantly lower for the DCE-in-5 pM BSA D 2 O emulsion, suggesting that the
protein decreases the solubility of DCE in D2 O. When LiTPFB is included in the
emulsion containing BSA, the weight percent is increased due to the salt lowering
the surface tension between the oil and water, but the effect of the BSA on the
solubility is still noticeable due to the weight percent being less than that of the
emulsion containing LiTPFB and no protein (0.42 ±0.05 and 0.51 ±0.14 wt % for
LiTPFB and BSA, compared with LiTPFB only), and there appears to be a
reproducible discrepancy of 0.1 wt % between the emulsions with BSA and those
without, irrespective o f stabilising salt.
As described in 1.3.1, the isoelectric point of BSA is pH 4.7 [155] and the
conformation o f the protein structure changes with pH between the Extended, Fast,
Normal, Basic and Aged forms. The pH of the aqueous emulsion phase was
therefore measured with and without LiTPFB. For this, water solutions were created
containing: 100 % D20 , 50 % D20 + 50 % H20 , and 90.6 % D20 + 9.4 % H20 , all
including 1.5 M sucrose, 20 pM BSA and with or without 5 mM LiTPFB. The pH of
these 6 solutions was then measured and the results are shown in Table 5.2. The
different solution contrasts of D 2 O and H 2 O, used in this experiment, correspond to
the emulsion solutions used in subsequent SANS D ll experiments.
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Aqueous Solution
(+1.5 M sucrose
& 20 pM BSA)

pH
With Salts

Without Salts

100 % d 2o

7.84

7.27

50 % D20 + 50 % H20

8.21

7.29

90.6 % D20 + 9.4 % H20

8.18

7.25

Table 5.2: Showing the measured pH for emulsion aqueous phase solutions with and without
stabilising LiTPFB.

From Table 5.2 it can be seen that the average pH of the emulsion aqueous phases is
pH 8.1 with salts and pH 7.3 without. This suggests that the protein adsorbed at the
emulsion interface would be in the Normal or Basic form depending on the presence
of salts.
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5.3 Principles of Small Angle Neutron S cattering
As described in 1.3.2, small angle neutron scattering (SANS) is a simple diffraction
technique that uses the considerable difference in the scattering of a neutron from
hydrogen nuclei compared with that from a deuterium nucleus, to determine
information about the size and shape of molecules, and this has been used
successfully to investigate interfacial adsorption [58&59J. A schematic diagram of
the SANS geometry is shown in Figure 5.3.
Scattering
Neutron
Beam

Area
Detector

Figure 5.3: Schematic diagram showing the geometry of a SANS experiment where kj and kg are the
incident and scattered wavevectors of neutrons with wavelength X nm. The neutrons hit the scattering
centre (hydrogen or deuterium nucleus) and are scattered through an angle 0 and then recorded on a
detector at a distance Lsd from the sample.

In Figure 5.4, kj = 2it/l, and the modulus of the scattering vector, Q = | ks- kj | , is
approximately equal to Equation 5.1 when the scattering angle is small.

5.1

Where Q is the independent variable in SANS experiments and has units of length \
By substituting Equation 5.1 into the Bragg law of diffraction (Equation 5.2),
Equation 5.3 is obtained for the relationship between Q and the dimensions of the
investigated system, again assuming that 0 is small.
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X = 2d sin(0/2)

5.2

d=—

5.3

Q

The dependent variable measured in a SANS experiment is the intensity of
scattering, I(Q), with dimensions of length-1, and corresponds to the flux, or more
precisely, the number of neutrons of a given wavelength scattered through a
particular angle, that arrive on a small area of the detector in a given time. This flux
is given by,

i(Q) =

dO

(0

5.4

Where To is the incident flux, AQ is the solid angle element defined by the size of a
detector pixel, r| is the detector efficiency, and Vs is the volume of the sample
illuminated by the neutron beam. T is the neutron transmission of the sample, given
by,

T(X) = exp (-N totot(k)) = exp

5.5

Where t is the sample thickness, pm is the mass absorption coefficient and a tot(X) is
the sum of the coherent, incoherent and absorption cross sections, shown in
Equation 5.6, for each constituent nuclei.

atotM

4tc E [ o COh,/ + OjnC)/ + ryabs,;(A-)]/471
i

5.6
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In Equation 5.4, (d £ /d Q )(0 is the differential scattering cross-section and contains
all the information regarding the scattering centres in the samples and can be
represented by [192],

— (Q) = N V 2 (Ap)2P(Q) S(Q) + B
dQ

5.7

Where N is the number concentration of scattering centres, V is the volume of one
scattering centre, (A/?)2 is the contrast, P(Q) is the Form factor, S(Q) is the Structure
factor and B is the background signal.
The contrast, (A/))2, relates to the difference in the neutron scattering length density
(SLD), p , o f each solution phase in the emulsion. Each nucleus has a specific SLD
and thus the SLD for a molecule can be calculated using,

Pm =

Up,

5.8

Where pm is the SLD o f the molecule, Sm is the bulk density of the molecule and Mm
is the molecular mass. N a is the Avogadro constant (6.0221 xlO

23

-1

m

mol ) and Y*Pn
n

the sum o f the coherent neutron scattering lengths of each nucleus n in molecule m.
One of the main principles of SANS arises because the neutron scattering length for
hydrogen and deuterium are significantly different, -3.74 and +6.67 xlO

11

cm for

]H and 2D respectively, and therefore isotopic substitution can cause a 180° phase
shift in the scattering. This in turn causes different scattering patterns for the
molecule, depending on the isotope, and results in different structural information
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being obtained. The contrast of the emulsion is merely the difference in the SLD
between the DCE and the aqueous phase, (Ap)2 =

(p d c e

-

Paq)2-

To simplify the

scattering patterns from the emulsion, the SLD of the phases can be matched. This
effectively reduces the 3-phase emulsion, DCE-BSA-aqueous, to a 2-phase system
and is illustrated in Figure 5.4.

1-----------------1--------------BSA
|
Aqueous
I

DCE

i

Paq

PDCE

P bsa

o

’Shell'

Paq
CM

<
O

*9

"5.

P dce
P bsa
'Drop'

P

dce

P bsa

Pag

'Core'

Figure 5.4: Diagram showing the SLD profile vs. distance r for the three ideal phase contrasts:
‘shell’, ‘drop’ and ‘core’. Schematics of emulsion drops are also included to show in grey the areas
where the SLD is matched, effectively isolating the area in white.
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The most important contrast in Figure 5.4 is where the SLD of the DCE is matched
to that o f the aqueous phase,

p d c e = Paq

»

P b sa -

This gives information on the

interfacial layer of protein and is termed the ‘shell’ contrast. The two other contrasts,
termed ‘drop’ and ‘core’ respectively, are ideally when p d c e
»

= P b sa

«

Paq

and p d c e

P b s a = Paq-

The Form factor in Equation 5.7, P{Q), is a dimensionless function that describes
how ( d £ /d n )(0 is adjusted by interference effects between neutrons scattered by
different parts of the same scattering centre. It is therefore dependent on both the
size and shape of the centre and the particle size distribution. The Form factor for a
homogenous sphere with radius R, is shown as,

P(Q) = F \ Q ) =

3 (sin(0?) - QR cos {QR))
m

5.9

f

The particle size distribution is commonly expressed using the Schultz distribution
[193] where the fraction o f radii n{R), having a radius R, is given by,

5.10

Where R is the mean value of R, T(x) is the gamma function, and p is the width of
the distribution, given in Equation 5.11. /? is the standard deviation of the
distribution.
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5.11
R2

The corresponding molecular weight distribution, n(M), is shown in Equation 5.12.

M h exp - ( l + /i)—
M

5.12

Where Mw is the weight-average molecular weight and h is the polydispersity index,
given in Equation 5.13. Mn is the number-average molecular weight.

The Structure factor in Equation 5.7, S(Q), is similar to the Form factor but
describes how (d E /d n )(0 is altered by interference effects between neutrons
scattered by different scattering centres in the sample. It is therefore dependent on
the degree o f local order in the sample and on the interaction potential between
scattering centres, and is given by Equation 5.14.

S ( 0 = l + 7 ^ J [g (r)-l]rs in (g /-) dr

5.14

0
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Where g(r) is a density distribution function, whose maxima corresponds to the
distance r, o f each nearest neighbour coordination shell. The Structure factor is not
easily solvable and therefore, when the observed SANS data is fitted, an
approximate form from theoretical models is generally used [192].
Once the raw data has been collected, it is normalised to get the absolute scattering
intensity. For the data collected at the ILL, this follows Equation 5.15.

m ,

m

ec
5.15

The subscripts s, ec and H20 , correspond to the sample runs, empty cell and H 2 O
normalisation runs, respectively. I(Q) is the scattering data, T, the transmission runs,
and M is the recorded monitor count. Data collected at the ISIS facility is normalised
using a similar equation except an instrument dependent scaling factor is used
instead o f the H 2 O dependent terms.
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5.3.1 C alculating th e M olecular Scattering Length D ensities
The molecular scattering length density (SLD) for each solution phase was
calculated using Equation 5.8, and the coherent scattering lengths and molecular
mass for each nucleus used in the SANS experiments is shown in Table 5.3.
Nucleus

Pn

*H

/x 10 13 cm
-3.741

M„
/g m o l1
1.008

2D

+6.671

2.014

C

+6.646

12.011

O

+5.803

15.999

Cl

+9.577

35.453

Table 5.3: Showing the coherent scattering length (pn) and molecular mass (M„) for each atom used
to calculate the molecular SLD (pm) of molecules used in the SANS experiments.

The bulk density o f sucrose was determined by weighing 1.5 M sucrose (12.836 g)
into a 25 cm3 volumetric flask and filling to the line with a recorded volume of D 2 O
(16.55 cm ). This corresponds to 12.836 g sucrose being equal to 8.45 cm volume
and therefore, the bulk density is 1.519 g cm-3 in D 2 O, using Equation 5.16.

Sm = m / V

5.16

Where Sm is the bulk molecular density of a substance, calculated using a recorded
mass of the substance, m, displacing a measured volume of liquid, V. In H20 , 12.836
g sucrose was equal to 7.7 cm3 volume, and hence gave a bulk density of 1.667 g
cm-3 of sucrose in H20 .
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Table 5.4 shows the determined and literature [186] bulk molecular densities (8W)
and the calculated sum of the coherent neutron scattering lengths of each nucleus n
m

in molecule w ( ^ / ? J f o r the emulsion components, used to calculate the emulsion
n

phase SLD.
Molecule

8

#n

/g cm 3

m
llP n
n

Mm

Pm

/g mol 1 /xlO10 cm"2

/xlO"12 cm
1.519

+6.1283

342.297

1.6377

SucroseH2o

1.667

+6.1283

342.297

1.7973

d 2o

1.105

+1.9145

20.027

6.3614

h 2o

0.998

-0 .1 6 7 9

18.015

-0 .5 6 0 1

d -D C E
(C 2D 4 C I 2 )
h -D C E
(C 2 H 4 C I 2)

1.250

+5.913

102.984

4.3221

1.235

+1.7482

98.96

1.3139

SucroseD2o
( C 12H a O „ )

Table 5.4: Showing the determined and literature [186] bulk molecular densities (bm), molecular
masses (Mm) and the calculated sum of the coherent neutron scattering lengths of each nucleus i in
m

molecule m ( ^ p n ) and the calculated molecular SLD (pm) for each emulsion components.
n

The SLD o f the aqueous emulsion phases will be a sum of both the SLD of the
sucrose and the D 2 O or H 2 O. Because 1.5 M sucrose in 25 cm3 is 8.45 cm3 sucrose
and 16.55 cm3 D 2 O, it was determined that a 1.5 M sucrose solution was 33.8 %
sucrose and 66.2 % D20 . Therefore the SLD for D 2 O containing 1.5 M sucrose was
calculated to be 4.7648 xlO10 cm-2 for 1.5 M sucrose D 2 O. For H 2 O, the experiment
was repeated and it was found that 12.839 g sucrose equalled 7.7 cm3 H20 , hence
the bulk density was 1.667 g cm-3 and a 1.5 M sucrose H20 solution was 30.8 %
sucrose and 69.2 % H 2 O. This gave a SLD of 0.1660 xlO10 cm-2 for a solution of 1.5
M sucrose H 2 O.
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5.3.2 C alculating th e BSA C oncentration N eeded to Form an Em ulsion
Interfacial M onolayer
For the SANS experiments investigating protein adsorption, the concentration of
BSA used needed precise calculation; too little and there would be insufficient to
form a monolayer around all the emulsion drops, too much and it could form a
bilayer.
To calculate the total surface area of the DCE drops per unit volume

( A e ),

Equation

5.17 was used.

Ag=

5.17

Where

r

is the average drop radius and N is the number density and, for an emulsion

containing BSA, the average total surface area was calculated to be 6.17 ±1.5 xlO17

A2. As described in 1.3.1 , there are two reported dimensions for BSA;

140 x 40 x 40

A [155] and 84 x 84 x 31.5 A [159], the maximum surface area of a BSA unit ( A bsa)
was also reported to be 7070

A 2 [155],

approximately the average of these two

suggested dimensions, and, using Equation 5.18, the number of BSA units needed to
form an emulsion monolayer ( N bsa ) was calculated.

= f~

5.18

A BSA

From Equation 5.18, it is determined that 8.7 ±1.7 xlO

1^

BSA units were needed for

a monolayer and, using the molecular mass of BSA (.M) to be 66500 g mol-1 [155]
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and the Avogadro constant (Na = 6.0221 xlO23 mol-1 [91], this number of units was
converted to the number of moles of BSA ( M bsa ) (Equation 5.19).

M BSA ~

N BSA
M
NA

5.19

The number of moles BSA needed was calculated, using Equation 5.19, to be 9.6
±1.5 pM and therefore to ensure an excess and allow for BSA feely dissolved in the
aqueous phase o f the emulsion, it was determined that 20 pM BSA were needed to
give a monolayer, but would be insufficient to form a bilayer.
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5.4 ILL D11 R esu lts
The experimental data collection using D ll was carried out at two detector
distances, 8 and 34 m, because, as described in 2.7, D ll is a fixed-wavelength
instrument, set at 13

A,

and this gave a greater Q-range than if only one detector

distance was used. The two sets of data were then merged together to give one
continuous set o f data.
To achieve the ‘drop’ phase contrast, h-DCE and D 2 O were used in an emulsion
containing h-D CE-in-1.5 M sucrose 20 pM BSA D 2 O. For the ‘shell’ contrast, the
SLD o f the aqueous phase was matched to that for d-DCE using a mixture of 1.5 M
sucrose D 2 O and H 2 O. This was calculated to be 0.903 mole fraction 1.5 M sucrose
D2 O and the emulsion was composed of d-DCE-in-1.5 M sucrose 20 pM BSA
0.903 mole fraction D 2 O 0.097 mole fraction H 2 O. Because the SLD of the BSA
was unknown, the ‘core’ contrast was made to be d-DCE and a mixture of D 2 O and
H2 O matched to a value just below the expected SLD of the BSA, 2.5 xlO”6 A-2
[160]. This contained 0.5 mole fraction H2 O and 0.5 mole fraction D 2 O, with a
calculated SLD o f 2.4738 xlO-6 A-2 and the emulsion was created composed of d DCE-in-1.5 M sucrose 20 pM BSA 0.5 mole fraction D 2 O 0.5 mole fraction H2 O.
These phase contrasts were repeated with the inclusion of 5 mM LiTPFB in the DCE
to investigate the inclusion of stabilising salts on the interfacial protein layer. The
SLD profiles for all the D 11 experiments are shown in Figure 5.5.
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DCE

BSA

p = 4.322

Aqueous
p = 4.322

p = 2.5

'Shell'

p = 4.765

p = 2.5
p = 1.314
'Drop'

p = 4.322

p = 2.474
p = 2.5

'Core'

r

Figure 5.5: Diagram showing the SLD profile vs. distance r for the three phase contrasts: ‘shell’,
‘drop’ and ‘core’ used in the ILL D11 SANS experiments for an emulsion with a layer of BSA
adsorbed at the liquid-liquid interface.

From Figure 5.5, it can seen that the three contrasts used in the D ll experiments
were close to the ‘ideal’ cases and therefore information regarding the interfacial
layer would be obtainable from the SANS data.
For the D ll SANS experiments, the emulsions were prepared containing 5 cm3
aqueous solution and 0.5 cm3 DCE. These were heated with stirring to 65 °C for 55
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mins and then 0.05 cm3 of BSA stock solution was added and the mixture was
heated for a further 5 mins. The BSA solution was added towards the end of the
heating time so that the protein structure remained reasonably intact. Some
unfolding would occur, due to the presence of the DCE, but it was hoped that this
could be limited by controlling the heating time. As described in 1.3.1, BSA is
known to partially unfold in certain conditions, but that this is also reversible [160].
It was therefore proposed that, even if some unfolding occurred whilst the BSA was
heated, this would be reversed as the emulsion cooled and the BSA would retain
some o f its original globular shape at the liquid-liquid interface. Because there were
no obvious signs o f precipitation in the emulsion samples, it was assumed that the
BSA had not denatured during emulsion formation.
While the emulsion was heated, the cuvette to be used was placed in the water-bath
at 65 °C to heat to the same temperature. A sample was then taken of the ‘hot’
emulsion and placed into the cuvette, as described in 2.7, and so as to reduce
destabilisation due to shear, this was subsequently cooled in a water-bath set at 15
°C to form the emulsion. After 5 mins, the sample was then placed in the neutron
beam and the scattering and transmission were recorded.
As described, the match-point for the ‘shell’ contrast was calculated to be 0.903
mole fraction D 2 O in a solution of 1.5 M sucrose D 2 O/H 2 O. There would, however,
be some solvent penetration of the oil into the water and vice versa, and also into the
protein layer, and so the match-point needed to be confirmed experimentally. This
was done by creating emulsions containing 0.5 cm d-DCE and the following mole
fractions o f D 2 O in 5 cm3 of D20/H 20 : 0.950, 0.920, 0.890 and 0.850. The
integrated scattering intensity was calculated for each mole fraction of D 2 O, using
Equation 5.20 and this was plotted in Figure 5.6.
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Integrated Scattering Intensity = (Count rate / Sample Transmission)2

5.20

Two lines o f regression were drawn and then equated to give the corresponding
mole fraction of D 2 O where the lines crossed.

9000
c 8500 ■
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D>
'5 7500 o 7000 0

6500 ■
6000 5500
0.84

0.86

0.88

0.90

0.92

0.94

0.96

Mole Fraction D20
Figure 5.6: Plot of integrated scattering intensity (ISI) vs. mole fraction of D20 to determine the
contrast match-point for an emulsion of DCE-in-1.5 M sucrose D20/H 20 . The integrated scattering
intensity was calculated using the equation: ISI=(count rate /sample transmission)2 and the lines of
regression correspond to the equations: (a) y = 26760 - 21500* and (b) y = 2864.5 + 4870*. The
match-point is determined to be 0.906 mole fraction D20 in a solution of 1.5 M sucrose D20/H20.

From Figure 5.6, the contrast match-point was determined to be 0.906 mole fraction
of 1.5 M sucrose D 2 O in a solution containing 1.5 M sucrose D 2 O/H2 O, using the
regression lines: y = 26760 - 21500.x and y = 2864.5 + 4870*. The scattering
intensity does not pass through zero because, even though the DCE and aqueous
phases were contrast matched, there would still be some scattering observed from
the liquid-liquid interface. The value used in Figure 5.6 for the scattering intensity,
has also not been normalised and corrected for the scattering due to pure water, the
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empty cuvette and direct beam. This would have been equal for all four mole
fractions o f D 2 O and hence the absolute value for the scattering intensity was not
needed.
For the normalisation of the observed raw data, the scattering and transmission was
measured for the empty cuvette, the direct beam and for a cuvette of pure H 2 O. The
data for every emulsion mixture was then corrected for these and the normalised
data is shown in Figures 5.7, 5.8 and 5.9.

10000
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■
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Ui

O

'Shell'
0.01
0.001

0.01

log (Q) /A'1
Figure 5.7: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose 20 pM BSA 90.6:9.4 %
D20:H20 , and (o) d-DCE-in-1.5 M sucrose 20 pM BSA 90.6:9.4 % D20:H20 . This is similar to the
ideal ‘shell’ phase contrast.

In Figure 5.7 the large ‘gap’ in the data between Q = 0.002 and 0.003 A-1, is due to
the merging of the data from the two detector distances. Whilst it can be seen that
the statistics of the 8 m data are good, the errors for the 34 m are quite large, due to
insufficient data collection time, and this resulted in the data not merging exactly.
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Figure 5.8: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB h-DCE-in-1.5 M sucrose 20 pM BSA D20, and (o)
h-DCE-in-1.5 M sucrose 20 pM BSA D20 . This is similar to the ideal ‘drop’ phase contrast. (Error
bars for I{Q) are included but are smaller than the size of the data point).
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Figure 5.9: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose 20 pM BSA 50:50 %
D20:H20 , and (o) d-DCE-in-1.5 M sucrose 20 pM BSA 50:50 % D20:H20 . This is similar to the
ideal ‘core’ phase contrast. (Error bars for I(Q) are included but are smaller than the size of the data
point).
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From Figures 5.7, 5.8 and 5.9, a difference can be seen between the data for the
emulsion with salts and those without. This suggests that the presence of stabilising
salts affects the interfacial BSA and the data was then fitted using the FORTRAN
program FISH to gain information regarding this protein layer.
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5.4.1 D11 SANS Data A nalysis using FISH
The SANS data has been analysed and model fitted using the FISH program written
in FORTRAN [180]. The model used in the fitting is for a microemulsion and
utilises the equations for a rigid core, with two shells, that has uniform scattering
length densities in each phase (a copy of the model detailing the major parameters
can be found in Appendix A). This uses a Marquardt Steepest Descent and Least
AV

Squares iteration to fit the normalised data for — (Q) to Equation 5.7, using the
dQ
approximated Hard Sphere Structure factor,

S h s( 2 ) ,

and Equation 5.20 for the Form

factor.

'BSA(DCE)
( p

aq

P

dce

P B S A (a q)

BSA(aq)

Ma*J

PBSA (D C E )

5.20

Where,

F(QM =

^ n ( Q R x) -Q R x cos(QRJ)

(QR>?

5.21

and px and Rx are defined in Figure 5.10.
Table 5.5 shows the scattering length densities, ps, of the solution phases used in the
microemulsion program, and Figures 5.11 and 5.12 show the resulting fitted data for
the emulsions with and without salt respectively.
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P bSA(DCE)

P dce

Figure 5.10: Schematic showing a DCE drop with SLD pDCE and radius Rc. Surrounding the drop is a
BSA layer composed of two shells, with SLD P bsa(dce) and pBSA(aq) and thicknesses (Rs] -R c) and
{Rd - Rs]) for the amphiphilic and hydrophilic BSA respectively.

Solution

Solution

Ps

/xio-6 A-2 (+ sucrose)
h-DCE

1.314

d-DCE

4.322

BSA

2.5

Ps

/xio-6 A*2

0.5:0.5
D20 :H 20
0.906:0.094
D20 :H 20
d 2o

2.487
4.337
4.765

Table 5.5: Showing the scattering length densities, ps, for the emulsion solution phases used in the
microemulsion data fitting program.

The protein layer was assumed to be a uniform flat slab and, for fitting, the thickness
of the BSA dce shell was constrained at 1 A, whilst the thickness of the BSAAq shell
was allowed to change. The BSA SLD for both shells was also constrained for the
fitting, in a range of 2.0-3.0 xlO-6 A-2 to obtain an error for the interfacial layer with
a change in SLD. Although the scattering length density of the BSA was determined
in the literature to be in the order of 2.5 xlO-6 A-2, exchange of labile hydrogens
within the BSA would occur with the surrounding emulsion phases, and would
result in a shift in this value [160].
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Figure 5.11: Graph showing the simultaneous fit of the ‘drop’, ‘core’ and ‘shell’ phase contrasts for
the emulsion containing LiTPFB and BSA adsorbed at the liquid-liquid interface.
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Figure 5.12: Graph showing the simultaneous fit of the ‘drop’, ‘core’ and ‘shell’ phase contrasts for
the emulsion containing BSA adsorbed at the liquid-liquid interface without the inclusion of
stabilising salts.

From Figures 5.11 and 5.12, it can be seen that the D ll data, for the emulsion with
and without salts, can be fitted simultaneously using the microemulsion FISH
program. There are deviations of the fit from the data for both the emulsions at very
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low Q and this may be due to the high errors for the ‘shell’ contrast. The interfacial
data obtained from the fit lines are shown in Table 5.6, and these are compared with
the expected values from the literature and emulsion characterisation experiments.
The expected value for the interfacial BSA layer has been found to be in the order of
40

A for the

air-water interface [160&161] and corresponds to the formation of a

‘sideways’ adsorbed monolayer. This assumes the dimensions of the protein are
140x40x40

A, with

an oblate ellipsoid shape, as described in 1.3.1, and has shown

that the globular framework of the protein is retained after adsorption. When using
an oil-water interface, there is likely to be some unfolding of the protein due to the
hydrophobic nature o f the DCE and therefore the interfacial BSA layer is likely to
be thicker with a less defined shape.
From Table 5.6, it can be seen that the fitted BSA layer thickness is similar to the
expected value, as is the volume fraction of the BSA layer. The volume fraction for
the total DCE drops is slightly less than expected and there is a large discrepancy in
the fitted dimensions of the DCE drops, i.e. radius, volume and number density,
when these are compared with those determined experimentally using optical
microscopy. When the expected values are used initially in the FISH program, the
data fails to fit and eventually returns to the obtained values in Table 5.6. By
comparing the obtained volume fraction of the DCE drops with the data in Table 5.1
in 5.2, it can be seen that this volume fraction seems to explain the ‘missing’ 0.1 wt
% of DCE not present in the emulsions containing BSA. It would therefore suggest,
due to the small drop radius (220 nm) and very large number density (3 xlO10 drops
T
cm ) that a secondary microemulsion is also present in the emulsions prepared
—

•

containing BSA. This would be too small to be observed under the optical
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microscope and would not be visible due to the small size when compared to the
wavelength o f visible light.

Fitted
No Salt
Salt
47.9 ±16
40.3 ±15

BSA layer
thickness /A
BSA SLD
/xKT6 A"2
% Water in
BSA layer
Volume Fraction
BSA layer per drop l % \
Total Volume Fraction
DCE /%v
Emulsion Polydispersity

—

Volume DCE
per drop /xlO10 A3
Volume BSA layer
per drop /xlO9 A3
Surface Area Outer BSA
layer per drop /xlO7 A2
Total Surface Area
DCE+BSA Drops /xlO18 A2
DCE drop radius

—

Expected
40
2.5 ±0.4

20

0

0.056

0.048

0.05

0.15 ±0.002

0.11 ±0.002

0.33

0.31 ±0.005

0.30 ±0.005

5.93

5.50

1650

3.30

2.65

786

7.02

6.68

323

230.3

171.0

0.7

2.21 ±0.03

2.17 ±0.03

16

3.28

2.56

0.0002

—

—

/xio3A
Number Density DCE drops
/xlO12 drops cm-3

Table 5.6: Showing the interfacial data obtained from the simultaneous fit lines in Figures 5.12 and
5.13 compared with the expected values from the literature and emulsion characterisation
experiments.

As described in 1.3.1, BSA is a commonly used emulsifying agent due to its highly
surface-active nature and rapid adsorption at the oil-water interface formed upon
emulsification [173]. This emulsification is not initiated by the BSA as such, but
instead the emulsion is formed by rapid mechanical homogenisation of the oil and
water, with the resulting emulsion being stabilised by the protein adsorbed at the
interface [168]. This results in a thin dense layer of interacting polymer molecules,
with the main thermodynamic force driving the adsorption, being the removal of
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non-polar side-chains from the aqueous layer by displacing the water molecules at
the interface [172]. The partial unfolding of the native globular structure of the
protein at the interface also drives the adsorption. A possible mechanism for the
formation o f the secondary BSA microemulsion would be similar to that described
in 3.2 but with the BSA adsorbing and forming a monolayer around the DCE
molecular clusters before the emulsion drops are created. Because there would be
many more molecular clusters formed initially, than there are drops seen with
optical microscopy, this would explain the large number density. These BSAcovered clusters would then be stabilised by the protein, hence forming a
microemulsion, and would therefore be unlikely to continue to coalesce to form the
expected drop volume. From the experiments in 5.2, drops with 3 pm diameter that
appeared to be stabilised with BSA, were seen, however, and so a proportion of the
microemulsion must continue to grow via molecular diffusion to form the expected
emulsion. This would occur when an incomplete monolayer forms around some
drops, hence allowing the molecules to penetrate the BSA layer. An approximate
value of 200 xlO18

A2 is

obtained for the total surface area of the secondary

microemulsion, with or without salts, and, when this is compared to the surface area
of the ‘expected’ emulsion, 0.7 xlO18 A2, it can be seen that the concentration of the
expected emulsion is in fact negligible when compared to that o f the microemulsion.
This can also be seen by looking at the ratio of the total surface area of Targe’ drops
to ‘small’, a value of 0.003.
Because the total surface area of the microemulsion is much greater than expected,
the concentration of BSA used in the experiments may have been insufficient to
form a monolayer around every drop. Using the revised total emulsion surface area
of 200 xlO18 A2 in Equations 5.17 and 5.18, the concentration of BSA needed to
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form an interfacial monolayer is calculated to be 3 mM, a value much higher than
the 20 pM used in the experiments. This would suggest that a complete monolayer is
not able to form around every drop, and therefore explains why the expected
emulsion drops were also able to grow. On hydrophobic surfaces, BSA has been
shown to adsorb as ‘islands’ of protein and not a complete layer [160] and this could
also explain why the layer thickness fitted using FISH is similar to the expected
value.
Even though there are drops present of the expected pm diameter, it is believed that
they are not observed in the data fitting because, even at the lowest g-value
experimentally possible, the emulsion drops are still too large to be observed in their
entirety. This can be confirmed by calculating the approximate observable system
dimensions investigated, using Equation 5.3 and the D ll g-range of 0.0006-0.022

A-1. These

were determined to be 285-10500

average emulsion drop diameter of 32000

A

and thus it can be seen that the

A, measured using optical microscopy, is

three times greater than the maximum approximate drop dimensions measurable
using D l l . The neutrons are therefore only seeing the entire microemulsion drops,
and a portion of the ‘expected’ emulsion. This is confirmed because the ratio of the
total surface areas of ‘large’ expected emulsion drops to ‘small’ microemulsion
drops is very low; 0.003. It can also be seen that there is some deviation from the
fitted lines at low g , log g , < 0.001

A-1, for all three contrasts,

and this is because

there would be some contribution to the scattering profile from the ‘large’ drops at
very low g , and therefore the scattering information would overlap. To see the
entire ‘expected’ emulsion drops, the minimum g would need to be in the order of
0.00015

A-1

but then there may be more scattering overlap between the two

emulsion systems.
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From Table 5.6 it can also be seen that the emulsion containing salt appears to have
a thinner and drier layer o f BSA when compared with an emulsion without LiTPFB.
This may be due to the salts increasing the amount of protein adsorbed at the
interface and hence creating a thicker layer, however, due to there being an
insufficient concentration to form a monolayer it is likely that the solvated water
adds to the thickness of the interfacial protein.
As described, the data was fitted assuming a uniform slab profile for the protein but,
due to partial unfolding of the BSA, the profile is more likely to be a non-uniform
diffuse layer. A schematic diagram showing the uniform slab and probable diffuse
layer is shown in Figure 5.13.
Aqueous
o
BSA
DCE

w

w

t
40 A

BSA

A A A A /L 4
Diffuse Layer Model

Aqueous
Aqueous
40 A

BSA
Uniform Slab Model

DCE

Figure 5.13: Schematic diagram showing (b) the Uniform Slab Model used in the data fitting and (a)
a more realistic Diffuse Layer Model.

From Figure 5.13, it can be seen that the microemulsion FISH model was not perfect
and that the nature of the protein adsorption could not be determined by using a
uniform slab. A model for a diffuse protein layer would therefore be more accurate.
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5.5 ILL D22 R esults
For the analysis using D22 at the ILL, four emulsion systems were investigated;
DCE-in-water with and without LiTPFB and/or BSA. Not only was the interfacial
adsorption o f BSA investigated, but also the ‘clean’ liquid-liquid interface and the
effects on this o f stabilising salts. The data was collected at two different detector
distances, 17.6 and 3.0 m, with a fixed-wavelength of 15 A. The two sets of data
were then merged together to give one continuous set of data. The emulsions were
created as in 2.4, with the emulsion cooled to 30 °C for 30 mins before analysis in
the neutron beam at 15 °C. This discrepancy in cooling temperature was due to an
incorrectly calibrated water-bath that had been set at 15 °C but in fact was 30 °C.
This led to a secondary emulsion forming when the cuvette was put in the neutron
beam at 15 °C, as shown in the schematic diagram in Figure 5.14.

DCE +
D20

Cool to 15 °C

W

65 °C

DCE +

65 °C

Cool to
35 °C

O

O

O
O OO
O OO
Primary
Emulsion

°o°
°o°o
oo

Cool to
15 °C .

Secondary
Emulsion

Figure 5.14: Schematic diagram showing the formation of a primary and secondary emulsion of
DCE-in-D20 created by cooling the emulsion from 65 °C to 35 °C and then subsequently rapidly
cooling to 15 °C.
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The secondary emulsion was formed from the aqueous dissolved DCE at 35 °C and
from Table 3.1 in 3.2 it can be seen that the maximum weight percent of DCE
present as the primary emulsion drops would be 0.31 wt % whereas that for the
secondary emulsion would be 0.09 wt %. From the data for the weight percent of
DCE drops in Table 5.1, where the maximum weight percent is 0.40 wt %, it can be
seen that only a percentage of this maximum condenses as DCE drops and therefore
this value for the primary and secondary emulsions needs to be adjusted. If the
number density o f this secondary emulsion was assumed to be the same as for one
heated to 65 °C and then cooled to 15 °C, the average drop volume and diameter for
both the primary and secondary emulsions can be calculated, and are shown in Table
5.7, for emulsions containing BSA and sucrose, BSA with sucrose and LiTPFB,
sucrose only, and sucrose with LiTPFB.
As it can be seen from Table 5.7, the drop volume calculated for the secondary
emulsion is approximately 75 % smaller than that measured for the emulsion formed
by heating to 65 °C and then cooling to 15 °C and the corresponding drop diameter
is 30 % smaller. This can be seen for the emulsion regardless of the presence of
BSA or LiTPFB, but is still only an approximation because the nucleation
Characteristics o f the primary and secondary emulsions are assumed to be the same
as that of the system formed by cooling from 65 °C to 15 °C directly. The possible
formation of a separate BSA microemulsion, as seen in 5.4.1 for the D ll
experiments, has also not been included in these calculations. This would create a
tertiary emulsion and would cause further confusion to the analysis of the data.
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Emulsion
System
(+ sucrose)

H e a tCool
Temp 1°C
6 5 -1 5

DCE-in-BSA DzO

6 5 -3 5
3 5 -1 5
6 5 -1 5

LiTPFB DCE-in-BSA
d 2o

6 5 -3 5
3 5 -1 5
6 5 -1 5

DCE—m—D20

6 5 -3 5
3 5 -1 5
6 5 -1 5

LiTPFB DCE-in-D20

6 5 -3 5
3 5 -1 5

Drop
Volume
/pm3
(diameter)
15 ±2
(3.1 ±0.1 pm)
12 ±0.6
(2.8 ±0.1 pm)
3.7 ±0.2
(1.9 ±0.1 pm)
18 ±2
(3.3 ±0.1 pm)
14 ±0.8
(3.0 ±0.1 pm)
4.3 ±0.2
(2.0 ±0.1 pm)
25 ±5
(3.6 ±0.2 pm)
19 ±0.8
(3.3 ±0.1 pm)
5.6 ±0.4
(2.2 ±0.1 pm)
25 ±6
(3.6 ±0.2 pm)
20 ±2
(3.3 ±0.1 pm)
5.9 ±0.6
(2.2 ±0.1 pm)

Number
Density
/xlO6 drops cm-3

160 ±10

230 ±16

140 ±12

200 ±24

Weight Percent
Emulsion
Drops
(Literature)
0.25 ±0.03
(0.40)
0.19
(0.31)
0.06
(0.09)
0.42 ±0.05
(0.40)
0.33
(0.31)
0.10
(0.09)
0.35 ±0.06
(0.40)
0.27
(0.31)
0.08
(0.09)
0.51 ±0.14
(0.40)
0.40
(0.31)
0.12
(0.09)

Table 5.7: Showing the formation temperatures and the determined drop volume, diameter and DCE
weight percent for primary and secondary emulsions containing DCE-in-D20 with and without BSA
and/or LiTPFB.
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5.5.1 SANS Data for th e ‘BSA’ Interface
The emulsions used for the investigation of protein adsorption at the liquid-liquid
interface were composed of d-DCE-in-1.5 M sucrose 5 pM BSA D 2 O (‘shell’), h DCE-in-1.5 M sucrose 5 pM BSA D 2 O (‘drop’), and d-DCE-in-1.5 M sucrose 5
pM BSA 0.70 mole fraction D 2 O and 0.30 mole fraction H2 O (‘match’). These mole
fractions calculated for the contrast match did not include the contribution due to
sucrose and hence were not an exact match. The experiment was then repeated with
5 mM LiTPFB in the DCE phase to study the effect of salts on the BSA layer. The
concentration o f BSA was lower than that used at the ILL on D11 (20 pM) because
the emulsion was not fully characterised and only an estimate had been made for the
drop volume and number density. The emulsion phase contrasts investigated were
also inaccurate due to a lack of experience using the technique and the contrasts are
shown as SLD profiles in Figure 5.15.
As it can be seen from this figure, only the ‘drop’ phase contrast used in the D22
SANS experiments on an emulsion containing BSA, was an ‘ideal’ system and no
‘core’ contrast was used. Instead there were two phase contrasts close to matchpoint and these were termed ‘match’ and ‘shell’. These however were not an exact
contrast match and so it was unlikely that interfacial data would be determined from
the results. The SANS data obtained for both emulsions with and without salts is
shown in Figures 5.16, 5.17 and 5.18 for the phase contrasts ‘drop’, ‘match’ and
‘shell’ respectively. The data normalisation was the same as for D l l , with the
neutron scattering and transmission being measured for an empty cell, the direct
beam and a sample of pure H 2 O.

168

Chapter 5: Small Angle Neutron Scattering Analysis o f Protein Adsorption at the
________________________________________O il-in-W ater Emulsion Interface

DCE

BSA

----------------------Aqueous
p = 4.765

p = 2.5
p = 1.314
'Drop'

p = 4.322
p = 3.309

p = 2.5
'Match'
■
p = 4.765

p = 4.322

p = 2.5
'Shell'

r

Figure 5.15: Diagram showing the SLD profile vs. distance r for the three phase contrasts: ‘drop’,
‘match’ and ‘shell’ used in the ILL D22 SANS experiments for an emulsion with a layer of BSA
adsorbed at the liquid-liquid interface.
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Figure 5.16: Graph showing log-log plot of the scattering intensity, 7 (0 , vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB h-DCE-in-1.5 M sucrose 5 pM BSA D20, and (o)
h-DCE-in-1.5 M sucrose 5 pM BSA D20. This is similar to the ideal ‘drop’ phase contrast. (Error
bars for 7 ( 0 are included but are smaller than the size of the data point).
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0.001

0.01
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Figure 5.17: Graph showing log-log plot of the scattering intensity, 7 (0 , vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose 5 pM BSA D20/H 20,
and (o) d-DCE-in-1.5 M sucrose 5 pM BSA D20/H20, termed the ‘match’ phase contrast. (Error
bars for 7 ( 0 are included but are smaller than the size of the data point).
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Figure 5.18: Graph showing log-log plot of the scattering intensity, 7 (0 , vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose 5 pM BSA D20 , and ( o )
d-DCE-in-1.5 M sucrose 5 pM BSA D20 , termed the ‘shell’ phase contrast. (Error bars for 7 (0 are
included but are smaller than the size of the data point).

From Figures 5.16, 5.17 and 5.18 it can be seen that there is a difference between the
systems containing LiTPFB and those without. This confirms the results from D ll
that the salts affect the thickness of the liquid-liquid interface but analysis using
FISH proved

inconclusive due to the incorrect phase contrasts and an

inhomogeneous emulsion drop size.
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5.5.2 ‘C lean’ Interface
Emulsions were then created containing d-DCE-in-1.5 M sucrose D 2 O, h-D C E -in1.5 M sucrose D 2 O, and d-DCE-in-1.5 M sucrose H 2 O to investigate the thickness
of the ‘clean’ liquid-liquid interface. These were also repeated with 5 mM LiTPFB
in the DCE phase to study the effect of the salts on the interface, and the solution
phase contrasts used are shown in Figure 5.19.
As it can be seen from this figure, both the ‘drop’ and ‘core’ contrasts were similar
to the ideal case. The ‘shell’ phase contrast was not an exact match but it was hoped
that this might still give some interfacial information when combined with the ‘drop’
and ‘core’ data. Due to the presence of the two emulsion size distributions, however,
data fitting was not possible. The normalised SANS data, corrected for the sample
transmission, empty cell, direct beam and pure H 2 O, obtained is shown in Figures
5.20, 5.21 and 5.22 for the emulsions with and without stabilising salts. These show
that there was a small difference in the scans for the emulsions with and without
salts; however, this was not as large as the difference seen for the emulsions
containing BSA in 5.4.1 and 5.5.1, as expected.
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Figure 5.19: Diagram showing the SLD profile vs. distance r for the three phase contrasts: ‘shell’,
‘drop’ and ‘core’ used in the ILL D22 SANS experiments for an emulsion with a ‘clean’ liquidliquid interface.
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Figure 5.20: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose D20 , and (o) d-DCE-in1.5 M sucrose D20. This is similar to the ideal ‘shell’ phase contrast.
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Figure 5.21: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB h-DCE-in-1.5 M sucrose D20 , and (o) h-DCE-in1.5 M sucrose D20. This is similar to the ideal ‘drop’ phase contrast. (Error bars for I(Q) are included
but are smaller than the size of the data point).
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Figure 5.22: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
emulsion samples containing (•) 5 mM LiTPFB d-DCE-in-1.5 M sucrose H20 , and (o) d-DCE-in1.5 M sucrose H20. This is similar to the ideal ‘core’ phase contrast. (Error bars for I(Q) are included
but are smaller than the size of the data point).
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5.6 ISIS LOQ R esults
LOQ was a fixed-geometry instrument and hence only one detector distance, 4 m,
was needed and instead neutrons with a range of wavelengths, 2.2-10 A, were used.
Emulsions were created that contained 10 pM TEATPB d-D CE-in-1.0 M sucrose
0.1 M TEAC1 5 pM BSA D20 , 10 pM TEATPB h-D CE-in-1.0 M sucrose 0.1 M
TEAC1 5 pM BSA D20 , and 10 pM TEATPB d-D CE-in-1.0 M sucrose 0.1 M
TEAC1 5 pM BSA 0.70 mole fraction D20 0.30 mole fraction H20 . The
concentration of BSA was again lower than that used for D ll at the ILL, as
explained for the experiments using D22. The same emulsion phase contrasts were
also investigated as for D22 with the exception that 1.0 M sucrose was used instead
of 1.5 M. This was to reduce the amount of incoherent scattering from hydrogen but
whilst also giving some stabilisation to the emulsion. The contrasts are shown as
SLD profiles in Figure 5.23.
The emulsions were created as in 2.4 by heating to 65 °C and cooling to 15 °C for
30 mins, and then the sample was put into the cuvette and placed in the neutron
beam for analysis at 15 °C. The SANS data obtained is shown in Figures 5.24, 5.25
and 5.26 for the phase contrasts ‘drop’, ‘match’ and ‘shell’ respectively.
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Figure 5.23: Diagram showing the SLD profile vs. distance r for the three phase contrasts: ‘drop’,
‘match’ and ‘shell’ used in the ISIS LOQ SANS experiments for an emulsion with a layer of BSA
adsorbed at the liquid-liquid interface.
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Figure 5.24: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
an emulsion sample containing 10 pM TEATPB h-DCE-in-1.0 M sucrose 0.1 M TEAC1 5 pM BSA
D20 , similar to the ideal ‘drop’ phase contrast.
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Figure 5.25: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
an emulsion sample containing 10 pM TEATPB d-DCE-in-1.0 M sucrose 0.1 M TEAC1 5 pM BSA
D20/H20, termed the ‘match’ phase contrast.
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Figure 5.26: Graph showing log-log plot of the scattering intensity, I(Q), vs. scattering vector, Q, for
an emulsion sample containing 10 pM TEATPB d-DCE-in-1.0 M sucrose 0.1 M TEAC1 5 pM BSA
D20 , termed the ‘shell’ phase contrast.

From Figures 5.24, 5.25 and 5.26 it can be seen that, even though scattering was
seen for the emulsions containing BSA, the error bars are very large when compared
with the data from the ILL and hence the data was unreliable. The timescales of
these experiments was on average 8 hours data collection time yet the statistics of
the data were still relatively low when compared to the data collected after 30 mins
at the ILL. The collection time could not be run longer, however, due to the increase
in emulsion destabilisation which was seen to occur after 2 hours, and this may also
have contributed to the large errors.
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5.7 C o n clu sio n s
The emulsion containing BSA was characterised using optical microscopy with and
without the potential-determining salt LiTPFB in 5.2, and the addition of protein
was shown to give greater stability to the emulsion, irrespective of the presence of
salt. BSA was seen, however, to slightly reduce the observed weight percent of the
oil drops but this was not seen to significantly affect the sensitivity of the emulsion
drop volume to temperature. The pH of the aqueous emulsion phases used in
subsequent SANS experiments was also measured and it was found that for
emulsion containing salts, the pH was 8.1, and without salts this decreased to pH
7.3. These values suggested that the protein was present at the interface in a
structure similar to its Normal and Basic forms.
From the SANS experiments, only D ll at the ILL gave data that was analysable,
and data from D22 and LOQ could only be used qualitatively for comparison. From
using D 11 at the ILL, in 5.4, it was seen that the inclusion of BSA acted to stabilise
a secondary microemulsion of DCE in water and this corresponded to the missing
0.1 wt % from the characterisation experiments in 5.2. It was also seen that the
potential-determining salts had an effect on an interfacial adsorbed layer of BSA,
and both systems with and without salts, were seen to be comparable in thickness to
that determined in the literature; 40.3 A for the emulsion containing salts compared
with 40 A, while the layer for the emulsion without salts, was slightly larger at 47.9
A. This was believed to be due to there being solvated water in the layer; 20 % water
and 80 % protein, whereas when salts were used, this layer contained no water. The
salts may also have increased the amount of adsorbed protein, hence creating a
complete monolayer, whereas for the emulsion without salts, the protein may have
been adsorbed as islands with a more defined globular structure.
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In 5.5.2, the ‘clean’ liquid-liquid interface, without any adsorbed protein or
surfactant, was investigated, with and without stabilising salts, using D22 at the ILL.
A difference was seen in the scans with and without LiTPFB, although the shift was
not as large as that for the adsorbed protein layer, suggesting that the salts affected
the roughness o f the interface. It was, however, not possible to determine the
thickness o f this interface due to the formation of a secondary emulsion and
incorrect phase contrasts, therefore preventing analysis using FISH.
The emulsion containing BSA and the two-salt stabilisation system with TEA+, was
also studied in 5.6, using LOQ at ISIS but the quality of the data was much lower
than that from the ILL. The difference in the resolution of the data from ISIS and the
ILL was due to the difference in the instruments at the two facilities and the method
used to produce and detect the neutrons. As described in 2.7, ISIS used a spallation
source and LOQ was a fixed-geometry instrument, whereas the ILL was a reactor
source with both D22 and D ll being fixed-wavelength instruments. It was found
that the ILL instruments were better at investigating the emulsion, seen by the
shorter experimental timescales, due to the better 0-resolution. This eliminated any
possible emulsion destabilisation affecting the results and also allowed for more
systems to be studied in a shorter length of time. This better 0-resolution was
caused by the higher flux of neutrons from the ILL reactor when compared with the
pulsed neutron beam from the ISIS spallation source. Another advantage to using
the ILL instead of ISIS was the lower 0-range that could be studied with Dl l . This
was due to the fixed-geometry instrument and longer detection distance, rather than
the fixed-wavelength instrument at ISIS, and allowed for larger emulsion drops to
be studied with a higher accuracy. It was seen however, in 5.4.1 that the 0-range
accessible with D ll was still not low enough for the emulsion drops to be seen in
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their entirety, and the ideal minimum Q was determined to be in the order of
0.00015 A-1 for an emulsion formed at 15 °C. Alternatively, the emulsion drops
could be formed at a higher temperature, hence with a smaller drop volume and
radius.
Overall, SANS using D ll at the ILL was found to be the most effective at
investigating protein adsorption at the liquid-liquid interface and it was found that
adsorbed BSA formed layers 40 and 48 A thick with and without LiTPFB
respectively. It was also found that the presence of salts affected the hydration of the
BSA layer; with there being 20 % water and 80 % protein in the layer without
LiTPFB, and no water in the emulsion containing salts.

182

Chapter 6: Characterisation and Stabilisation o f a Water—in-O il Emulsion and its
_________________________________ Comparison with an Oil-in-W ater System

Chapter 6: Characterisation and Stabilisation of a W ater-inOil Emulsion and its Comparison with an Oil-inWater System

183

Chapter 6: Characterisation and Stabilisation o f a W ater-in-Oil Emulsion and its
___________________________________ Comparison with an Oil-in-W ater System

6.1 Introduction
A water-in-oil emulsion, consisting of D20-in-DCE, has been created using a
condensation technique and is stabilised by partitioning the potential-determining
salt lithium tetrakis(pentafluorophenyl)borate (LiTPFB) across the liquid-liquid
interface. This sets-up an interfacial Galvani-type potential, that reduces the rate of
coalescence, and the stability has been studied using turbidity and optical
microscopy measurements. The emulsion has also been characterised and compared
with the oil-in-water system described in Chapters 3 and 4.
Presented in this chapter, are also some initial results of the electrodeposition of
palladium, using the D CE-in-D 2 0 and D2 G-in-DCE emulsions.
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6.2 Em ulsion C reation and C haracterisation
Using the condensation method optimised in 3.2, emulsions were investigated that
contained water-in-oil. The same principles of solubility o f oil in water as for water
in oil were used to create this emulsion, and Figure 6.1 shows the literature
solubility o f water in DCE over a range of temperatures from 20-70 °C [184]. The
literature data has been fitted to a regression line using the equation:
y=0.8+0.06exp°°3*.
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Figure 6.1: Solubility plot of H20 in DCE determined between 20-70 °C [184]. The solid line
corresponds to the regression fit using the equation: y=0.8+0.06exp°'03\

Figure 6.1 shows that by heating the two liquids, the solubility of water in DCE
increases with temperature and it can be determined that by heating a mixture of
DCE and water to 65 °C, 0.46 wt % of water dissolves in the DCE and after this is
cooled to 25 °C, 0.11 wt % remains dissolved. This leaves 0.35 wt % of H2 O that
will condense from the DCE to form emulsion drops, compared with 0.4 wt %
determined for a DCE-in-F^O mixture in 3.2.
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Table 6.1, shows the solubility weight percent of H 2 O dissolved in DCE at different
temperatures, and the calculated weight percent of water present as emulsion drops
when the emulsion is heated to 65 °C and then cooled to temperatures in the range
55-5 °C. Also included is the calculated weight percent data for DCE in water from
3.2, Table 3.1.
Temperature
/°C
65
55
45
35
25
15
5

Solubility
/wt %
0.46
0.32
0.23
0.16
0.11
0.08
0.06

wt % HzO
drops
-

0.14
0.23
0.30
0.35
0.38
0.40

wt % DCE
drops
-

0.14
0.24
0.31
0.37
0.40
0.43

Table 6.1: Showing the solubility weight percent of water in DCE at different temperatures [184] and
the calculated weight percent of water present as drops when the emulsion is heated to 65 °C and
cooled to temperatures in the range 55-5 °C. Also included is the calculated wt % of DCE present as
drops when the emulsion is heated and cooled to the same temperature range.

From Table 6.1, it can be seen that although the solubility of water in DCE is less
than that of DCE in water (Table 3.1 in 3.2) the calculated solubility weight percent
condensed as emulsion drops is comparable between the two emulsion systems.
The w ater-in-oil emulsion was characterised using optical microscopy to measure
the drop volume and number density as described in 2 . 6 , and for an emulsion
composed o f D20-in-DCE heated to 65 °C and cooled to 15 °C, the drop volume
was calculated to be 22 ±3 pm3 and the number density of drops per unit volume
was 150 ±15 xlO6 drops cm-3. In Table 6.2 these values, and the calculated weight
percent, are compared with those determined for a DCE-in-1.5 M sucrose D 2 O
emulsion in 3.3.1.
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Emulsion
System
D20 —in—DCE
DCE—m—D20
(+ sucrose)

Drop Volume
/pm3
22 ±3
(3.5 ±0.1 pm)
25 ±5
(3.6 ±0.2 pm)

Number Density
/xlO6 drops cm-3
150 ±15

Weight Percent
Emulsion Drops
0.33 ±0.05

140 ±12

0.35 ±0.06

Table 6.2: Comparing the measured drop volume, number density and calculated weight percent of
emulsion drops for a D20-in-DCE system with values from 3.3.1 for a DCE-in-1.5 M sucrose D20
emulsion.

From Table 6.2, it can be seen that there is no significant difference in the drop
volume and number density for emulsions containing water-in-oil or oil-in-water
formed using a condensation technique.
Attempts were also made to measure the drop volume every hour, as in 3.3.1, to see
qualitatively how

the

emulsion destabilised over time.

Difficulties were

encountered, however, due to the high vapour pressure of the DCE and these were
similar to the problems experienced in 3.3.1. This was because the DCE would
evaporate into the head-space of the flask and every time a measurement was taken,
this would be released. Because the continuous phase of the emulsion was DCE, this
caused the emulsion to decrease in total volume every time the flask was opened and
caused rapid destabilisation of the emulsion. There were also problems encountered
when the measurements were taken under the microscope, due to the DCE
evaporation from the glass slide.

187

Chapter 6: Characterisation and Stabilisation o f a W ater-in-Oil Emulsion and its
___________________________________ Comparison with an Oil-in-W ater System

6.3 Em ulsion Stabilisation
To investigate the stability of an emulsion composed of water-in-DCE, compared
-I

-j

with using DCE-in-water, emulsions were created using 10 cm DCE and 1 cm of
H 2 O or D 2 O. These were heated to 65 °C and cooled to 15 °C, as described in 2.4,
and samples were taken for analysis using turbidity measurements maintained at 15
°C. The spectra obtained were then compared with results for an emulsion composed
ofD C E -in-D 20 at 15 °C and the results are shown in Figure 6.2. The spectra have
been normalised for easier qualitative comparison due to the emulsions only being
heated until they reached 65 °C, approx. 20 mins, rather than stirring them for 1 hour
at 65 °C. This meant that the DCE was not fully saturated with the aqueous solution
when the emulsion was cooled to 15 °C and the initial turbidity values are 1.26, 1.41
and 0.99 au for D C E-in-D 20 , EhO-in-DCE and D 2 O-U1 -DCE respectively.
1.1
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Figure 6.2: Graph comparing turbidity at 550 nm vs. time for emulsions containing (a) DCE-inD20, (b) H20-in-DCE and (c) D20-in-DCE. The emulsions were formed at 15 °C and this
temperature was maintained for the turbidity measurements. The original turbidity values were 1.26,
1.41 and 0.99 au, and the rate of change of turbidity with time for the plots are -172.6, -138.3 and 30.2 xlO-6 au s-1 for the DCE-in-D20 and, H20 and D20-in-D CE emulsions respectively.
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From Figure 6.2, it can be seen that the water-in-oil systems were significantly
more stable than an emulsion containing oil-in-water, with the change in the
turbidity with time being reduced from -172.6 xlO-6 au s-1 for DCE-in-D20, to 30.2 xlO-6 au s-1 for a D 2 Q-in-DCE system. This is due to the viscosity of the DCE
phase being much greater than that of the aqueous phase and the drops will move
much slower in solution in a D20-in-DCE emulsion than in a DCE-in-D20 system.
Attempts were then made to stabilise the D20-in-DCE emulsion further using
sucrose and TEAC1 in the aqueous phase and TEATPB in the DCE. Problems arose,
however due to the small volume of the aqueous phase and this resulted in
precipitates forming as the emulsion was cooled. The D20-in-DCE emulsion would
be affected by creaming rather than sedimentation, due to the density of the aqueous
drops being less than the density o f the DCE, but the rate of destabilisation due to
creaming could not be reduced due to the formation of precipitates when sucrose
was included in the D 2 O.
A single partitioning salt was therefore investigated as a method of emulsion
stabilisation. An emulsion was created as in 2.4 using 1 cm3 D 2 O, and 10 cm3 DCE
containing 5 mM LiTPFB. After cooling to 15 °C for 30 mins, the turbidity of the
sample was measured at 550 nm and this was compared to the spectra for an
emulsion containing D20-in-DCE only, shown in Figure 6.2, and a system of 5 mM
LiTPFB DCE-in-1.5 M sucrose D20 , shown in Figure 4.13 in 4.3.3. The results are
given in Figure 6.3 and the spectra have been normalised. The initial turbidity values
are 0.99, 3.17 and 3.26 au for D20-in-D C E only, D20 -in -5 mM LiTPFB DCE and
5 mM LiTPFB DCE-in-D20 respectively. The large difference in the turbidity for
the emulsions with and without LiTPFB is due to the experimental technique used to
create the emulsions; i.e. the D2 0 -in-DCE only emulsion was only heated for 20
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mins whereas the emulsions containing LiTPFB were heated for 1 hour, and due to
the LiTPFB lowering the surface tension between the DCE and water, this would
increase the solubility of the two phases and cause a higher number density, and
hence emulsion turbidity.
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Figure 6.3: Graph comparing turbidity at 550 nm vs. time for emulsions containing (a) D20-in-DCE
only, (b) D20 -in -5 mM LiTPFB DCE and (c) 5 mM LiTPFB DCE-in-D20, measured at
15 °C. The original turbidity values were 0.99, 3.17 and 3.26 au, and the rate of change of turbidity
with time for the plots are -30.2, -11.5 and -6.5 xlO-6 au s_1 for the D20-in-DCE, D20-in-5 mM
LiTPFB DCE and 5 mM LiTPFB DCE-in-D20 emulsions respectively.

Figure 6.3 shows that the presence of LiTPFB in the DCE phase causes further
stabilisation of the emulsion than using D 2 0 -in-D C E only, by reducing the change
in turbidity with time to -11.5 xlO-6 au s_1 from -30.2 xlO-6 au s_1. This is due to the
partitioning of the salt across the interface, hence setting up a Galvani-type potential
and reducing the rate of coalescence. This stabilisation however, is not as efficient
as that achieved by using 1.5 M sucrose combined with LiTPFB in a DCE-in-D20
emulsion, giving a change in turbidity with time o f -6.5 xlO-6 au s_1.
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The magnitude o f the interfacial potential for the water-in-oil emulsion can also be
calculated using Equation 6.1, used in 4.3.4 as Equation 4.13 [74&88], and the
value for the D 2 0 -in-D CE interface will be the same as for the DCE-in-D 2 0
interface at 15 °C, namely -22 mV.

A

W AO

A q ^ = - -

,

A

W AO

f 0*-

6.1

The Debye-Length will however be different due to the different dielectric
permittivity o f the DCE. Using Equation 6.2, the value for 1Ik is calculated to be
1.5 nm, and because the drop separation distance will not be different for the waterin-oil and oil-in-w ater emulsions, due to the similar number densities, this value for
the Debye-Length shows that the drop interaction distance is much less than the
separation distance, 19 pm, supporting the DLVO theory o f emulsion stability.
The drop volume and number density were also measured for the emulsion stabilised
using LiTPFB, following the procedure in 2.6, and the results are compared, in
Table 6.3, with those for a D20-in-DCE system and, from Table 4.12 in 4.3.3,
emulsions composed of DCE-in-1.5 M sucrose D 2 O, and 5 mM LiTPFB DCE-in1.5 M sucrose D 2 O. The average drop diameter, in pm, has also been calculated and
this is presented in brackets below the value for the drop volume in cm3.
From Table 6.3, it can be seen that there is no significant difference in the drop
volume or diameter between the stabilised and unstabilised water-in-oil or oil-inwater emulsions. There is a slight increase however, in the number density for the
D20-in-DCE emulsion stabilised using LiTPFB and this corresponds to an increase
in the weight percent present as emulsion drops. This was also seen for the oil-in-
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water emulsion stabilised using LiTPFB and sucrose, and is thought to be due to the
potential-determining salt decreasing the surface tension between the oil and water,
and hence increasing the solubility of the two phases in each other. The sucrose may
also act in this way due to the weight percent of solution present as emulsion drops
being greater for the emulsion containing oil-in-water stabilised with salts and
sucrose (0.51 ±0.14 DCE wt %), compared with the emulsion containing water-inoil stabilised with salts only (0.41 ±0.03 D20 wt %).

Emulsion
System
D20 —in—DCE
D20-in-D C E
(+ LiTPFB)
DCE—m -D 20
(+ sucrose)
DC E-in-DzO
(+ LiTPFB and sucrose)

Drop Volume
/pm3
22 ±3
(3.5 ±0.06 pm)
20 ±1
(3.4 ±0.04 pm)
25 ±5
(3.6 ±0.2 pm)
25 ±6
(3.6 ±0.2 pm)

Number Density
/xlO6 drops cm-3
150 ±15

Weight Percent
Emulsion Drops
0.34 ±0.05

200 ±14

0.41 ±0.03

140 ±12

0.35 ±0.06

200 ±24

0.51 ±0.14

Table 6.3: Comparing the measured drop volume, number density and calculated weight percent of
emulsion drops for a D20 -in -5 mM LiTPFB DCE with values from Table 6.2, for an emulsion
containing D20-in-D C E only, and from 3.2.1, for a DCE-in-1.5 M sucrose D20 system and a 5 mM
LiTPFB DCE-in-1.5 M sucrose D20 emulsion. The value in brackets below that of the drop volume
in cm3 corresponds to the average drop diameter in pm.
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6.4 T em perature Effects on the W ater-in-O il Em ulsion
Due to condensation method used to create the emulsion, the drop volume is
sensitive to changes in temperature. This was seen in 3.3.3, for a DCE-in-D20
emulsion, and it was assumed that a similar trend would be followed by a D2 0 - in DCE system. Two emulsions were created, following the procedure in 2.4,
composed of 10 cm3 DCE and 1 cm3 D20 , and 5 mM LiTPFB DCE and 1 cm3 D2 O
respectively. These were heated to 65 °C for 1 hour and subsequently cooled to 15
°C for 30 mins and then a sample was taken for analysis using optical microscopy.
This was placed in a cavity slide on the microscope temperature controller, as
outlined in 2.6, maintained at 15 °C. Once the measurement had been taken the
temperature, o f the water bath and microscope temperature controller, were
increased to 20 °C and a second sample was taken for analysis. This was repeated in
5 °C increments until 30 °C and the results can be seen in Figure 6.4. This was the
highest temperature that could be measured accurately before the emulsion
destabilised from the DCE evaporating out of the flask. Also this method of heating
the bulk emulsion using the water bath was used, instead of that in 3.3.3 using the
microscope temperature controller, because of the volatile nature of the DCE and the
length o f time of the experiment. When this method was attempted, the sample
evaporated from the slide on the temperature controller after one measurement,
approx 2 minutes, making it impossible to accurately measure the drop volume for
more than one temperature using this technique.
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Figure 6.4: Emulsion drop volume vs. temperature for emulsions containing: (•) D20-in-DCE only
and (■) D20-in -5 mM LiTPFB DCE. Also included is the data from Figure 4.14 in 4.3 for emulsions
containing (♦) DCE-in-D20 only and (A) 5 mM LiTPFB DCE-in-D20. 1.5 M sucrose was included
in these oil-in-water emulsions to improve stability.

Figure 6.4 shows that the volume of the D 2 O drops is inversely proportional to the
temperature, as expected, for the water-in-oil emulsions. When the results are
compared with those for DCE-in-1.5 M sucrose D 2 O and 5 mM LiTPFB DCE-in1.5 M sucrose D 2 O from Figure 4.14 in 4.4, it can be seen that the water-in-oil
emulsions follow a slightly different trend than the oil-in-water systems. This
shows that as the temperature is increased, the drop volume for a water-in-oil
emulsion is smaller than that for an oil-in-water system. This may be because of the
different solubilities o f water-in-DCE and DCE-in-water but is likely to be due to
the method in which the readings were taken and the problems caused by the volatile
nature of the DCE. To better compare the data with the literature solubility in Figure
6.1, the weight percent of the D 2 O emulsion drops was calculated using the initial
number density of 150 ±15 xlO drops cm

for the D20-in-DCE only emulsion and
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200 ±14 xlO6 drops cm 3 for the D20-in-5 mM LiTPFB DCE system, and these are
shown in Figure 6.5.

0.40
0.35
£ 0.30
CD
<D

% 0.25
9-0.20
0 0-15
Q
0.10
CM

0.05
14

16

18

20

22

24

26

28

30

32

Temperature 1°C
Figure 6.5: Graph showing the weight percent of D20 as emulsion drops vs. the temperature of the
system. For emulsions containing: (• ) D20-in-DCE only and (■) D20-in-5 mM LiTPFB DCE. The
solid lines are the regression fits using the equations: y^O .l+lJexp-02*for D20-in-DCE only, and
>>=0.05+1 .lexp-0'1* for the emulsion stabilised using LiTPFB.

From looking at Figure 6.5, it can be seen that the two systems follow a similar trend
and that this is similar to that for the literature solubility o f water in DCE, in Figure
6.1. This indicates that the change in drop volume with temperature follows the
same trend as the solubility of water in DCE, as expected. This is also similar to the
exponential trend observed in Figure 4.14 for emulsions containing DCE-in-1.5 M
sucrose D 2 O and 5 mM LiTPFB DCE-in-1.5 M sucrose D 2 O, and for the literature
solubility of DCE in water.
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6.5 E lectrodeposition at the Em ulsion Interface
The interfacial potential, set-up by the potential-determining salts, can be utilised to
electrodeposit metal at the liquid-liquid interface, as described in 1.1.3, and
experiments were carried out to electrodeposit palladium at both the oil-in-water
and water-in-oil interfaces, following the redox reaction in Equation 6.2 [110].

(NFL^PdCl4(aq) + 2 DmFC(org) —►(NH4) 2Cl42 (aq) + 2 D m Fc+(org) + Pd°(m)

6.2

Where (NH4)2 PdCl4(aq) is ammonium tetrachloropalladate (II) dissolved in the
aqueous phase and DmFc corresponds to dimethylferrocene dissolved in the DCE
phase. Due to the Condensation method used to produce the emulsion, one of the
redox reagents had to be added after the emulsion had formed; otherwise the
electrodeposition would occur during emulsion formation. For the DCE-in-D20
emulsion, this was the (NFL^PdCU and, for the D20-in-DCE system, the DmFc
was added last. The Galvani peak potential for the electrochemical reduction of
(NFL^PdCL* at the DCE-water interface has been determined to be Aq<|>p = 273 mV
[110] and therefore the interfacial potential for the emulsion would need to be of a
similar or greater value to drive the electron transfer reaction.
Emulsions with 0.5 mM DmFc DCE-in-D20 only and 0.5 mM DmFc 5 mM
LiTPFB DCE-in-D20 were created as described in 2.4. 1.5 M sucrose, 50 mM
lithium chloride (LiCl) and 50 mM lithium sulphate (Li2S04) were also included in
the D 2 O for stabilisation and to ‘salt-out’ the solution, preventing the DmFc
oxidising during emulsion formation and before the (NH4)2 PdCl4 was added. Once
the emulsions had formed and cooled at 15 °C for 30 mins, 3 cm3 samples were
taken and to these, 1 xlO'2 cm3 (NH4)2 PdCL in D 2 O were added to make a
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concentration o f 2.5 mM in the sample. This was because, from Equation 6.2, a 2:1
ratio o f moles o f DmFc to (NFL^PdCfi were needed for the maximum amount of
electrodeposition to occur. The samples were then mixed gently and left to stand for
5 mins. It was difficult to discern if deposition had occurred, due to the palladate
destabilising the emulsion slightly as it was added, hence causing dilution of the
sample also described in 4.6, and the brown colour of the palladate solution masking
any obvious colour change o f the DmFc from yellow to green in the emulsion. The
sample containing LiTPFB, however, did appear to change to a darker colour, when
compared with the sample that contained no salts. The samples could not be left to
phase separate to determine if deposition had occurred because deposition would
occur slowly, even when there was no interfacial potential. This was seen when the
samples were left to stand overnight because, not only was there the appearance of a
brown/grey deposit in the sample containing 5 mM LiTPFB, there was also a trace
of brown/grey deposit in the sample containing no salts, although these were not
measured quantitatively.
Similar observations were made when the DmFc concentration was increased from
0.5 mM to 5 mM and 20 mM. For this experiment, the emulsions were created as in
2.4, containing 5 m M LiTPFB in the DCE, and the concentration of (NH^PdCfi
added was increased according to the concentration of DmFc used. In particular, the
sample containing 20 mM DmFc appeared to deposit palladium spontaneously as
the (NFL^PdCL was added, with the emulsion going a very dark brown colour. The
amount of palladium deposited was also seen to increase, with increasing DmFc
concentration, however the quantities could not be measured. Some of the deposit
was extracted, however, from the sample containing 20 mM DmFc and analysed
using Electron Microscopy (SEM) with X-Ray diffraction (EDAX) as described in
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2.8. The sample was mounted onto a conducting self-adhesive tab on an aluminium
stub and the SEM showed particles of pm size, identified as palladium using the
ED AX. A typical image and analysis spectrum are shown as Figures 6.6a and b.

C uiior 1Q .0K 75 k * V

Figure 6.6: Typical SEM image o f an electrodeposited particle (a) and an EDAX spectrum
identifying the particle as palladium metal (b).

From Figure 6.6a it can be seen that the palladium particle is not perfectly spherical
and smooth, and instead appears to have a bumpy surface. This may be due to the
emulsion drops destabilising, and hence changing in volume, as the deposition was
occurring. The experiments were also carried out using THpABr but again, as for
the emulsion without salts, no deposition was observed.
Because deposition was only seen when LiTPFB was used, it suggests that the
interfacial potential for this emulsion is much higher than -2 2 mV due to the salts
being able to drive the redox reaction. This indicates that the calculated potential is
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incorrect and supports the experimental evidence suggesting that the potential for
single-salt emulsions are in fact >400 mV (compared with the calculated potentials
for an emulsion stabilised with TBuA+).
The experiment was then repeated using water-in-oil emulsions composed of 1 mM
(NH4)2PdCl4 D20-in-D C E only and 1 mM (NH4)2PdCl4 D20 -in -5 mM LiTPFB
DCE, created as described in 2.4. Samples of the emulsion were then taken after
cooling to 15 °C for 30 mins and to these, 1 xlO'2 cm3 of DmFc were added to make
a concentration of 2 mM in the sample. In these experiments, the amount of DmFc
used was limited by the amount of (NH4)2PdCl4 that could be dissolved into the
DCE when the emulsion mixture was heated. When 10 mM (NH4)2PdCl4 was used
in the D20 , as used for the oil-in-water emulsion, precipitates were seen to form
upon heating. After the DmFc had been added to the samples, this was mixed in
gently and then the samples were observed. There was an obvious colour change in
the sample containing LiTPFB from yellow to green corresponding to the oxidation
of DmFc to DmFc+ although there was no visible sign of deposition. There was no
colour change, however, in the sample composed of (NH4)2PdCl4 D20-in-D C E
only. To determine if palladium was present in either sample, the samples were
analysed using SEM with ED AX and Electron Microscopy X-Ray Analysis
(EMXA). Because there was no obvious sign of deposition, the liquid sample was
evaporated onto pure carbon stubs; this was possible because there was no sucrose,
LiCl or Li2S 0 4 in the sample which would mask the palladium when analysed.
There did seem to be some deposition or precipitate, when the samples were
analysed using SEM, but no palladium was identified using the EDAX. Palladium
was found using EMXA but the quantities were very low and more indicative of
palladium precipitates than an electrodeposited particle. This suggested that the
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DmFc had oxidised in the DCE solution before it reached the oil-water interface and
therefore no electrodeposition had taken place. This only occurred in the sample
containing LiTPFB and therefore verified that the salt acted as a catalyst for the
redox reaction. It also highlighted the importance of the LiCl and Li2 SC>4 in the
aqueous phase of the emulsion to prevent the DmFc oxidising with something other
than the (NFL^PdCU at the interface.
A possible way to control the deposition would be to use the two-salt stabilising
system. This is because the interfacial potential could be changed, simply by
changing the emulsion drop volume, and hence the concentration of salt in the
drops, o f the system. This would be achieved by forming the emulsion and then
merely increasing the temperature. Therefore, by controlling the interfacial potential,
a “window” similar to that used in conventional electrochemistry with a Potentiostat,
could be created where the limits were either side of the electron transfer potential
for Pd2+—►Pd° (

= 273 mV).
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6.6 C o n clusions
A D20-in-DCE emulsion was successfully created in 6.2 using a condensation
method and was seen to be more stable than an emulsion containing DCE-in-D20;
-30.2 xlO-6 au s '1 compared with -172.6 xlO-6 au s_1 for D 2 O-U1-DCE and DCEin-D20 respectively. This was due to the different viscosities of the DCE and D 2 O
and because this restricted the motion of the D 2 O drops in DCE when compared
with DCE drops in D 2 O.
The water-in-oil emulsion was then characterised using optical microscopy and
UV-Vis spectrophotometry and was found to have an initial number density of 150
±15 xlO drops cm

and an initial average drop volume of 22 ±3 pm . These were

comparable to those determined for the DCE-U1-D 2 O emulsion, 140 ±12 xlO6 drops
cm

o

o

and 25 ±5 pm , respectively, and show that the weight percent of the

condensed emulsion drops was similar for both systems, irrespective of their
differing solubilities.
The emulsion was then successfully stabilised in 6.3 by dissolving the potentialdetermining salt, LiTPFB, in the DCE phase to set-up a Galvani-type potential
across the water/oil interface. This reduced the effect of coalescence and improved
the rate of change of turbidity with time from -30.2 xl0~6 au s_1 to -11.5 xlO-6 au s“
1, but this was still less stable than an emulsion of D C E-in-D 2 0 stabilised with
LiTPFB and sucrose; -6.5 xl0~6 au s-1.
The drop volume and number density were then measured, 20 ±1 pm and 200 ±14
£

O

xlO drops cm , for the water-in-oil emulsion stabilised using LiTPFB and the
drop volume was found to be similar to those measured for the unstabilised
emulsion (22 ±3 pm and 150 ±15 xlO drops cm ) and also to those measured for
the oil-in-water systems (DCE-in-1.5 M sucrose D 2 O: 25 ±5 pm3 and 140 ±12
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xlO6 drops cm-3, 5 mM LiTPFB DCE-in-1.5M sucrose D2 O: 25 ±6 pm3 and 200
±24 xlO drops cm ). The number density was significantly higher for both the
emulsions stabilised using LiTPFB and this was believed to be due to the salts
lowering the surface tension between the two phases, hence increasing the solubility
of the water in oil and the oil in water. It was thought that the sucrose may also
affect the solubility and surface tension between the two phases due to the difference
in the weight percent of the emulsion drops being higher for the emulsion containing
5 mM LiTPFB DCE-in-1.5 M sucrose D2 O (0.51 ±0.14 wt %) compared to that for
the emulsion D2<D-in-5 mM LiTPFB DCE (0.41 ±0.03 wt %).
The magnitude o f the interfacial potential for the D 20-in-5 mM LiTPFB DCE
emulsion was also determined in 6.3, and was found to follow the same equation as
that for the 5 mM LiTPFB DCE-in-1.5 M sucrose D 2 O emulsion. The calculated
potential was therefore found to be -22 mV.
In 6.4, the effect of temperature changes was investigated and the weight percent of
D2 O emulsion drops was found to follow the same trend with temperature as the
solubility of water in DCE, as expected. This was the same trend as that followed by
the solubility o f DCE in water and the weight percent of DCE emulsion drops with
temperature.
A possible application of the LiTPFB stabilised water-in-oil and oil-in-water
emulsions was then investigated in 6.5. This utilised the interfacial potential
established by LiTPFB to drive the electrodeposition of palladium at the liquidliquid interface with promising results.
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7.1 C o n clu sio n s
7.1.1 C reation, C haracterisation and Stabilisation of O il-in-W ater and
W ater-in-O il E m ulsions
In Chapter 3, a method was devised to reproducibly create DCE-in-water emulsions
without the use o f surfactants. This used a condensation technique where the
mixture of the two liquids was heated to 65 °C for 1 hour with stirring, and then
subsequently cooled rapidly to a recorded temperature for 30 mins; 15 °C for most
experiments. This technique could be used for both oil-in-water and water-in-oil
emulsions because it depended only on the solubility of the drop phase in the
continuous phase, with respect to temperature.
The turbidity with time for both systems was measured in Chapters 3 and 6 using
UV-Vis spectrophotometry, and it was seen that the emulsion composed of D 2 O-U1DCE was more stable relative to an emulsion containing DCE-in-D20; -30.2 xlO"6
au s_1 compared with -172.6 xlO-6 au s-1 for D20-in-DCE and DCE-in-D20
respectively. This was due to the different viscosities of the DCE and D 2 O and
because this restricted the motion of the D2 O drops in DCE when compared with
DCE drops in D 2 O. Both systems still destabilised rapidly over time, however, and
in particular, the emulsion containing DCE-in-D 2 0 was seen to double in drop
volume after 7 hours in a sealed container. The emulsion drops were also found to
be very sensitive to external shear and this was shown when using conventional light
scattering and electrochemical techniques.
The destabilisation effects of sedimentation and coalescence were reduced for the
DCE-in-water and water-in-DCE emulsions in Chapters 4 and 6 respectively. For
the oil-in-water system, 1.5 M sucrose was dissolved in the aqueous phase and this
was found to successfully reduce the sedimentation of the DCE drops by matching
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the densities of the two emulsion phases. The inclusion of sucrose reduced the rate
of change in turbidity with time from -172.6 xlO~^ au s_1 to -23.5 xlO-6 au s-1. This
rate was reduced further by limiting the rate of coalescence of the drops and was
done by setting-up a Galvani-type potential across the liquid-liquid interface. Two
systems were investigated; a single partitioning salt soluble in both phases i.e.
LiTPFB(aq/org) and

THpABr(aq/org),

and

a

two-salt

system

with

different

concentrations o f a ‘common ion’ in both liquids, i.e. TEACl(aq) and TEATPB(org), or
TBuACl(aq) and TBuATPB(org).
It was found that LiTPFB gave the best stabilisation to the DCE-in-D20 emulsion
in Chapter 4, reducing the change in turbidity with time to -6.5 xlO-6 au s_1, and
effectively causing insignificant changes to the emulsion drop volume over the first
two hours when used in conjunction with sucrose. This salt was also seen to
successfully stabilise the D20-in-DCE emulsion in Chapter 6 , giving a change in
turbidity with time o f -11.5 xlO-6 au s-1 compared to -30.2 xlO-6 au s_1 for the
emulsion containing D20-in-DCE only. The reason for this increase in stabilisation
was uncertain due to the magnitude of the interfacial-potential set-up by the single
salt system being much less than that calculated for the two-salt system; -22 mV for
both the LiTPFB stabilised DCE-in-D20 and D20-in-DCE emulsions compared
with 205 ±17 and -474 ±19 mV for systems containing TEA+ and TBuA+ at 15 °C
respectively. The potential calculated for the THpABr stabilised emulsion was also
unexpectedly low, -106 mV, and it was therefore suggested that the literature
equation used in the calculation was not suitable for this type of distribution
potential. The potentials for the two-salt system were calculated using UV-Vis
spectroscopy in Chapter 4, to determine the concentration of ions in the emulsion oil
drops. It was suggested that the increased stability from the single-salt emulsions
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may be due to their action of lowering the interfacial tension, as seen from the
calculated drop weight percent, but it was unlikely that this would cause such a large
increase in the stability.
Both DCE-in-water and water-in-DCE emulsions were characterised in Chapters

3, 4 and 6, using optical microscopy to measure the drop volume and number
density, and both emulsions were found to have an initial average drop volume of 24
±5 pm (3.6 ±0.2 pm diameter), irrespective of stabilising system used, and the
initial number density was determined to be 141 ±17 xlO6 drops per cm3 for the
emulsions composed of DCE-in-D20 (with sucrose only and TEA+ or TBuA+) and
D20-in-DCE. For the emulsion stabilised using THpABr, the number density
increased to 170 ±19 xlO6 drops per cm3 for the oil-in-water system, and for
LiTPFB this increased further to 200 ±16 xlO6 drops per cm3 for both emulsions
containing oil-in-w ater and water-in-oil. It was thought that the number density
was significantly higher for both the emulsions stabilised using LiTPFB due to the
salts lowering the surface tension between the two phases, hence increasing the
solubility of the water in oil or the oil in water. It was thought that the sucrose may
also affect the solubility and surface tension between the two phases due to the
difference in the weight percent o f the emulsion drops being higher for the emulsion
containing 5 mM LiTPFB DCE-in-1.5 M sucrose D 2 O (0.51 ±0.14 wt %) compared
to that for the emulsion D20-in-5 mM LiTPFB DCE (0.41 ±0.03 wt %). The weight
percent of the condensed emulsion drops in the other emulsion systems investigated
was calculated to be 0.36 ±0.08 wt %, irrespective of the differing solubilities of
DCE in water and water in DCE.
Overall both DCE-in-water and water-in-DCE emulsions were reproducibly
created using a condensation technique and characterised using optical microscopy
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and UV-Vis spectrophotometry. These emulsions were then successfully stabilised
using 5 mM LiTPFB in the DCE phase to reduce coalescence and, for the oil-inwater system, 1.5 M sucrose to reduce sedimentation. The stabilisation was effective
over the first two hours, enabling the emulsion to be studied using SANS, and a
possible application of the LiTPFB stabilised water-in-oil and oil-in-water
emulsions was investigated in Chapter 6, utilising the interfacial potential
established by the LiTPFB to drive the electrodeposition of palladium at the liquidliquid interface.
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7.1.2 The Effect of T em perature on the O il-in-W ater an d W ater-in-O il
E m ulsions
Due to the dependence o f the drop volume on the phase solubility, the emulsions
were seen to be sensitive to changes in temperature, with the drop volume being
inversely proportional to an increase in temperature, irrespective of the inclusion of
stabilising sucrose or salts. This phenomenon was shown to be reversible and that
the drop volume could be controlled using temperature changes. This was only
dependent on the temperature being changed by 1-2 °C per minute, rather than 1-2
°C per second, because if the temperature change occurred too quickly, a secondary
emulsion would start to nucleate and grow from the DCE dissolved in the aqueous
phase, rather than this adding volume to the original emulsion drops. The sensitivity
of the drop volume to temperature was also seen to be the same for both the DCEin-D 2 0 and the D 2 0 -in-D C E systems, and these in turn followed the same trend as
the literature solubilities for the two liquids.
Although it has been shown that the stabilising salts LiTPFB and THpABr affect the
solubility o f DCE in water and water in DCE, this is only a significant effect in the
formation of the emulsion and affects the bulk emulsion density. For the
experiments investigating the change in drop volume with temperature, any effect of
the salts on the solubility of the phases was too small to be detected due to the small
temperature changes and experimental errors.
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7.1.3 Investigations of Bovine Serum Albumin A dsorption at the DCEW ater Interface
The emulsion containing BSA was characterised using optical microscopy with and
without the potential-determining salt LiTPFB in Chapter 5, and the addition of
protein was shown to give greater stability to the emulsion, irrespective of the
presence of salt. BSA was seen, however, from D ll SANS data, to also form a
secondary microemulsion with an average drop volume of 0.006 pm3 and an average
number density of 3000000 xlO6 drops cm-3 (compared with 17 pm3 and 200 xlO6
o

drops cm

for the primary emulsion). This secondary microemulsion had a

measured volume fraction of 0.13 ±0.02 %v and accounted for the discrepancy
between the calculated weight percent of drops in the emulsions with and without
BSA.
From the SANS experiments using D ll at the ILL, it was seen that the inclusion of
potential-determining salts had an effect on an interfacial adsorbed layer of BSA,
and both systems with and without salts, were seen to be comparable in thickness to
that determined in the literature; 40.3 A for the emulsion containing salts compared
with 40 A, while the layer for the emulsion without salts, was slightly larger at 47.9
A. This was believed to be due to there being solvated water in the BSA layer; 20 %
water and 80 % protein, whereas when salts were used, this protein layer contained
no water. The salts may also have increased the amount of adsorbed protein, hence
creating a complete monolayer, whereas for the emulsion without salts, the protein
may have been adsorbed as islands with a more defined globular structure.
Sans data obtained from D22 at the ILL and LOQ at ISIS were used for qualitative
comparison due to experimental errors preventing quantitative analysis of the data.
The results confirmed an effect of salts on the adsorbed protein layer and also
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showed that the salts caused a change in the scattering from the ‘clean’ interface.
Overall it was seen that the most analysable data was obtained from D11 at the ILL,
due to the lower Q-range accessible caused by the longer sample-detector distance,
and that this was able to give structural information regarding the adsorption of BSA
at the DCE-water interface.
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7.2 Future W ork
7.2.1 Em ulsion C haracterisation and Stabilisation
There is still a lot of work to be done regarding the characterisation of both the oilin-water and water-in-oil emulsion; in particular the size distribution needs to be
measured. Fitted results from D ll gave a value for the emulsion polydispersity to be
0.3 ±0.005, consistent with a small size distribution, but this was for the
microemulsion formed when using BSA and so cannot be accurately applied to the
‘larger’ emulsion drops observed with optical microscopy.
Another important measurement would be that of the interfacial tension between the
DCE and water, with and without THpABr and LiTPFB. It would be interesting to
investigate how this change in surface tension changes the solubility of the oil in
water and affects the emulsion stability, and also whether using TPFB“ as the
‘common ion’ in a two-salt emulsion causes further stabilisation. This is because,
even though the standard ion-transfer potential for this potential-determining ion is
unknown, it is thought to have a very high Gibbs energy of transfer and is
commonly used as a background electrolyte to create a potential window in
electrochemistry experiments.
Other experiments that could be carried out to characterise the emulsion, would
include measuring the drop volume and number density at different cooling
temperatures. From looking at the literature on nucleation, it can be seen that once
the supersaturation limit is reached and then the emulsion is cooled rapidly, a finite
number of nucleation sites form in a period of time depending on how far the
concentration is above the critical amount. This theory could be confirmed by
heating the emulsions to 65 °C for 1 hour and then cooling to different forming
temperatures, i.e. 25, 35, 45 and 55 °C, and comparing the measured volume and
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number density for each cooling temperature. It should be seen that the number
density is always constant and that the volume changes according to the solubility of
oil in water at the lower temperature. Also the rate of cooling could be investigated
due to this being the driving force behind the initial nucleation.
Another set of experiments that need to be undertaken is to determine the Coulomb
interactions in the DLVO calculations. For these the zeta-potential needs to be
determined but another approach would be to add an aqueous electrolyte to the
emulsion to change the Debye-Length of the solution and then see how this affects
the emulsion stability.
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7.2.2 Investigating th e Em ulsion Interface usin g SANS
Once the emulsion has been characterised at different forming temperatures, this
knowledge could be used in future SANS experiments. This is because there is
currently no diffractometer that can go to Q = 0.00015 A"1 and therefore to observe
the emulsion drops in their entirety, a smaller drop size would need to be used. This
could be achieved by forming the emulsion at a higher temperature than 15 °C and
this would then enable the investigation of the ‘clean’ emulsion liquid-liquid
interface.
There are also many other experiments that could be done using SANS with the
surfactantless emulsion, e.g. investigating other proteins, such as Thermolysin which
is very temperature resistant and has a rigid shape. The data from this could then be
compared with that obtained for the flexible protein BSA and differences in the
adsorbed layer could be examined. For these experiments to be successful, it is
imperative that a more refined analysis model is developed that can distinguish
between a diffuse protein layer and a fixed uniform slab. This would be important
for analysis of the ‘clean’ interface and might help to confirm whether the DCEwater interface is molecularly sharp or a diffuse mixing region.
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7.2.3 E lectrodeposition at the Em ulsion Interface
Finally another interesting application of the surfactantless emulsion would be its
use in electrodeless electrodeposition. Current work is being carried out in the
Caruana research group by J. Sanchez, to electrodeposit palladium at the emulsion
interface. This has been primarily using perchlorate as the potential-determining ion
in a two-salt stabilised water-in-DCE emulsion, with promising results showing
conclusive images o f 4 pm diameter palladium spheres under SEM.
Future work concerning this would then be to control the deposition using
temperature to manipulate the drop size and hence the interfacial potential. This
would, therefore be dependent on the salt-system used and also the metal deposited.
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7.3 Sum m ary
Overall, a lot of progress has been made regarding the stabilisation and
characterisation of both the DCE-in-water and water-in-DCE surfactantless
emulsions, and also in understanding how they are formed and affected by shear and
temperature, but there is a lot of information still to be obtained. There is a lot of
interesting work yet to be done utilising the surfactantless emulsion; not only as a
model for structural characterisation of the liquid-liquid interface with and without
proteins, but also as an ‘organic’ potentiostat that can be used in the
electrodeposition of palladium.
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Appendix A: Defined Parameters for the FISH Microemulsion
Model used in the SANS Data Analysis
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The Microemulsion program, used in FISH to analyse the SANS data, is shown in
Figure A1 and some of the parameters, in bold text, are explained to the right of the
model.
T

2P 4 5S
3C15N
5
1 IP 0 MS 1 IY 1
0
0 XB 0
0 149 164
7
2/8/5i solv contrast modified for Dll expt 4/8/5 new slds
Caruana microemulsion
core(50/50). shell(CM), drop
1 88 1 SET 1 core
0.0
0.000000E+00
2 10 1 A
-1.0
1.822100E+00
1.999305E+04
R1 =the radius of the
-2.0
3 10 2 R1
4 10 1 B
-1.0
drop core.
0.000000E+00
5 10 2 R1+R3
1.999405E+04
-1.0
6 10 1 G (zero)
1.250005E-02
-1.0
7 10 2 R1+R3+R4
2.002917E+04
-1.0
8 3 11 BKG SET 1
1.0
1.136004E+00
0.0
9 88 2 SET 2 Shell 0.000000E+00
10 10 1 A
-1.0
1.822100E+00
11 10 2 R1
1.999305E+04
-2.0
12 10 1 F
-1.0
0.000000E+00
13 10 2 R1+R3
1.999405E+04
R1+R3 =the radius of
-1.0

w 1 K

14
15
16
17
18
19
20
21
22
23
24
25
26
27

10 1 E
-1.836800E+00
10 2 R1+R3+R4
2.002917E+04
3 11 BKG SET 2
8.884135E-01
88 3 SET 3 drop
0.000000E+00
10 1 C
-1.186100E+00
10 2 R1
2.169491E+03
10 1 D
0.000000E+00
10 2 R1+R3
2.170491E+03
-2.264800E+00
10 1 E
10 2 R1+R3+R4
2.205611E+03
3 11 BKG SET 3
8.715028E-01
0.000000E+00
88 0 ALL SETS
2 1 x CORE/TAIL 0.000000E+00
2 1 y SOLV/HEAD 0.000000E+00
28 2 1 R3 TAIL
1.000000E+00
29 2 1 R4 HEAD
3.511931E+01
30 2 1 core (H)sld 1.313900E+00
31 2 1 core (D) "
4.322100E+00
32 2 1 tail(inner)
2.500000E+00
33 2 1 head(outer)
2.500000E+00
34 2 1 solv 50/50
2.487500E+00
35 2 1 solv CM
4.336800E+00
36 2 1 solv D
4.764800E+00
37 6 11 SCH SCALE
1.104065E-07
38
39
40
41
42
43
44

REAR
6 12
6 13
R-SHIFT
6 14 SIG/(RB-RO)
22 1 HS S(Q) VOL
22 2 SPH RADIUS
15 1 SMEAR
15 2 NSIMP

2.169491E+03
0.000000E+00
2.982222E-01
0.000000E+00
3.000000E+03
0.000000E+00
2.100000E+01

-1.0
-1.0
1.0
0.0
-1.0
-2.0
-1.0
-1.0
-1.0
-1.0
1.0
0.0
0.0

the core + 1 shell.

R1+R3+R4 =the radius
of the core + 2 shells.

T
J
"i
1.0 J
0.0 T
0.0 J

Extent of penetration of
solvents into shells.
Shell thicknesses either
side of the interface.
DCE scattering length
densities.
BSA SLD in water and
0.0
0.0 J DCE.

0.0
0.0

0.0
0.0 r
0.0 J
1.0
1.0
0.0
1.0
0.0
0.0
0.0
0.0

Aqueous phase SLD.
1 xlO-4 times the total
DCE volume fraction.
The average core radius.
The drop polydispersity.

227

Appendix B
45 99 1 SCALE
1.000000E+00
0.0
1 1 core
CALC 4
BKG0 POL 7
SSE= 1.066E+03
2 2 shell
CALC 5
BKG0 POL 8
SSE= 1.173E+02
3
3 drop
CALC 6
BKG0 POL 9
SSE= 2.080E+03
12
2 26 31 32
1.000E+04 1.104E-07 2.982E-01 2.000E+01 2.000E+04

Figure A l: Listing the Microemulsion model parameters used in FISH to analyse the SANS data in
Chapter 5. Some of the parameters, in bold text, have been defined to the right of the model.

The nature of the FISH program meant that different values for the parameters could
be entered into the model, and the effect of these could be observed on the data
fitting. For the fitting of the D ll SANS data, the values for the SLD of the aqueous
and organic phases were calculated and entered manually. These were then set to
these values, as were the SLD of the BSA layers either side of the interface. The
thickness of the

B S A dce

shell was also entered manually and set at

1 A.

This was to

reduce the number o f unknown parameters being fit when the program was run; i.e.
the thickness o f the BSAaq shell, the Shultz scale, the drop radius and the drop
polydispersity.
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