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Abstract 

Biliquid foams are unique and intriguing systems believed to be structurally sim- 

ilar to foams, although the actual structure is unknown. A distinction is that 

the gaseous phase is substituted by a liquid phase; such systems were first re-. 

ported by Sebba in 1972. Potential uses of these biliquid foam systems include 

personal care products, soil remediation, and controlled release of actives. How- 

ever, despite the broad range of potential applications, little has been done to 

clarify Sebba's proposed structure. Indeed authors have proposed that these sys- 

tems are essentially high-internal-phase-ratio-emulsions (HIPREs). A variety of 

biliquid foams have been created to study effects such as surfactant identity and 

concentration on the system, and to map portions of the phase diagram for this 

complex system. SANS has been carried out at ISIS and the ILL in an attempt 

to ascertain the underlying structure of these biliquid foams. These results ap- 

pear to be similar to SANS of purely gaseous foams, although there appears to 

be only limited evidence supporting the hypothetical "aphron" structure initially 

proposed by Sebba. 
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Chapter 1 

Introduction to Biliquid Foams 

" Libraries give us power. " 

Manic Street Preachers 

The scientific literature covering biliquid foams is diverse and often confusing. 

This arises from inconsistancies in the nomenclature, and definitions, adopted 

by the groups active in this area. This confusion leads to a variety of different 

views, which makes the generation of a conventional scientific literature review 

difficult. Instead this first chapter offers a history, and perspectives, on the topic 

of biliquid foams. 

1.1 What is a Biliquid Foam? 

The expression " Biliquid Foam" conjures up an image of some kind of complex 

gaseous dispersion. In fact the term actually relates to a liquid-liquid dispersion, 

which structurally resembles a typical gas foam, with the gaseous phase replaced 

by a second liquid phase. This type of system was first reported in 19721 by 

Sebba, who claimed the dispersed particles consist of a "shell" of liquid asso- 

ciated about liquid droplets. These droplets exist in a continuous liquid phase. 
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Such a structure was later referred to as an aphron particle' (from the Greek 

a0pou, which means foam), and the presence of a liquid shell was suggested by 

use of a suitably soluble dye. Figure 1.1 shows the proposed structure of an 

aphron. 

Figure 1.1: The proposed structure of an aphron, the fundamental particle in a 
biliquid foam. 

1.2 Nomenclature 

Using this aphron as the basic building block, the distribution, and nature, of 

the two liquids can vary, providing a myriad of different products. The most 

frequently studied configuration consists of an oil core with a water shell and a 

water continuous phase, known principally as a biliquid foam. Other examples 

are listed in Table 1.1, along with some gaseous equivalents, as defined by Sebba3. 

Gaseous bubbles are well known and examples are familiar in everyday life, such 

as those created by blowing through a soap film; a common toy for children. 

Structurally they consist of a gas bounded by a thin film of liquid with a contin- 

uous gaseous phase, stabilised by adsorbed surfactants. 

2 

Liquid C 



Liquid A Liquid B Liquid C Classification 

Air Water Air Gaseous Bubbles 
Air Water Water Colloidal Gas Aphrons or Microfoams4 

Water Air Water Antibubbles5 
Water Oil Water Biliquid Foam or Invert Aphrons or Biotissue 

Oil Water Water Biliquid Foam or Polyaphron 
Oil Water Oil Kerosene bubbles 

Table 1.1: The classification of aphron particles based on their composition, as 
devised by Sebba. The labels " Liquid A ", " Liquid B" and " Liquid C" correspond 
to the aphron diagram in figure 1.1. 

Colloidal Gas Aphrons (CGAs) were originally named microfoams4 representing 

the fact that they consist of gaseous cavities dispersed in a liquid, with a typical 

particle size in the region of 20µm. Further studye on these systems resulted in 

a rebranding in 1975 as "Microgas Emulsions" which are described as a liquid 

consisting of surfactant-stabilised, colloidal sized, gaseous bubbles. The reason 

for such a change in terminology was due to the author's definition of a foam and 

an emulsion. Sebba states that the definition of a foam as a: 

... discontinuous dispersion of a gas in a continuous liquid medium.. . 

is too imprecise and a better description is that a foam consists of: 

... discontinuous bubbles of a gas encapsulated in a thin shell of a 

liquid and held together by Laplace capillary pressure. 

This refined definition requires that the gas must "penetrate two separate sur- 

faces" for the system to be labelled a foam, otherwise it is an emulsion. Subse- 

quently a later change in nomenclature occurred when optical microscopy pictures 

suggested that the bubbles were analogous to that of the oil core aphron. To em- 

phasise this similarity such systems were renamed CGAs. 
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Antibubbles5 are not discussed in the work carried out by Sebba. The phe- 

nomenon was first reported in 19327 as a curio and they have not really been 

mentioned in the scientific literature until 19748, when methods for manufacture* 

appeared in the "Amateur Scientist" section of Scientific American. As the name 

might suggest they are the exact opposite of gas bubbles, they consist of a fluid 

bound by a thin film of gas. There is a dirth of literature on this topic, although 

recently some fundamental work in this area has been published9, which received 

media interest, principally due to the mention of antibubbles having been formed 

in Belgian beer, in particular due to the quote: 

... beer is a special case because it is very similar to dishwashing 

liquid and contains what we call surfactants which is what you need 

to be able to produce antibubbles. 

which must have pleased the Belgian brewing industry no end! Antibubbles pro- 

vide macroscopic evidence for the production of unique interfaces within the fluid 

phase as they are usually produced with radii on the centimetre scale. While 

there could be some debate as to the appropriateness of optical microscopy, the 

presence of the antibubble interface can be clearly seen with the human eye. 

When there are no gaseous components then the product is referred to as a biliq- 

uid foam. As has been mentioned earlier this name was coined by Sebba when 

he first introduced these systems'. Table 1.1 illustrates that there are a number 

of different possibilities depending on the distribution of the components in the 

structure, but in each case the basic structure is thought to be as illustrated in fig- 

ure 1.1. Biliquid foams are typically distinguished by the nature of the core phase 

(Liquid A), and so are referred to as "Oil-core" and "Water-core". Oil-core biliq- 

uid foams have been studied more frequently, in particular the systems with an 
*Incidently in case the term " manufacture" suggests some grand industrial scale production, 

then it should be pointed put that this article explained how to make antibubbles in the comfort 
of one's own home. 
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oil volume fraction (00l) in excess of 0.7, which are referred to as "Polyaphrons". 

As 4j is close to, and in many cases in excess of, the close packing limit (which 

for solid, non-deformable, monodisperse, spheres is 0.74) the aphrons are packed 

tightly so that they typically exist as distorted spheres or polyhedra. The contin- 

uous aqueous phase allows polyaphrons to be readily dispersed in water, creating 

a colloidal dispersion which is known as Colloidal Liquid Aphrons (CLAs). 

Alternative nomenclature: At extreme high internal phase volume fractions 

the polyhedral aphron particles are packed so tightly together that they form a 

gel like structure which is referred to as a Gel Polyaphron (CPA). The rigidity of 

the GPA can be illustrated by the resistance to flow, unless highly agitated e. g. 

typically a GPA will adhere to the side of the sample vessel after production and 

is unaffected by gravity. The reason for this gel-like state has been attributed to 

the water in the system, which has been described as a web of ice-like strong wa- 

ter10, which acts as a matrix binding the structure together. This matrix is only 

broken if a sufficient force is applied that is capable of breaking this hydrogen 

bonded network. 

1.3 Biliquid Foams: More in Common with Foams 
than Emulsions? 

Although liquid-liquid dispersions are referred to as emulsions, biliquid foams 

have, by some commentators, been deemed to be significantly different to be 

worthy of a separate name. Emulsions are believed to be stabilised by a monolayer 

of surfactant, while biliquid foams are proposed to have an additional stabilising 

liquid shell bound by a bilayer of surfactant. Subsequently one might expect 

there to be some difference in the properties of these two systems, indeed Sebba 

states: 
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The physical properties of polyaphrons are so unlike emulsions that a 

distinctive name was conferred to avoid ambiguity. " 

The principal evidence for this difference is the appearance, under an optical 

microscope, of a halo which seems to correspond to the partitioning of an aqueous 

dye into a layer of water about the central oil core. Sebba also alludes to the foam- 

like structure with the observation that if an oil core containing a reasonably 

volatile oil (e. g. petrol ether, TB .:: 45°C) is produced and heated slightly, it 

is possible to generate a gaseous foam. If this foam is allowed to cool then the 

biliquid foam is regenerated at room temperature. While it would appear that 

the foam structure is maintained, despite the change in state of the core: 

It is difficult to visualise the reformation of an emulsion without stir- 

. ring... 

which suggests that there is some structural feature present in the biliquid foam 

maintaining this structure, that is absent in an emulsion. The foam like structure 

can be acknowledged by comparing a biliquid foam with the gaseous equivalent, 

as in figure 1.2. 

It is quite clear that in both cases the local high volume fraction of the internal 

phase forces the particles together, to the extent that they become significantly 

deformed from spherical particles to polyhedral structures. It is worth empha- 

sising the relevance of the local volume fraction in this case. Earlier, it was 

mentioned that in biliquid foams a polyhedral structure will form once q"jl ex- 

ceeds 0.74, the close packing limit for spheres. However, if one considers a typical 

foam, for example on the surface of a washing bowl, then the gas content of the 

bulk system will typically be significantly below this volume fraction. Despite 

this the surface foam will be polyhedral. The gas cavities rise to the surface of 

the liquid due to the density difference. At the interface the cavities will cluster 
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Figure 1.2: Look-a-likes, images of gaseous and biliquid foams. The gaseous foam 

on the left-hand side consists of gas bubbles which are distorted into polyhedra 
by the close proximity of neighbouring bubbles. On the right a micrograph (res- 

olution is x400) of a biliquid foam containing a red dye (courtesy of Disperse 
Technologies). This has surfactant stabilised polyhedral oil droplets which visit- 
ally appear to resemble the foam. 

together and water will drain from the interstitial lamellae, leaving a high local 

Ogas well in excess of 0.74. 

After this initial work by Sebba there has only been one paper which attempts to 

deal with the nature of biliquid foams in any great detail. Lye and Stuckey12, at 

Imperial College, investigated both biliquid foams and CLAs with several varied 

techniques. The Imperial group have produced a series of papers"-19 investigating 

the use of CLAs in extraction and enzyme (a biological catalyst) immobilisation 

but they observe that despite many papers exploiting biliquid foams: 

little work has been carried out to confirm or refute Sebba's pro- 

posed structures for biliquid foams and CLAs. 

The study involved utilising cryogenic-Transmission ElectronMicroscopy (cryo- 

TEM), Differential Scanning Calorimetry (DSC), and light scattering to eluci- 

date some structural details for both biliquid foams and CLAs. The cryo-TEM, 
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as illustrated in figure 1.3, allows sizing of the constituent aphron particles in the 

biliquid foam. 

The results, giving aphron diameters in the region of 5µm, show good agreement 

with the light scattering measurements, which by necessity are carried out on the 

dilute CLAs and not biliquid foams. It is reported that the cryo-TEM allows 

measurement of the thickness of the shell about the oil core and a typical width 

of 0.03µm is presented as a result which matches well with predictions by Sebba3. 

Figure 1.3: Actual cryo-TEM of a biliquid foam sample taken from the paper by 
Lye and Stuckey12 which appears to indicate the presence of the liquid shell. No 

scale provided, although as the shell thickness is reported as 30 nm then some 
sense of scale can be extrapolated. 

The DSC involves freezing the sample to discover the degree of mixing between the 

aqueous and organic phases, by detecting the different freezing points of material 

present in the system. Firstly the effect of the q5ß. ` was investigated, with a range 

of values between 0.66 to 0.91 (the CPA regime) being studied. At q iz=0.66 two 

peaks were detected, which were assigned to the freezing of an aqueous phase and 

an organic phase. The two separate peaks indicate that there is minimal mixing 

of the two phases, and the peaks were interpreted as belonging to the oil core 

and the aqueous shell layer. The higher. cýj1 (between 0.8 and 0.88) show a third 

peak, which was noted between the first two, but lying nearer the organic peak, 
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which suggested that there was a second organic phase. It was presumed that 

this was interfacial organic phase distributed in the surfactant layers. However, 

at Oi =0.91 only one peak was detected which seemed likely to be the organic 

phase. This could present proof of Sebba's proposal that the water in GPAs exists 

in a matrix of ice-like water, already existing in a pseudo-frozen state, and thus 

there would be no water transition detectable. 

The second phase of the DSC study involved dispersing biliquid foams in water 

so the Oj was halved. These CLAs were allowed to settle, and in all cases cream- 

ing produced a biliquid foam. All of these samples were subjected to DSC and 

the results for almost all of the samples signalled that there appeared to be the 

two organic domains and the single aqueous domain, in fact the results in most 

cases were comparable to those for biliquid foams with q,, ij of approx 0.74t. The 

notable results were that the dilution of the GPA sample exhibited three peaks 

indicating that there is a significant difference between the internal structure of 

the GPA and the dilution. When the qýii=0.66 sample was diluted the product 

showed a similar profile to the original structure with only the single organic and 

aqueous regions. 

The conclusions from the study are that the DSC and the cryo-TEM: 

clearly identify the existence of an oil core droplet surrounded by 

an aqueous film. 

The rest of the paper is concerned with the stability of CLAs and attempting to 

extrapolate structural information from these observations. Of particular note is 

the effect of altering the ionic strength on the stability of these systems. Light 

tThis is the close packing limit for monodisperse solid spheres, however it is pointed out in 
the paper that optical microscopy display a spread of particle sizes and so this result is purely 
co-incidental. 
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scattering results show that as the ionic strength is increased by the addition of 

salt (NaCl): 

" The average aphron diameter increases with time. When the NaCl concen- 

tration is 0.3 mol dm-3 the average diameter of the aphrons increases from 

4 µm to 8 pm after 35 minutes, as opposed to no size increase when no salt 

is added. 

9 While the concentration of aphrons in the scattering sample environment 

decreases with time, the extent of this decrease is accelerated by the in- 

creasing salt concentration. 

This would appear to be a consequence of the charge of the ionic surfactants 

present at the interface with the continuous aqueous phase, being shielded by the 

Na+ ions. In the article it is suggested that this supports the structure apparently 

proposed by Sebba1°'11, where the water soluble surfactant predominates in the 

bilayer. A similar result in an experiment by Chahalkar20 is referred to, where 

CGAs were made using ionic and non-ionic surfactants. The work found that 

the stability of the gas aphrons was influenced by salt concentration in a similar 

manner, ie CGAs stabilised by the ionic surfactants had a change in the particle 

size with time, while the non-ionic CGAs were unaffected. It is suggested that 

the decreased stability arises from the ionic surfactant bilayer being neutralised 

by the salt, and thus providing a less efficient barrier against coalescence. 

Note: The use of the word apparently is because there seems to be no passage 

where Sebba proposes such a structure in either cited publication. Indeed in the 

1984 article" it is stated that aphrons have a tendancy to aggregate, and this is 

believed to be influenced by the surface concentration of the oil soluble surfactant: 

... because it (the oil soluble surfactant) must be more strongly ad- 

sorbed than the water soluble surfactant. 
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1.4 Applications 

As mentioned above the bulk of the work investigating biliquid foams has been 

performed by Sebba and is detailed in his book3. Other than this what little 

work has been reported in the scientific literature emphasises the properties of 

this system, and exploiting them, especially in the form of CLAs. There are also 

a number of patents involving biliquid foams, which by their nature concentrate 

on novel applications utilising the properties of biliquid foams. 

In the seminal paper pertaining to the applications of biliquid foams, Sebball 

presents the use of biliquid foams as a cleaning product. The combination of an 

aqueous detergent with a non-polar solvent provides the opportunity to solubilise 

both aqueous and non-aqueous media with the one cleaner. They are reported as 

being able to remove grease and oil from both glassware and textiles and remove 

bitumen from sand, without leaving an oily residue. It was also proposed that 

biliquid foams could provide a means of stabilising volatile fuels. The fuel, be 

it gasoline or kerosene, could be incorporated into a biliquid foam, which would 

prevent vaporisation of the fuel while stored, transported, or if leaked in an inci- 

dent. An additional benefit is that small amounts of water improve the efficiency 

of the combustion process, by quenching the temperature, resulting in the reduc- 

tion of unwanted polluting side products such as various nitrogen oxides (NOr's). 

The second potential use is in catalytic reactions. Sebba suggests that a reaction 

where the catalyst is soluble in one phase and the substrate soluble in the other 

would be facilitated by integrating them into a biliquid foam. 

The cleansing properties of biliquid foams have been exploited by the cosmetics 

industry. A series of patents have explored producing biliquid foams with cos- 

metically acceptable components, a use which has been pioneered by Disperse 

Technologies21-25 and which is employed under license by several leading brands 
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of cleanser. Biliquid foams are particularly useful as an alternative to emulsions 

in the cosmetics sector because: 

" They can be produced with a lower surfactant concentration than an equiv- 

alent emulsion, which is doubly beneficial. Firstly surfactants are irritating 

to the skin because they interfere with naturally occurring lipids on the 

surface of the skin. Additionally surfactants can have a detrimental effect 

on the efficiency of preservatives employed in the cleansing formulation. 

This second problem compounds the first as preservatives themselves are 

irritating to the skin, and if their efficiency has been reduced then a greater 

concentration is necessary. 

" Products such as skin cleansers leave an oily residue, which needs to be 

wiped off rather than just rinsing off with water. Additionally, many cos- 

metic emulsions require thickening agents, such as waxes (e. g. canuba or 

beeswax). These are essential in stabilising the product, but have a disad- 

vantage in that they can leave a residue on the skin surface which is both 

unpleasant and more importantly can clog pores. Biliquid foams circum- 

vent these issues by not requiring wax stabilisers and they tend to leave a 

more satisfactorily moisturising aqueous layer on the skin. 

The suggestion of biliquid foams stabilising fuel appeared to have promoted no 

successful research until very recently at Disperse Technologies 26: The aim of the 

work is to provide a safer means of storing fuel, and the presence of water in the 

fuel enables a reduction in the combustion temperature which is environmentally 

beneficial. Previous work in this field had concentrated on emulsifying water in 

the oil, which showed some benefit in reducing temperature, but none in fuel 

safety as the oil is still the continuous phase. Biliquid foams have an advantage 

in this respect as they can attain a similar oil volume fraction as a water in oil 

$In other words you have to clean your skin after using a skin cleanser! 
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emulsion, but with the added bonus that the aqueous phase is the continuous 

phase in contact with the surrounding environment. The second possible use 

mooted by Sebba has been explored by several biochemistry groups, notably at 

Imperial College as mentioned earlier. It is possible to exploit the surface active 

nature of proteins so that they can be incorporated into biliquid foams during 

formation. The proteins, such as catalysts will exist among the surfactants at 

the oil-water interface', '. Such a technique enables the production of efficient 

bioreactors with several benefits: 

. In many cases the enzymes show increased activity (the ability to increase 

the reaction rate) and stability. 

" The catalyst can be regained from the reaction mixture as it remains in 

the interfacial area. Another benefit is that this can lead to a continuous 

process where the aphrons are packed in columns and the reaction mixture 

flows through the packed aphrons, presenting a large surface area for the 

reaction to take place. 

" Oil and water soluble species involved in the reaction can be compart- 

mentalised e. g. Lamb15 investigates the demethylation of the oil soluble 

chlortoluron§ to a water soluble product which can be readily extracted. 

In a later publication Sebba introduces a further use of biliquid foams27 where he 

discusses their importance in the fresh field of "Predispersed solvent extraction". 

The aim of solvent extraction is to separate species from a mixture, such as a soil, 

sludge or solution. The principle is to add a solvent that the target species will be 

preferentially soluble in, enabling the removal of the target from the mixture. An 

important part of solvent extraction is comminuting the two phases to achieve a 

large surface area across which the species of choice can transfer. This involves a 

§A herbicide/recalcitrant pollutant: 3-(3-chloro-p-tolyl)-1,1-dimethylurea. Demethylation 
involves removal of one of the dimethyl groups. 
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mixing - settling process where the mixture and the solvent are brought together, 

before being allowed to settle into two separate phases. On an industrial scale 

such a process is costly. Another factor is that a dilute mixture would still require 

a large amount of solvent to create the large surface area necessary for satisfac- 

tory redistribution of the target species. Sebba remarks that CLAs represent a 

comminution of the solvent phase, or a predispersion, without the need for a mix- 

ing and settling stage in the extraction process. The small particle size results 

in a huge surface area (e. g. one litre of polyaphrons with an average diameter 

of 2 µm, presents an interfacial area or 2700 m2, which is equivalent to about 5 

football pitches) for solute transfer, which has the additional benefit of making 

CLAs suitable for extraction from very dilute samples. This line of research has 

been explored by Vidrine et a128, who investigated the stability of polyaphrons 

travelling through a sand pack, as a model for soil remediation. Ionic surfactant 

charge and identity are tested, alongside ionic strength and characteristics of the 

sand. It is observed that the aphron size, and charge, influence the passage of 

the polyaphron through a column of sand. Most interestingly the aphrons formed 

from positively charged surfactants show a level of decomposition when passed 

through the sand packs, which is attributed to the cationic surfactants being 

attracted to the sand particles from the aphron interface. This contrasts with 

aphrons formed from anionic surfactants, which also pass through the sand pack 

more rapidly than the cationic equivalents. 

1.5 Other " Biliquid Foams" 

The term biliquid foam is also used to describe systems which structurally resem- 

ble gas foams, where the interface is generally a simple surfactant monolayer, or 

an equivalent stabiliser, and not the more complex proposed aphron structure. 
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These are typically produced by centrifugation of an emulsion, which expels as 

much of the continuous phase as is possible. Sonneville-Aubrun et al. 29 investi- 

gated such a centrifuged system, with the focus of the study centred on the nature 

of the thin film which exists between the droplets. The paper illustrates that as 

the centrifugation rate is increased so the amount of water expelled is increased, 

and so the film becomes increasingly thin. Initially the gel-like product produced 

is a white creamy colour, and as the amount of water in the film decreases so the 

appearance of the gel changes from opaque to translucent to transparent. It is 

suggested that the reason for this is because the aqueous film between oil droplets 

is behaving in exactly the same way as the thin aqueous layer in a gaseous film, 

which forms a" Common Black Film" (CBF) and " Newton Black Film" (NBF) 

as the thickness of the layer decreases. The use of Small-Angle Neutron Scat- 

tering (SANS) allowed the dimensions of the aqueous film to be recorded for the 

CBF and NBF samples and the results, 25 A for the thickness of the CBF and 

13 A for the NBF width, show good agreement with previous work performed 

on similarly stabilised gaseous foams30 (in both cases Sodium Dodecylsulphate is 

the stabilising agent). 

Such biliquid foams are susceptible to their environment. The extreme dehydra- 

tion placed on the interfaces requires that they are stored in a moist atmosphere 

to prevent further desiccation by evaporation, which would lead to disruption of 

the oil droplets. It has been discovered31 that the addition of protein to the in- 

terface improves stability, providing bacterial growth can be prevented. Another 

interesting feature is that rehydration of the emulsion by swelling in water, which 

occurs readily for non-protein stabilised systems, is restricted. This leads to a 

hypothesis that the protein is forming a rigid network which aids the stabilisation 

of the system against change. 
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1.6 What's the HIPRE? 

Earlier it was mentioned that it is possible to form biliquid foams with very high 

values for the dispersed phase volume fraction, (q5dis), where values of up to 97% 

have been recorded". The previous section documented work on"biliquid foams" 

which have been generated by concentrating an emulsion through expelling the 

aqueous phase. In both cases the product has a high dispersed concentration. 

Such a system was introduced in 1966 by Lissant, who referred to it as a High 

Internal Phase Ratio Emulsion (HIPRE). HIPREs are defined as emulsions 

where the volume fraction of the dispersed phase is in excess of the close packing 

limit for monodisperse hard spheres, i. e. Odz9 > 0.74. At this point the spheres 

become distorted and flat interfaces form between the droplets. Features such as 

the high viscosity and translusence of these systems has lead to an alternative 

name: gel-emulsions. Such samples were prepared by agitating the components 

in the presence of some glass beads or equivalent to amplify the agitation32, al- 

though such a technique has been generally superceded by the Phase Inversion 

Temperature (PIT) method. This typically involves non-ionic/oil systems with 

small quantities of water, which spontaneously form a gel above a certain tem- 

perature. If these techniques and terminology are compared with biliquid foams 

then some similarities can be drawn. 

. Both can be produced by agitation. 

" Both comprise of a gel-like structure above the close packing limit for 

monodisperse spheres with distorted cavities of a second liquid 

Other than the existence of the aphron particles in the biliquid foam there would 

appear to be little discernable difference between the two, and when comparing 

the two systems Lye and Stuckey 12 reached the same conclusion. However, they 

do point out that typically it is possible to produce biliquid foams with signifi- 
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cantly lower surfactant concentrations than have been achieved with HIPREs. 

The debate can be succinctly summarised by a pair of brief communications in 

Langmuir. In 1987 Sebba sent a Letter1° communicating the interesting phe- 

nomenon of gel polyaphrons, in particular the ability to form a gel without a 

gelling agent. Within 6 months a Comment was received from Princen33, a very 

experienced worker in the field of HIPREs, who acknowledged the work of Sebba, 

but remarked that: 

the paper lacks novelty, except for the name that the authors have 

attached to what more prosaic workers have referred to simply as 

HIPREs. 

the art and science of "polyaphrons" have matured to a level beyond 

that suggested by Sebba 

I would like to suggest that the term "polyaphrons" be abandoned. 

There apprears to be no need to mystify what are "simply" highly con- 

centrated fluid/fluid dispersions. Previous attempts to demonstrate 

otherwise, e. g. by Sebball have been singularly unconvinving. 

Briefly referring to the science, and citing a substantial body of literature in the 

field, he disregards the presence of "ice-like" water10 and emphasises instead the 

nature and packing of the droplets. The packing and flexible nature of the drops 

results in the spheres becoming deformed into more polyhedral shapes, which will 

be unable to freely move about one another due to their environment. 

1.7 Conclusion 

In 1972 Sebba introduced the concept of a liquid-liquid dispersion which was suit- 

ably different to an emulsion to justify new nomenclature, and the Biliquid Foam 
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was born. Unfortunately, this has spawned little further fundamental research, 

although there has been a significant number of papers and patents employing 

these systems, or dispersions thereof, in practical fields. Simultaneously there 

would also appear to be some debate in academic quarters regarding the exact 

nature of biliquid foams, or even if they exist at all! This situation that has 

in no small manner been induced by the fact that after the initial microscopy 

experiments, which could be interpreted as indicating the presence of a discrete 

second liquid phase contained about the dispersed phase droplet, little else has 

been carried out to give a clearer picture of the actual structure of these particles. 

The majority of the work in this area would appear to assume the original work 

is devoid of experimental error or overenthusiastic interpretation of the data. As 

mentioned in a personal communication between Taylor and Stuckey": 

It would appear that it is "time to perform a definitive structural 

study" on biliquid foams. 

It is hoped that this thesis will shed some light on this issue. 

1.8 Outline and Purpose 

The overriding aim of this thesis is to identify the distribution of surfactants in 

the biliquid foam, and establish the structure of the oil droplets present. However 

before performing such experiments this literature review has also revealed that 

there has been little work to investigate the influence of different components on 

the stability of the system. Therefore the first work, covered in Chapter 2, aims 

to investigate the phase behaviour of biliquid foams, including the construction 

of a phase diagram. Chapter 2 also studies methods for creating these systems 

and the influence of different components on the stability of the system. 

18 



Small-Angle Neutron Scattering (SANS) is an ideal technique for investigating 

the distribution of chemicals in a complex system. However prior to investigating 

biliquid foams with SANS, the constituent surfactant systems are investigated 

in Chapter 3. Conclusions from these experiments will prove significant in the 

interpretation of the biliquid foam SANS, and will also provide additional insight 

into some of the phase behaviour results obtained in Chapter 2. The work here 

will compliment, and subsequently build upon, previous work in this area. 

Chapter 4 presents the Small-Angle Neutron scattering results for a variety of 

biliquid foams, which are designed to probe the distribution of the components 

in the system, and subsequently identify the structure of the oil droplets present 

in the biliquid foam. 

Chapter 5 records the conclusions from this project and proposes future work 

which can build upon (or contradict) the work in this thesis. 

The Appendices contain the theory underpinning the work in this study. Ap- 

pendix 1 expounds the properties of liquids and the influence of surfactants on 

liquid systems. Appendix two provides a review of the method for recording 

phase behaviour and Appendix 3 provides a background to scattering, focusing 

in particular on Small-Angle Neutron Scattering. 

1.9 Protocols Adopted in this Thesis 

Due to the confusing nomenclature in this area it is worth clarifying the conven- 

tions that have been adopted during the course of this project, and subsequently 

in this thesis. The project has concentrated on the oil in water systems, referred 

to specifically as polyaphrons in Table 1 above. Subsequently the generic expres- 

19 



sion Biliquid Foam, or BLF, will be used to refer to these systems alone. At 

extreme high oil volume fractions the expression Gel Polyaphron or GPA will 

be used to distinguish the gel-like biliquid foam systems. Dilutions of biliquid 

foams will be referred to as Colloidal Liquid Aphrons or CLAs. 

20 



References 

1. Sebba, F. Journal of Colloid and Interface Science 1972,40,468-74. 

2. Sebba, F. Colloid and Polymer Science 1979,257,392-6. 

3. Sebba, F. Foams and Biliquid Foams; Wiley: 1987. 

4. Sebba, F. Journal of Colloid and Interface Science 1971,35,643-646. 

5. http: //www. antibubble. org/, Active at time of press. 

6. Sebba, F. US 3,900,420,1975. 

7. Hughes, W.; Hughes, A. R. Nature 1932,129,59. 

8. Stong, C. L. Scientific American 1974,230,116. 

9. Dorbolo, S. New Journal of Physics 2003,5,161/1-161/9. 

10. Sebba, F. Langmuir 1987,3,857-858. 

11. Sebba, F. Chemistry and Industry 1984,10,367-72. 

12. Lye, G. J.; Stuckey, D. C. Colloid and Surfaces A 1998,131,119-136. 

13. Matsushita, K.; Mollah, A. H.; Stuckey, D. C.; del Cerro, C.; Bailey, A. I. 

Colloids and Surfaces 1992,69,65-72. 

14. Stuckey, D. C.; Matsushita, K.; Mollah, A. H.; Bailey, A. I. British Hy- 

dromechanics Research Group Conference Series Publication 1993,3,3-17. 

15. Lamb, S. B.; Lamb, D. C.; Kelly, S. L.; Stuckey, D. C. Federation of 

European Biochemical Societies Letters 1998,431,343-346. 

16. Lamb, S. B.; Stuckey, D. C. Enzyme and Microbial Technology 1999,24, 

541-548. 

21 



17. Scarpello, J. T.; Stuckey, D. C. Journal of Chemical Technology and Biotech- 

nology 1999,74,409-416. 

18. Lamb, S. B.; Stuckey, D. C. Journal of Chemical Technology and Biotech- 

nology 2000,75,681-688. 

19. Lye, G. J..; Stuckey, D. C.. Chemical Engineering Science 2001,56,97-108. 

20. Chaphalkar, K. T.; Valsaraj, K. T.; Roy, D. Separation and Science Tech- 

nology 1993,28,1287. 

21. Wheeler, D. A. WO 9905529,1999. 

22. Wheeler, D. A. US 6,165,479 2000. 

23. Lenon, S.; Guffogg, P.; Wheeler, D. A. Thin Film Encapsulation (TFE): 

a new method for the controlled delivery of actives.. In Proceedings - 28th 

International Symposium on Controlled Release of Bioactive Materials and 

4th Consumer & Diversified Products Conference, Vol. 2; 2001. 

24. Guffogg, P. E.; Wheeler, D. A. WO 03064024,2003. 

25. Crutchley, N. S.; Gladman, D. C. F.; Lenon, S. WO 2004002436,2004. 

26. Guffogg, P. E.; Lenon, S. .; Wheeler, D. A. WO 03072687,2003. 

27. Sebba, F. Sep. Purif. Methods 1985,14,127-148. 

28. Vidrine, W. K.; Willson, C. S.; Valsaraj, K. T. Colloids and Surfaces, A: 

Physicochemical and Engineering Aspects 2000,175,277-89. 

29. Sonneville-Aubrun, 0.; Bergeron, V.; Gulik-Krzywicki, T.; Jönsson, B.; 

Wennerstroem, H.; Lindner, P.; Cabane, B. Langmuir 2000,16,1566-1579. 

30. Mysels, K. J. J. Phys. Chem. 1964,68,3441. 

31. Dimitrova, T. D.; Leal-Calderon, F. Langmuir 2001,17,3235-3244. 

22 



32. Kunieda, H.; Solans, C.; Shida, N.; Parra, J. L. Colloids and Surfaces 1987, 

24,225-237. 

33. Princen, H. M. Langmuir 1988,4,486-487. 

23 



Chapter 2 

A Model Biliquid Foam 

" She's a model and she's looking good. " 

Kraftwerk 

2.1 Why Make a Model? 

In Chapter 1 it was noted that there was a small, but significant, amount of 

scientific literature on the topic of biliquid foams. In the main these systems 

have been produced from poorly characterised materials, including commercial 

grade non-ionic surfactants and oils. While such components are obviously more 

than capable of generating biliquid foams, the purity issue, and thus the exact 

properties of the resulting systems, are open to question. 

Impurities exist at the initial stages of the synthesis of the surfactant, as in- 

variably the reagents themselves will contain some variety in their structure, 

be it chain length, branching etc.. As an example consider commercial non- 

ionic surfactants such as Tergitol 15-S-3 (Cll_15H23_31(OC2H4), OH), Brij 30 

(C12H25(OC2H4)40H) and Softanol 30 (C12H25(OC2H4)30H). Obvious undesir- 

able impurities will include: 
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"A distribution of alkyl chain lengths. This is illustrated by considering the 

structure of Tergitol where the quoted alkyl chain length can only be given 

approximately, although even when not mentioned implicitly the publicised 

structure will represent an average of species present. Varying the alkyl 

chain length alters the aqueous solubility of a molecule, which in turn affects 

properties such as the surface activity, the cloud point (see table A. 4) and 

the tendency to micellise (critical micelle concentration - see table A. 3). 

" Similarly there can be a variation in the number of the hydrophilic ethoxy 

chains which also influences the solubility. 

" Unreacted reagents, especially alcohols like dodecanol C12H250H (as before 

there will be a distribution of chain lengths) and side products from the 

reaction. These related molecules will invariably exhibit a broad range of 

surface activities, which can lead to difficulties when trying to establish 

definitive properties for biliquid foams, such as whether a combination of 

surfactants is important in biliquid foam formation, or whether a particular 

surfactant structure/type is necessary to create a stable system. 

Incorporating research grade material in place of these commercial chemicals re- 

sults in a reduction in the quantity of these impurities in the system. Therefore 

when conducting phase behavioural studies it is possible to have a greater degree 

of confidence that any changes observed are a direct result of such a substitution. 

In addition as this project will involve studying biliquid foams with Small-Angle 

Neutron Scattering (SANS), it is of paramount importance to be able to use 

isotopically labelled analogues, e. g. replacing H2O with D20 or one of the sur- 

factants with the deuterated equivalent. 

It is also evident, from the published literature discussed in the previous chapter, 

that little phase behaviour work has been reported. As explained in Appendix B 
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Component Purity Supplier 
Water 18.2 MSS Millipure 
Deuterium Oxide (D20) 99.9% Goss Scientific 

Alkanes (C,, H2n+2) > 99% Aldrich 
d-Dodecane (C12D26) 98.3% D C/D/N Isotopes 
Sodium n-alkylsulphates (SnS) 99% Lancaster 
Sodium d-dodecylsulphate (d-SDS) 98.5% D C/D/N Isotopes 

n-Alkyltrimethylammonium Bromides (nTAB) >97% Lancaster 
Polyoxyethylene -m- n-alkyl ethers (CnE 

n) 98% Flukes 

Table 2.1: The principal chemicals used during the course of this project. All 
used as received. 

such work is important to understand the system, and during the course of this 

project it has been an essential prerequisite to the SANS experiments. Performing 

a detailed study of the phase behaviour will also reveal a suitable composition 
for an ideal model biliquid foam. 

2.2 The Making of "A Model Biliquid Foam" 

2.2.1 Materials 

When selecting the range of components for the model system the intention is 

to mimic the constituents/compositions as found in the scientific literature, and 

used by Disperse Technologies. The majority of published work relates to oil-in- 

water biliquid foams, stabilised by a combination of an oil soluble and a water 

soluble surfactant", which presents a logical starting place for this study. The 

components selected are listed in table 2.1, with some typical structures illus- 

trated in figure 2.1. 
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a) 

C) 

b) 

Figure 2.1: Representations of a) Dodecarre, b) SDS and c) C1uE4 

2.2.2 Biliquid Foam Preparation 

The recipe for producing biliquid foams has been detailed in a patent by Sebba5. 

An aqueous solution of the water soluble surfactant is agitated to produce a 

gaseous foam. The oil phase, containing the oil soluble surfactant, is then added 

to this foaming aqueous solution in small aliquots. The foam provides a large sur- 

factant interface, which enables the oil phase to be encapsulated and so aphron 

formation occurs readily. Further agitation can be applied and this is believed 

to determine the particle size. Although agitation can be as straightforward as 

shaking, an overhead mechanical stirrer is frequently used, which is capable of 

producing sample volumes from 20ml to several litres. Owing to reproducibility 

mechanical agitation is preferable as it is more precise, and so comparisons be- 

tween different samples can readily be drawn. The spinning stirrer blade in the 

aqueous surfactant solution is able to generate the necessary foam, to which the 

oil is added in a dropwise fashion. Figure 2.2a illustrates a typical set up for such 

an experiment. 

Such a technique would prove to be unsatisfactory when working with the more 

expensive research grade materials, in particularly deuterated samples, so an al- 

ternative procedure is necessary. The principle of biliquid foam formation involves 

creating an aqueous foam, adding a small amount of oil, and agitating the mix- 

ture. A suitable method was identified involving a device which efficiently mixes 
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Figure 2.2: a) A typical set up for producing biliquid foams on a laboratory scale. 
b) The RotoMixs device. 

small quantities of dental cement (1-2 ml), called a RotoMix6. Figure 2.3 illus- 

trates the method. There are two turntables, a smaller one mounted on a larger 

one, which turn in a disrotatory fashion. This resultant motion means that as 

the large turntable spins at three thousand r. p. m., the sample itself is held in a 

horizontal position, and subsequently experiences a constantly altering resultant 

centrifugal force. To make a graphical analogy if one was to shake the sample up 

and down it would experience force in only one direction, i. e. along the x axis, 

while in the RotoMix the sample will experience force in every direction on the 

x-y plane. 

The methodology is, in principle, identical to that of Sebba. The aqueous sur- 

factant solution is placed into the RotoMix, where it experiences 10 seconds of 

agitation to creates a gas foam. Typically, in this device 0.075 ml of the organic 

phase, oil and oil soluble surfactant is added. The sample is returned to the 

RotoMix and agitated for 10 seconds. This procedure is repeated until all the oil 

phase is successfully dispersed. 

All sample preparations are carried out at room temperature unless specified 

otherwise. The sample volume produced is lml unless specified otherwise. 
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Figure 2.3: Schematic for the action of the RotoMix device. Derived from the 
ESPE website. The piri i arrow indicates the resultant force experienced by the 
sample as the smaller turntable spins contrary to the large turntable, which turns 
in the direction indicated by the black arrow. 

2.2.3 Characterisation 

Phase behaviour experiments can often be performed by visual observation and 

gauging the extent of phase separation. In this project the stability of the product 

is assessed by considering whether the biliquid foam phase separates within a cer- 

tain period of time. Generally if a biliquid foam is unstable then it will degenerate 

into the constituent parts within a short space of time, anything up to 24 hours. 

However, in some cases this can take slightly longer. In this project stability is 

measured up to 28 days later as within this timescale any phase separation will 

definitely have occurred. Almost invariably the biliquid foams made are stable 

long after 28 days with most surviving almost unchanged years later. Further 

information can be gleaned from investigating the particle size and distribution, 

by optical microscopy and light scattering. 

It is possible to visualise emulsion droplets with optical microscopy. Depending 

on the size of the droplets it would be hoped that the microscope can reveal the 

presence of the soapy shell layer described, and observed, by Sebba7. To this end 

a water soluble dye, Methyl Blue is added to the aqueous phase prior to biliquid 
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Figure 2.4: The Nikon Optiphot-2 microscope with the important features la- 
belled. 

foam preparation. The actual resolution of the technique depends on the combi- 

nations of lenses, although there is a natural limit due to the wavelength of the 

light: it is impossible to distinguish between two, or more, particles which are 

separated by a distance of less that the wavelength of light (ý 0.5 µm), as light 

waves will be unable to pass between them. The Nikon Optiphot-2 microscope 

used during this project has eyepiece lenses with magnification of x 10/20, a set 

of x 4/10/20/40 objective lenses and an extra x 0.8-2 "Optizoom", which means 

a total magnification of x 1600 can be achieved. In practical terms particles as 

small as 100 µm can be distinguished with this configuration. A metric graticule 

enables sizing of the particles (10 mm with 100 equidistant subdivisions). See 

fig 2.4 for a picture of the device. 

Light scattering measurements were carried out with a Malvern Mastersizer MS 

20. The sample is pumped through the sample cell in a cyclic manner, which is 

necessary for samples where there is a significant density difference between the 

particle, and the medium. as in a static sample cell creaming would occur. To 
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Figure 2.5: The Malvern Mastersizer MS 20. 

obtain a CLA suitable for this technique the biliquid foam must be diluted by 

a factor of 1000. Of course such a high dilution factor casts some doubt over 

the validity/ relevance of these results. The light scattering conveniently comple- 

ments the optical microscopy, which is unable to inform accurately about particles 

smaller than 100 µm: it detects particles with diameters between 1 and 100 µm. 

As these particles flow throught the laser beam they scatter the light, which is 

detected. Computer software using Mie theory calculates the particle size from 

this scattering, and the results are presented in terms of a relative intensity. This 

relative intensity is the proportion of scattering arising from particles with that 

particular diameter, relative to the total scattering from all particles in the sam- 

ple, and as such is presented as a percentage. See fig. 2.5. 

All characterisation experiments in this chapter are carried out at room temper- 

ature. 

2.3 Initial Results 

To date biliquid foam research has concentrated on oil - in - water systems sta- 

bilised by a combination of a water soluble surfactant and an oil soluble surfactant. 

While the chemicals used have been of commercial purity the general features of 
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these have been: 

9 The oils have been straight chain alkanes 

9 The water soluble surfactants have been straight chain anionics 

" The oil soluble surfactants have been straight chain non-ionic surfactants 

Subsequently selecting research grade material to mimic the behaviour of these 

components is fairly straightforward. The phase behaviour work aims to estab- 
lish combinations, and compositions, of components which produce biliquid foams 

that are stable with respect to phase separation over a period of time. However a 

starting point for the study was necessary, based on the criteria listed above. A 

typical composition for biliquid foams is presented in a patent by Sebba5 and is 

recorded in Table 2.2. The chemicals selected were chosen as they are commonly 

used in research and are analogous to the commercial material incorporated in 

previous biliquid foam studies. Dodecane and SDS are also more readily available 

in deuterated form than related species. These are also indicated in table 2.2 as 

are the amounts of each component used in the preparation. 

Constituent Composition Component selected Amount 

Oil = 0.89 Dodecane 0.89 ml 
Water = 0.095 Water 0.095 ml 

Oil soluble surfactant = 0.01 C12E4 0.01 ml 
Water soluble surfactant ¢=0.005 SDS 0.005 g 

Table 2.2: The composition of a typical Sebba biliquid foams. Methylene blue, a 
water soluble dye, was also added prior to preparation to aid visualisation of the 
expected aqueous layer about the oil core. 

Initially the suitability of these components had to be studied by attempting to 

create a biliquid foam using the procedure from the Sebba patents. This gave 

a thick, gel-like product which appeared to be a Gel PolyAphron (GPA). These 
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typically form when the volume fraction of the dispersed phase in this case 

the oil, is greater than 0.74. The ability of the RotoMix device to produce a sim- 

ilar product was assessed, and macroscopically the product appeared identical. 

However characterisation was performed by optical microscopy and light scatter- 

ing to establish the extent of any variation in the products. Optical microscopy 

would also be able to determine whether there is a layer of water about the oil core 

by incorporating a water soluble dye, Methylene Blue, into the aqueous phase. 

These results can be seen in figure 2.6. Both characterisation techniques required 

the dilution of the GPA to create a Colloidal Liquid Aphron (CLA). This is a 

prerequisite of light scattering as discussed in Appendix A, while in the case of 

the optical microscopy it is currently not possible to successfully mount the GPA 

onto a slide in such a manner that the aphron particles can be imaged. The initial 

conclusions were: 

" In both cases the optical micrographs (fig. 2.6) appears to contain oil 

droplets with a blue corona (Methylene Blue is oil insoluble) which could 

be interpreted as the presence of a layer of water trapped in an aqueous 

soapy shell about the oil droplet (although it could also arise from the dye 

associating with the ionic surfactant). The scale bar (1 mm) indicates that 

the majority of the particles have a diameter of about 100 µm. 

" The light scattering indicates a large population of particles with an average 

particle size of 3.5 µm for the overhead stirrer sample compared with an 

average size of 1.5 pm for the RotoMix sample. 

While microscopy lacks the resolution to discern between the samples prepared 

by the two techniques, the light scattering is able to detect a difference in the 

size of the smallest particles. The results indicate that the samples created in 

the RotoMix are significantly smaller. This reduction probably arises due to the 

more efficient agitation provided by the RotoMix device. Also worthy of mention 
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is the feature reflecting scattering from larger oil droplets. The light scattering 

from the stirred CLA has a peak rising at the upper boundary of detection with 

this lens, see fig. 2.6. This peak corresponds to a population of oil droplets with 

a diameter of about 100 pm. Significantly however if the sample is left for 5 

minutes, this large oil droplet peak grows at the expense of the peak at 3.5 µm. 

It would appear that these smaller aphron particles are generally unstable with 

respect to time under the conditions of the light scattering experiment. However 

of particular importance is that this feature is almost absent in the RotoMix 

derived CLA, in fact although there is a small peak at about 100 µm in the first 

experiment this actually decreases in intensity over the course of the experiment, 

suggesting that these larger oil droplets are breaking up. Such a hypothesis is 

supported by the observation that when flushing the sample cell, after running an 

experiment, there are oily deposits that require removal. This would appear to 

suggest that the higher rate of agitation during sample preparation leads to higher 

stability. One possible reason for this could be due to the apparent smaller spread 

of particle sizes obtained when the aphrons are prepared using the RotoMix device 

compared with the overhead stirrer, which has a broader range of particle sizes. 

2.4 Biliquid Foam Phase Behaviour 

2.4.1 Oil Volume Fraction 

While the initial results appear to suggest that a biliquid foam, albeit a concen- 

trated GPA, had been successfully produced the sample was not ideal for the 

planned SANS experiments. The viscous nature of the GPA means that it is not 

possible to fill conventional SANS cells, which are 1-2 millimetres thick. The sci- 

entific literature suggested that this problem could be circumvented by reducing 

Oýjj to below 0.74. The full range of 0 ,, il was investigated, with the compositions 

listed in table 2.3. The relative amounts of the two surfactants, C12E4 and SDS, 
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Figure 2.6: Top: Optical micrograph of a dilution of the Sebba GPA. Bottom: 
Light scattering results for system produced using an overhead stirrer (the Black 
line is after 1 minute and the Red line after 5 minutes) and the RotoMix CLA 
(Green line after 1 minute and after 5 minutes) recorded using the Mas- 
tersizer MS 20. 
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were maintained in all samples, and the volume fraction of water, gwdte,., was the 

only other variable. 

Oil Q5water Q5C12E4 cSDS 

0.89 0.095 

0.79 0.195 

0.69 0.295 

0.59 0.395 

0.49 0.495 0.01 0.005 

0.39 0.595 
0.29 0.695 

0.1 0.795 

0.09 0.895 

Table 2.3: Sample compositions for the investigation of the phase behaviour of 
biliquid foam samples with different oil volume fractions. 

A photograph of the samples, taken immediately after production, is given in 

fig 2.7a. This shows the difference between the macroscopic appearence of the 

samples as 0 ,, il was reduced. When q,, ii > 0.69 the samples are gel like, although 

there is a difference in the stiffness of the samples, with the most oil rich sample 

being significantly stiffer than the others. This is slightly surprising as the close 

packing limit is 0.74 for solid spheres, and subsequently the limit of GPA for- 

mation is reported as occurring at this point. This suggests that there are other 

factors which affect the sample viscosity. The samples with q5c, < < 0.59 are all 

sufficiently fluid that they could be easily loaded into SANS cells. When ¢,, i1 
0.39 the fluid biliquid foam is in equilibrium with an aqueous dispersion of CLAs 

and a gaseous foam. 

A feature of biliquid foams reported by Sebbal is that they contain a continuous 

aqueous phase that, with time, will drain just as in a gas foam. An alternative 
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way of considering this is in terms of creaming, which is the term more commonly 

associated with emulsions. As the oil droplets are significantly less dense than 

water (p 
cane = 0.745 g CM -3 cf. pwater = 0.997 g CM -3 at T= 25°C) any 

dispersed as CLAs in the aqueous phase should eventually phase separate, rather 

as the gaseous cavities in a glass of cold beer will congregate on the surface of the 

beer to form a foamy "head". To investigate this effect, these samples of varying 

O. i1 were left undisturbed, and the appearance was recorded daily, for evidence of 

such drainage. The result 28 days later can be viewed in figure 2.7b. The samples 

containing a low dispersed phase volume fraction (ciz < 0.39) had lost the foam 

on the surface of the sample. Additionally the aphron particles that had been 

in the aqueous portion of the sample had floated up to join the biliquid foam 

phase. The most obvious example of the drainage occurring was in samples with 

0.39 <0j<0.59, where originally both of these samples form a homogenous 

biliquid foam phase. However, with time there is an obvious loss of water from 

the biliquid foam phase, as the sample relaxes towards the equilibrium state, 

where biliquid foam separates from the aqueous phase. This can also be observed 

when dispersing a biliquid foam. The cloudy CLA formed will display a gradual 

creaming, so that within a couple of hours there appears to be water, with a layer 

of biliquid foam on the surface. The gel-like samples for which 0.59 < Oil < 0.89 

do not appear to lose any water. However, these can be distinguished as distri- 

bution of the most oil rich sample, q,, il = 0.89, is identical 28 days later, while 

some of the GPA in the other two samples has slowly flowed down the sides of 

the sample tubes due to gravity. This can probably be explained by considering 

the packing of the oil droplets. As discussed by Sebba and Princen8'9 the polyhe- 

dral nature of the aphrons will result in the particles being effectively trapped as 

they are unable to move about each other. The greater packing in the higher oil 

volume fraction samples will result in there being greater rigidity in the structure 

as a whole, and subsequently greater force would be required for the GPA to flow. 
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Figure 2.7c contains the light scattering data for these samples. There seems to 

be little change in the droplet size until the oil volume fraction has been reduced 

to 0.19. 

It is possible to investigate the non gel-like biliquid foams by microscopy with- 

out diluting them. These were compared with the respective CLAs. Figure 2.8a 

shows the biliquid foam with 0=0.59. It consists of large oil droplets, with di- 

ameters varying significantly about 500 µm, which are packed closely, and slightly 

distorted into polyhedra, due to the drainage from the aqueous phase. After dis- 

persion, fig. 2.8b, the larger oil droplets, with diameters over 500 µm, are no 

longer visible. However small blue droplets do become visible which resemble the 

small oil droplets detected in the diluted GPA samples (figure 2.6a). It seems 

that there are three populations of oil droplets present in a biliquid foam: 

" Large oil droplets with diameters greater than 500 pm, which are unstable 

if the biliquid foam is dispersed. 

" Large oil droplets with diameters of 200 to 500 µm, which are stable when 

the biliquid foam is dispersed but which are beyond the scope of the light 

scattering technique being employed. 

" Small oil droplets which are barely visible under a microscope, but which 

can be sized by light scattering. They appear to have diameters in the 

region of 1.5 pm. 

A final experiment was conducted in the oil volume fraction series. While in 

the above experiment 0jz was varied up to 0.89, there are reports of producing 

biliquid foams with greater oil volume fractions1,10To investigate this the water 

and surfactant compositions were fixed at the values displayed in table 2.2 and oil 

was added until the biliquid foam was unable to contain any more, or the sample 
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Figure IT Effect of oil volume fraction on phase behaviour: a) The samples 
immediately after production, ranging from 0,, j = 0.09 on the left to /j = 0.89 
on the right. b) 28 days later. c) The average particle sizes of the samples as 
determined by light scattering, also after 28 days. 
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Figure 2.8: Optical microscopy for a biliquid foam with an oil volume fraction of 
0.59 before (a), and after (b), dilution. Such a state is reversible. 

cell was full. It was possible to disperse 1.4 ml of oil in the aqueous phase, 0.1 ml, 

before the tube (1.5 ml) was filled, giving a Oil of 0.93. The final system had the 

characteristics of jelly, and gave a perfect mould of the inside of the sample tube. 

Of greater significance was that, in contrast to the lower oil content biliquid foams 

which are opaque and creamy, the gel was translucent. This compares favourably 

with work reported by Sonneville-Aubrun et al", as discussed in "Other `Eiliquid 

Foams"" (Section 1.5) and would therefore appear to indicate further evidence 

for the formation of black films in biliquid foams. 

In terms of further work this experiment proved very significant as it identified 

important points: 

" There appears to be a change in the system characteristics as the volume 

fraction of the dispersed phase is reduced from 0.69 to 0.59. Not only does 

the less oil rich sample flow more easily, but it is also unable to incorporate 

all the water within the biliquid foam phase. The more oil rich biliquid foam 

represents a good starting point for future phase behaviour experiments as 

it will be more susceptible to changing conditions than the more viscous 

GPAs. Similarly any changes such as phase separation should be more 

readily detected. 

" The biliquid foam with 0,, ii = 0.59 is the most acceptable for SANS exper- 
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iments. It is the most oil rich sample that is capable of being easily added 

to the sample cells required for small-angle neutron scattering. 

. There appears to be little significant difference between the biliquid foams 

sample in terms of the size of particles present. 

. There seems to be little difference to the biliquid foam phase almost re- 

gardless of the volume fraction of the oil for the non gel-like samples due to 

draining of excess water due to gravity. Similarly if water is added to the 

GPAs then they will resemble fluid biliquid foams, with any excess water 

draining from the biliquid foam phase. This compares favourably with the 

observations of Lye and Stuckey that dispersed biliquid foams reform with 

0oii = 0.742 

2.4.2 Oil Identity 

In this series of experiments the composition of the biliquid foams is as illustrated 

in table 2.4. The chain length of the oil was varied so that a selection of oils from 

hexane to hexadecane were investigated. In addition squalene, which is a more 

complex branched molecule, Olive Oil*, which is chemically even more complex, 

and the wax saturated hydrocarbon, eicosane, were also investigated. The formu- 

lation containing eicosane (TM = 36.7C) involved keeping the oil at 40°C, and 

warming the aqueous phase so that it remained close to 40°C during the biliquid 

foam formation. 

The products were observed for evidence of phase separation. This involved mea- 

suring how much, if any, of the constituents separated from the biliquid foam 

phase. These results are illustrated in figure 2.9. The most significant observed 

parameter in this experiment, as in the oil volume fraction experiment, is the 

'Napolina, used as supplied 
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Component Volume fraction 

Alkane 0.69 

Water 0.295 

C12E4 0.01 
SDS 0.005 

Table 2.4: Sample compositions for investigating the effect of different oils on 
biliquid foam stability. 

proportion of the final sample that is water, which has drained from the biliquid 

foam phase. 

The alkanes with 12 or more carbons in the chain all produce biliquid foams that 

show minimal loss of water after 28 days. Inconveniently the control sample, 

the biliquid foam containing dodecane, exhibited a very small amount of water 

loss which was inconsistent with the previous result of no water drainage. This 

prompted the preparation of further samples at this composition which revealed 

that complete water retention only occurs in about 65% of samples, the other 

samples prepared displayed a small amount of separation of water from the biliq- 

uid foam phase. In this case the sample will typically consist of 95% biliquid foam 

and 5% water. The reason for such a phenomenon is unclear. Sample preparation 

follows a simple method, which is difficult to follow incorrectly, the chemicals are 

unchanged and the environment is also consistent. The samples prepared con- 

taining squalene and Olive oil resulted in biliquid foams. 

The shorter alkanes provide contrasting results, which are discernable over shorter 

timescale: 

9 The decane biliquid foam is a single phase for 8 days after it is made. At 

this point water begins to be visible at the base of the sample and after 28 

days this has increased so that 20% of the sample is water. 
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Figure 2.9: The effect of altering the identity of the oil phase on biliquid foam 
stability. Observations made 28 days after sample preparation. 

" The nonane and octane biliquid foams start as a single phase and after 

4 days there is significant drainage of water. After 28 days the nonane 

maintains some biliquid foam phase, although there is very little left. The 

vessel containing the octane biliquid foam only contains water. 

" Hexane stands out as significantly more volatile than the other oils. There 

is a distinct odour when the sample container is opened after 10 seconds 

in the RotoMix. The final product consists of biliquid foam with gaseous 

foam on the surface. Within 24 hours the evaporation of the hexane results 

in a significantly smaller amount of biliquid foam product than the other 

samples produced, additionally there is excess water. After 28 days all the 

hexane has evaporated leaving only water. The heptane biliquid foam is 

less volatile but the general trend is similar, it just occurs over a greater 

period of time. However within 28 days there is only water remaining. It 
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is possible to maintain biliquid foams generated from volatile oils, but they 

must be prepared at lower temperatures, and stored in sealed containers at 

low temperatures. 

The overall conclusion is that as the chain length of the alkane increases so the 

stability of the biliquid foam increases. After dodecane the chain length has a 

minimal effect, as these bilquid foams all appear to be equivalently stable. A 

likely explanation of these results is that Ostwald ripening could be responsible 

for the degradation of these samples. The rate of Ostwald ripening is related to 

a number of variables as has been summarised by the Lifshitz - Slyozov - Wagner 

model (LSW) 12,13 However the most significant factor is the aqueous solubility 

of the oil. As the solubility of the oil decreases with chain length, so the rate of 

oil drolpet degradation with time will also decrease with the alkane chain length. 

Hence the likelihood that Ostwald ripening is dominating the degradation of these 

samples. 

The eicosane provided an interesting result. It was possible to successfully create 

the biliquid foam at 40°C , which proved to be stable as long as it remained at 

that temperature. Upon cooling to room temperature the sample solidified from 

a blue creamy liquid to a blue creamy solid. If reheated then the blue biliquid 

foam phase is restored, with a small amount of oil separating out from the biliquid 

foam, 5% of the surface of the sample is oil and a similar amount of water is also 

released. The exact nature of this Solid PolyAphron (SPA) is open to conjecture. 

It is unlikely that the oil solidifies into discrete micron sized particles without 

influencing the aqueous phase. Such a hypothesis would allow ready dispersion 

of the solidified oil droplets which does not happen, the SPA is a waxy solid not 

dissimilar to eicosane at room temperature. However despite the similarity with 

the solid oil there is no water released upon solidification, it all appears to be 

trapped within the SPA, even if the solid is broken into pieces. 
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The thermoreversibility of biliquid foams has been previously reported by Sebba5, 

albeit the phase transition the oil underwent was from liquid to gas and back, 

in other words the biliquid foam was converted into a gaseous foam and then 

upon cooling the biliquid foam was reformed. In this case there was apparently 

no difference between the original and restored biliquid foam. The solid-liquid 

transition reported in this thesis does not appear in the scientific literature. 

Light scattering was carried out where possible, i. e. for the biliquid foams consist- 

ing of alkanes with a chain length larger than 8, the shorter ones were unsuitable 

due to phase separation either prior to, or during, the light scattering experiment. 

Eicosane was also unsuitable due to the lack of practical temperature control on 

the Mastersizer. Light scattering results that were obtained were unremarkable, 

in that they were all similar with an average particle size of 2 pm. Microscopy 

data were not significantly different to those obtained previously. ' 

2.4.3 Concentration of Sodium Dodecylsulphate 

The range of Sodium Dodecylsulphate (SDS) concentrations investigated is recorded 

in table 2.5. The aim of this experiment was to determine whether anionic sur- 

factants, such as SDS are essential components for stabilising these systems. 

Component Volume fraction 

Dodecane 0.69 
Water 0.24-0.295 
C12E4 0.01 
SDS Varied from 0.06 to 0.0002 

Table 2.5: Composition for the biliquid foams with varying SDS concentration. 
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In fact the first sample that was prepared was a biliquid foam with no SDS 

present, ie with only C12E4 capable of stabilising the system. This biliquid foam 

was stable for minutes before complete phase separation occurred. This estab- 

lished that SDS is indeed important (although subsequently it has been found 

that anionic surfactants are not essential, see section 2.4.8). As the SDS con- 

centration was varied from 0=0.03 down to 0.0005, there were few changes in 

the appearance of the biliquid foam produced, a feature reflected in the optical 

microscopy and the particle size gained from the light scattering data 1.6 pm. 

There seems to be a slight correlation between the amount of SDS in the biliquid 

foam and the relative viscosity, a feature which become more noticeable as c SDS 

exceeds 0.01. The only other visible change in the system was that below OSDs 

= 0.005, there was a small amount of water, less than 5% of the total sample, 

separating from the biliquid foam phase and below c'sDS = 0.002 there was a 

thin layer of oil on the surface of the biliquid foam, in addition to an increase in 

the amount of drained water, between 5 and 10% of the total sample. However 

at OSDS = 0.0002 complete phase separation occurred within 24 hours, leaving a 

thin layer of "scum" at the oil-water interface. 

An interesting feature of the light scattering data is presented in figure 2.11. It 

shows that there is less polydispersity in the particle size as the SDS concentration 

increases. This is demonstrated by the thinner, sharper, peak at about 1.5 pm. 

This suggests that the extra surfactant is creating an increase in the population of 

the smallest aphron particles forming, which is logical as extra surfactant would 

be expected to be present either in micellar aggregates or at the interfacial region. 
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2.4.4 Identity of the Ionic Surfactant 

It would be informative to observe what effect chain length has on the ability 

of the anionic surfactant to stabilise the biliquid foam, and also how efficient 

cationic surfactants are if used in place of SDS. The general composition of the 

samples made are listed in table 2.6. The anionic surfactants used were Sodium 

Alkylsulphates and had an alkyl chain length ranging from 6 carbons, Sodium 

Hexylsulphate to 16 carbons, Sodium Hexadecylsulphate. The cationic surfac- 

tants employed were single chain alkyltrimethylammonium bromides, with the 

alkane chain varying from octyl (C8TAB) to octadecyl (C18TAB). 

Component Volume fraction 

Dodecane 0.69 
Water 0.295 

C12E4 0.01 

Ionic surfactant 0.005 

Table 2.6: Sample compositions for investigating the effect of different ionic sur- 
factants on biliquid foam stability. 

All the samples prepared were stable biliquid foams with negligible drainage of 

water. Microscopy data showed little to distinguish the different biliquid foams. 

However the light scattering, figure 2.12, did show some distinctions. 

The anionic surfactants all gave similar results with the average particle size be- 

ing consistently about 2 µm. The CLAs derived from the cationic samples, on 

the other hand, demonstrated a measure of instability during the course of the 

light scattering experiment. If looking at the results of the light scattering purely 

in terms of the average particle size, this would suggest that the shortest cationic, 

C8TAB, produces aphrons which have a larger particle size than the other sur- 

factants. However this masks the fact that during the course of the experiment 
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Figure 2.13: The change in the average aphron size with time for the biliquid 
foam made from dodecyltrimethylammonium bromide. Black is after 1 minute, 
red after 5 minutes and green is 9 minutes. 
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the distribution of aphron sizes shifts from being about 2 pm to 10 pm to 20 

pm as illustrated by the biliquid foam made with dodecyltrimethyammonium in 

fig 2.13. The time taken for this shift is dependent on the alkyl chain length, and 

so in the case of the shortest cationic this occurs during the length of time taken 

to record a single measurement (1 minute), while for C12TAB such an effect is 

not detected until 5 minutes after the sample is placed in the mastersizer sample 

chamber. When C18TAB is studied little change is noted 10 minutes after the 

first measurement was recorded. It does not appear that this population of the 

smallest aphrons are intrinsically unstable, it seems to be a case of when they are 

exposed to the sample environment employed by the Malvern mastersizer, which 

involves the sample being cycled through the sample cell continuously, they are 

fragile. 

Other than the interesting observation regarding the cationic surfactants, when 

undergoing light scattering, there appears to be little difference between the biliq- 

uid foams made by the various different ionic surfactants. 

2.4.5 Polyoxyethylene -4- dodecylether Concentration 

Having determined the importance of the ionic surfactant in this model system 

the attention turned to the oil soluble non-ionic constituent. cbc12E4 was reduced 

from 0.01 to 0. 

Immediately after sample preparation there was only a change in the appearance 

of the samples when the volume fraction of C12E4 < 0.004 , with the biliquid 

foams becoming significantly less gel-like and more like a paste with large air 

bubbles entrapped. These pasty samples phase separate after 28 days. The more 

typical biliquid foams behave as expected and display little or no drainage of 
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Component Volume fraction 

Dodecane 0.69-0.7 
Water 0.295 
C12E4 0.01-0 
SDS 0.005 

Table 2.7: The composition of the biliquid foams produced with varying C12E4 

concentration. 

water from the biliquid foam phase after 28 days. 

2.4.6 Alternative Non-Ionic Surfactants 

The solubility of the non-ionic surfactant in the oil phase is believed to be of sig- 

nificance to forming stable biliquid foams'. Varying the length of the alkyl chain 

(hydrophobic) and/or the ethoxy chain (hydrophilic) will alter the solubility of 

the non-ionic polyoxyethylene -m- n-alkylether and this could impact on the 

ability of the surfactant to successfully stabilise the biliquid foam. M, the num- 

ber of ethoxy groups, was fixed at 4 and a variety of alkyl chain lengths where 

8<n< 18 were investigated, along with C12E10 to contrast with C12E4, which 

had been used thus far. The compositions are as in table 2.8. 

Component Volume fraction 

Dodecane 0.69 
Water 0.295 
C,, Em 0.01 

SDS 0.005 

Table 2.8: The composition of the biliquid foams produced with varying non-ionic 
surfactants. 

The appearance of the samples with varying alkyl chain lengths are depicted in 

figure 2.14. The longer alkyl chain surfactants (n = 16 and 18) exhibited some 
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Figure 2.14: Altering the alkyl chain length of the non-ionic surfactant C"E4 

and the resulting affect on the stability of the system, measured by the separa- 
tion of particular components from the biliquid foam phase. Separated water is 

represented by " and separated oil by ". 

drainage of water from the biliquid foam phase, but the levels of this were not 

overly significant compared with previous samples being in the region of 5 to 10 

% of the total sample volume. Of greater importance was that C10E4 showed 

phase separation with a small layer of oil, about 2% of the total volume being 

released onto the surface of the sample. C8E4 proved to be even less effective 

with 3% of the sample being phase separated oil, and 15 % being water which 

had drained from the biliquid foam phase. 

C12Elo produced a biliquid foam which was not notably different to one generated 

with C12E4. 

While ethoxy chain length appeared to have little effect on the properties of the 

final product the alkyl chain length proved to be more significant, and if shortened 

below , zt 11 can prove to be inefficient at stabilising a biliquid foam. 
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2.4.7 Total Surfactant Concentration 

The results from varying the compositions of the individual surfactants separately 

indicate that reducing the concentration of the two surfactants simultaneously 

should result in a critical concentration being reached where complete phase sep- 

aration occurs. In this series of experiments the volume fraction of dodecane 

started at 0.69, while that of the oil soluble C12E4 was 0.01. As the volume frac- 

tion of the surfactant was reduced, the volume fraction of the oil increased. Thus 

the volume fraction contribution of the oil phase, dodecane and C12E4, to each 

system was 0.7. The volume fraction of water began at 0.295 and that of the SDS 

was reduced from 0.005. As with the oil phase the total volume of the aqueous 

portion was kept at a constant amount, in this case it accounted for 30% of the 

overall system. The compositions of the surfactants were reduced so that the 

ratio of non-ionic to ionic was maintained at 2: 1. The sample compositions used 

are listed in table 2.9. The observed results after 28 days can be seen in figure 2.15. 

Initially as the surfactant concentration was reduced there was little change in 

the appearance of the system. When the volume fraction of the surfactant was 

reduced below 0.006 (0.004 C12E4 and 0.002 SDS) the sample began to exhibit 

drainage of water from the biliquid foam phase after 28 days. The extent of this 

drainage increased, but was otherwise the only difference in the biliquid foams, 

until the surfactant volume fraction was reduced to 0.0003. At this point small 

droplets of oil separated from the biliquid foam and collected on the surface of 

the sample. These oil droplets appeared after a day and the amount of oil did not 

increase with time. The lowest surfactant concentration that is able to stablise 

the biliquid foam is 0.00015, below which phase separation into oil and water 

occurs within 6 hours. The 0.00015 biliquid foam experienced significant water 

drainage, about 20% of the final sample was free water, and had a thin layer of 

oil on the biliquid foam surface. 
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Oil cbwater cC12E4 Q'SDS 

0.69 0.295 0.01 0.005 

0.692 0.296 0.008 0.004 
0.694 0.297 0.006 0.003 
0.696 0.298 0.004 0.002 

0.698 0.299 0.002 0.001 

0.699 0.2995 0.001 0.0005 
0.6992 0.2996 0.0008 0.0004 
0.6994 0.2997 0.0006 0.0003 

0.6996 0.2998 0.0004 0.0002 

0.6998 0.2999 0.0002 0.0001 
0.6999 0.29995 0.0001 0.00005 
0.69992 0.29996 0.00008 0.00004 

0.69994 0.29997 0.00006 0.00003 

Table 2.9: Sample compositions for the investigation of the phase behaviour of 
biliquid foam samples with different oil volume fractions. It is perhaps worth 
pointing out that such low surfactant compositions are achieved by making stock 
surfactant solutions. Subsequently the first sample consists of 0.6ml dodecane, 
0.1m1 10% C12E4 solution (in dodecane), 0.25m1 water and 0.05m1 10% SDS 
solution(,, q) etc.. 
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Figure 2.15: Altering the total surfactant concentration and the affect on the 
stability of the system, measured by the separation of particular components 
from the biliquid foam phase. Separated water is represented by ", separated oil 
by " and the amount of biliquid foam by V. The x-axis is logarithmic to allow 
the points representing low surfactant concentrations to be clearly distinguished. 

An interesting observation with these samples was that as the surfactant concen- 

tration was reduced, so the fluidity of the system increased. The gel-like systems 

gave way to biliquid foams that behaved like a liquid such as mercury. This 

suggests that the surfactant concentration is dramatically influencing the sample 

viscosity in some way. 

It is possible to plot these results, along with the results from the variation of 

the individual surfactant compositions on a trigonal phase diagram (figure 2.16). 

This demonstrates the relatively small area of the phase diagram which has been 

explored during the course of this work. 

In summary this experiment has revealed the minimum surfactant concentration 
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significant water drainage and C indicates the paste like samples from the C12E4 
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that can produce a biliquid foam which will be stable with respect to complete 

phase separation, for this selection of components. Also a broad link between the 

surfactant concentration and the fluidity of the sample has been noted. 

2.4.8 Biliquid Foams with no Ionic Surfactant 

As mentioned previously an oil soluble non-ionic surfactant has been identified 

as being an important component of a stable biliquid foam'. Work carried out 

in this thesis has suggested that a water soluble ionic surfactant is also essential 

to prevent rapid phase separation into oil and water. The next logical step was 

to test the efficiency of a water soluble non-ionic surfactant in place of SDS. 

C12Elo was substituted into a typical biliquid foam in place of SDS and proved 

successful in producing a stable product. Two further experiments derived from 

this observation: 

" While a combination of C12Elo and C12E4 are capable of producing a biliquid 

foam, C12E4 alone is incapable of doing this. The only difference between 

the two surfactants is the number of ethoxy chains and therefore it should 

be possible to reduce the number of ethoxy chains in the water soluble 

surfactant from 10 to 4 to find the point at which the combination is not 

able to stabilise the biliquid foam. It was found that C12E�,, combined with 

C12E4, produced stable biliquid foams when m was 10 and 8. However when 

m was reduced to 5 the resultant biliquid foam phase separated into oil and 

water within 2 hours and when m=6 the product phase separated after 

several days. 

" If C12Elo can be substituted in place of both SDS and C12E4, then it should 

be possible to make a biliquid foam with only the single surfactant. This 

was attempted, and a biliquid foam, with a 0,, ij = 0.7, ¢water = 0.285 and 

Oc�Elo = 0.015, was created which was stable up to, and past, 28 days. 
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As in the previous experiment the number of ethoxy units was reduced and 

it was found that all the C12E,,, surfactants with m>4 were capable of 

producing equally stable biliquid foams. 

This finding that a biliquid foam can be stabilised solely by C12E10 was very 

significant, when the previous assertions about the properties of the oil soluble 

surfactant are taken into account. C12E10 is 200 times less soluble in oil than 

C12E414, and it was necessary to dissolve the surfactant wholly in the aqueous 

phase when preparing the biliquid foam. It would appear that a surfactant which 

is preferentially oil soluble is not essential for stable biliquid foam formation, 

contrary to previous assertions8. It is also a dramatic observation considering the 

CMC values of the two surfactants concerned. As shown in table A. 3, page A. 3 

there is little change in the CMC of the homogenous series of non-ionic surfactants 

C12Em, implying that this fundamental value has little influence in this situation. 

2.5 Other Preparation Methods. 

To be sure that the RotoMix is a suitable technique for producing biliquid foams, 

involved the investigation of other methods. While the alternative procedures 

followed were acceptable for biliquid foam production with an oil volume fraction 

of 0.69 or less, they were all unsuccessful when attempting to form GPAs. The 

other methods involved placing all the components into a sample tube before 

applying energy to stimulate biliquid foam formation. The techniques included: 

" Heating the sample using a water bath. At 50°C it was possible for some 

biliquid foam formation to occur if left for several days. In comparison to 

the RotoMix device the method only manages to incorporate approximately 

80% of the oil phase within the biliquid foam. 

9 As above except dispersion is stimulated by ultrasound. The technique is 

able to produce biliquid foams but as before it is not possible to disperse 
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100% of the oil. Additionally the time taken is also unfavourable as it takes 

over 24 hours for the majority of the oil phase to be dispersed. 

" The action of pouring the aqueous phase into the organic phase caused 

sufficient agitation for a small amount of biliquid foam formation to occur. 

If the sample was then rotated slowly, e. g. at one revolution per second, for 

about 10 revolutions, this is sufficient agitation to generate a biliquid foam, 

with a large population of aphrons which are clearly visible to the naked eye. 

These droplets are large enough to allow light to pass through the sample 

(ranging from 1 to 8 mm in diameter), in contrast with the biliquid foams 

made with the RotoMix which are completely opaque. If this sample is 

then shaken more vigorously the number of large visible droplets decreases 

and the biliquid foam becomes opaque. This reinforces the conclusion from 

comparing the stirred CPAs with the RotoMixer CPAs, that the amount 

of agitation dictates the particle size. 

The upshot of these tests was that the RotoMix was confirmed as an ideal and 

reproducible device for generating biliquid foams and GPAs. 

2.6 Conclusions 

The work in this chapter has principally identified an efficient, reproducible, tech- 

nique for generating biliquid foams and gel polyaphrons. Images of the biliquid 

foam have been obtained from optical microscopy, and these have been supple- 

mented by light scattering to assess the size distributions of the aphron droplets, 

of which there appear to be three distinct populations. The phase behaviour 

experiments have determined the influence of the identity and compositions of 

the constituents on the stability of the biliquid foam system. Oil rich samples 

form gel-like GPAs, removing surfactant eventually results in the sample phase 

separating completely and a variety of surfactant and oil components can be for- 
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mulated into stable biliquid foam systems. The most significant result, is the 

ability of C12E10 to stabilise a biliquid foam, as this non-ionic surfactant has a 

very low solubility in the oil phase. 
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Chapter 3 

Scattering from Mixed Surfactant 
Systems 

Prior to investigating the biliquid foams with Small-Angle Neutron Scattering 

(SANS) it was decided to investigate the constituent surfactants for evidence of 

structures which may be present in the biliquid foams. Also understanding the ag- 

gregation behaviour of the surfactants involved may shed light on the stabilisation 

mechanism of biliquid foams. SDS/C12En systems have been well documented 

previously. Penfoldl'3 et al. have thoroughly studied SDS and C12E6 in brine, 

beginning with neutron reflection studies and moving on to SANS. They have es- 

tablished the relationship between the two surfactants in a variety of systems with 

different SDS/C12E6 ratios, in addition to CMCs, aggregation numbers and micel- 

lar radii for these systems. An important, non-quantitative, conclusion from their 

work is that there exists a synergistic interaction between the two surfactants, 

indicated by a growth in the aggregation number as the non-ionic surfactant is 

added to SDS. This observation reinforces theoretical work by Blankschtein et al. 4 

which demonstrates that there is an enhanced interaction between the two dif- 

ferent surfactants. The charged SDS molecules can be shielded from one another 

by the presence of the uncharged surfactant, while on the other hand spacing the 

non-ionics by adding SDS relieves steric interactions between the bulky ethoxy 

headgroups. SDS/C12E4 systems have been investigated directly. 
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Inglesias and Montenegro' investigated the effect of adding non-ionic surfactants, 

including C12E4, to SDS solutions, concentrating principally on the formation 

and form of the micelles present. Conductivity was used to establish CMCs` 

and the degree of ionisation of the micellised SDS. It was observed that the 

SDS molecules become increasingly ionised as non-ionic surfactants are added, 

and the CMC also falls, perhaps due to reasons explained by Penfold et all and 

discussed earlier. Time Resolved Fluorescent Quenching (TRFQ) established 

aggregation numbers for the micelles forming. It is possible to calculate this from 

the relationship: 

In 
Io N[Q] (3.1) = [Surf] - CMC 

where: 

" Io is the intensity of the fluorescence of the micellar solution when a fluo- 

rescent agent is added. 

"I is the intensity of the fluorescence of the sample when a quenching agent 

is added. 

"N is the aggregation number for the micelle, it is calculated by plotting [Q] 

against In (1k) 
I 

" [Q] is the concentration of the quenching agent used. 

" [Surf] - CMC is the amount of surfactant expected to be involved in 

micelles in the solution. 

The results show that adding C12E4 increases the aggregation number from 57 f 

3 for pure SDS micelles to 122 ±5 when the SDS/C12E4 ratio reaches 1: 2. 

The authors refer to the critical aggregation concentration (CAC), of which the CMC is a 
specific case. 
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Nettesheim et all approached the mixture from the opposite direction to the pre- 

vious study, adding SDS to a predominantly C12E4 solution. SANS and Small- 

Angle Light Scattering (SALS) incorporating rheometry were used to observe 

the effects that the additive has on the structure and the shear of the lamella 

phase of the non-ionic surfactant. High concentrations of C12E4 were used, 10, 

23 and 33.6 w%, and SANS scattering patterns were obtained for these samples. 

They also report an increase in the viscosity of the system when the SDS is added. 

Gehlen and de Oliveira? studied systems comprised of SDS and Brij 30, a com- 

mercial form of C12E4. Tensiometry, TRFQ and electrophoretic light scattering 

were employed to probe the systems. The overall conclusions support those of 

Montenegro, in that the mixed micelles that form have larger aggregation num- 

bers and the ( potential decreases as C12E4 is added. Micellar radii were also 

obtained, showing an increase, from 18 to 27 A, with increasing levels of non- 

ionic surfactant. As expected the mixed CMC, which was recorded in terms of 

the SDS concentration, decreased as a function of added C12E4, again the synergy 

is attributed to the charge screening effect of the non-ionic surfactant. 

Griffiths et al. 8 employed SANS, Electron Paramagnetic Resonance (EPR), Elec- 

trophoretic Nuclear Magnetic Resonance (ENMR) and TRFQ to perform a de- 

tailed study of some SDS/C12E4 systems. The four techniques compliment each 

other, generating a thorough picture of the properties of the systems under inves- 

tigation. As stated in the article the TRFQ results for the aggregation number are 

in good agreement with previous work5'7. Of relevance to this chapter are SANS 

data for systems where the proportion of SDS relative to C12E4 is reduced from 

100% to 80%. The scattering shows that as the proportion of SDS is reduced, the 

intensity of the S(Q) interaction peak increases. This reflects an increase in the 

number of micelles, owing to the lower CMC's of the mixed scattering systems. 
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Obviously each micelle has a lower effective surface charge as the non-ionic level 

is increased. 

Although the precise compositions of surfactants incorporated into the biliquid 

foams have not exactly been studied, there appears to be significant evidence from 

this previous work to suggest what could be expected from some of the SANS 

experiments in this chapter. However, to begin with it is necessary to establish 

the CMC for the surfactant composition used in the model biliquid foam. This 

value has been gained by Drop Volume Tensiometry as outlined below. 

3.1 Experimental 

3.1.1 Apparatus and Methodology 

The Drop Volume Tensiometry experiments were carried out on a Lauda TVTM 

at room temperature. 

SANS experiments were carried out on the LOQ diffractometer at ISIS, Didcot 

and D22 at the Institute Laue Languin, Grenoble. Before the experiments were 

performed, the usual series of calibration measurements were carried out; the 

empty beam, scattering and transmission from the standard sample (a partially 

deuterated polymer at ISIS, H2O at ILL in a1 mm cell), and the background 

sample, which in this case was deuterium oxide, being the principal component in 

the surfactant solutions. The samples were loaded into Hellma quartz rectangular 

cells, with a thickness of 2mm as the samples were principally deuterated. 

SANS measurements were carried out at 25°C. 
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Analysis was carried out using either approximations or model fitting as de- 

scribed in Appendix 3. The Model Elimination Procedure (MEP) was used to 

obtain the most appropriate theoretical models for fitting the scattering data (see 

section C. 5.4). 

3.1.2 Samples 

The materials used in these experiments are listed in table 3.1. The surfactant 

solutions were prepared at room temperature, Tr, and agitated in the RotoMix 

device for 10 seconds. In the majority of cases it was necessary to allow the foam 

produced during this agitation to settle naturally before loading the sample into 

cells. 

Component Purity Supplier 

Water 18.2 MSt Millipure 

Deuterium Oxide (D20) 99.9% Goss Scientific 
Sodium dodecylsulphate (SDS) 99% Lancaster 

Polyoxyethylene -m- n-alkyl ethers (C0. E,,, ) 98% Fluka 

Table 3.1: The principal chemicals involved in the surfactant SANS studies in 
this chapter. All used as received. 

3.2 Drop Volume Tensiometry 

The individual critical micelle concentrations of the separate components, SDS 

and C12E4, may be found in the literature9. Other SDS/non-ionic systems have 

also been studied, and of particular interest is work carried out by Gehlenz, who 

established the CMC for SDS combined with a commercial analogue of C12E4, 

Brij 30. In this project mixtures of SDS and C12E4 have been used in biliquid 

foams, principally at a ratio of 1: 2 ionic to non-ionic, and subsequently this was 

the surfactant combination of interest when measuring the mixed CMC. The con- 
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stituent surfactants were also studied to confirm that the apparatus and technique 

were accurate, see figure 3.1. 
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Figure 3.1: Drop Volume Tensiometry results for the individual surfactants, SDS 
(") and C12E4 ("), and the mixture consisting of 1 part SDS to 2 parts C12E4 (V). 
The lines indicate how the mixed CMC was determined from the discontinuity in 
the surface tension result as the concentration was varied. 

Graphically the DVT results exhibit the characteristic transition indicative of the 

CMC, with a distinctive change in the relationship between the surface tension 

and the surfactant concentration at that point. The values obtained are recorded 

in table 3.2. The SDS curve does not show the usual clean CMC break point, as 

was seen for the other two experiments. Such an accentuated depression point 

is often seen if the surfactant is not of the upmost purity, the SDS is only 99% 

pure, and is influenced by surface active impurities, which is generally recognised 

as being dodecanol in this case. Dodecanol has an aqueous solubility of 0.015 

mM10, which is significantly less (: s 545 times less) than the CMC of the SDS 

(see table 3.2) and so will have a smaller affinity for the bulk solution than the 
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Surfactant Literature CMC (mM) Experimental CMC (mM) 

SDS 8.2 8 
C12E4 0.064 0.1 

SDS 1: 2 C12E4 - 0.06 

Table 3.2: Literature9 and experimental values of the CMC for the constituent, 
and mixed, aqueous surfactant solutions. 

SDS molecules. These effects are not so noticeable until the point about the 

CMC is reached. However, around the CMC the surface tension measurements 

are more sensitive to the presence of surface active impurities. By contrast the 

transition for the non-ionic surfactant is more gradual and so such a depression 

is not observed. This occurs as there is not such a great discrepancy between 

the surface activity of the impurities, again mainly dodecanol, and the C12E4 

molecule, which is 4 times as soluble in water. Interestingly the mixture of the 

two surfactants shows a surface tension curve which is more in character with 

the C12E4 than the SDS, suggesting that the surface of this surfactant solution is 

dominated by the less water soluble non-ionic surfactant, as might be expected 

by comparing the CMCs of the two surfactants. 

The results for the single surfactant solutions are consistent with accepted litera- 

ture values'. The result for the mixture is comparable with the result gained for 

SDS and Brij 30. Comparing the mixed CMC, in terms of the volume fraction of 

the solution (0.000021), with the minimum volume fraction of surfactant required 

to stabilise a biliquid foam, 0.0005t (Section 2.4.7, figure 2.15) reveals that this 

minimum concentration necessary for stable biliquid foam formation is about 25 

times the mixed aqueous cmc. 
tIn the phase behaviour study only 30% of the sample was water, so to obtain the actual 

amount of SDS in an equivalent aqueous solution it is necessary to multiply by 30 = 3.3 
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3.3 Pure Surfactant Solutions 

A model biliquid foam sample had been selected to form the basis of the Small- 

Angle Neutron Scattering experiments, with a water volume fraction of 0.395, 

and surfactant volume fractions of 0.01 for the non-ionic C12E4, and 0.005 for 

SDS. The first samples investigated by SANS were therefore surfactant solutions 

at the aqueous composition of this biliquid foam: 

" Oc1, E, = 0.025 

" OC12E4 = 0.0125 

9A combination of the two samples above, cSur f, = 0.0375 

The phase diagrams 11,12 (fig. 3.2) for the individual surfactants allowed the scat- 

tering patterns produced by these samples to be predicted. Figures 3.3 and 3.4 

shows the scattering pattern for these samples. 
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Figure 3.2: The phase diagrams for SDS and C12E4. x marks the solutions studied 
in this initial experiment. Diagrams adapted from Tiddyll and Lindman'2. 

The turbid C12E4 solution shows a Q-2 decay, which is characteristic of a bilayer 

structure, be it the surface of a vesicle or a surfactant sheet. The phase diagram 

for C12E4 indicates that a lamella structure (Water + Lam) will be present in 

water at this concentration. These results are similar to those obtained for the 

more concentrated samples studied by Nettesheim et als. Such scattering data 
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can be analysed quantitatively by model fitting. The Guinier approximation, 

discussed in Appendix 3, is also appropriate in this case to extract the thick- 

ness of the lamella. Inset in figure 3.3 is the Guinier plot for this data, Q2 v 

ln[I(Q). Q2]. The thickness of the bilayer obtained from this approximation was 

29.6 A. This is calculated from the slope of the plot, which is -73, where the thick- 

ness = ope x 12. Such an answer is highly plausible, given that the length 

of a dodecyl chain is about 15 A (all trans dodecane is 17.4 A long13). The 

hydrophilic ethoxy chains are assumed to be largely indistinguishable from the 

continuous aqueous phase due to the penetration of deuterated water molecules 

into this shell, which results in there being less difference in scattering length 

density between the water and the hydrophilic region. It was also possible to 

perform a model fit to the data by considering the sheets as being equivalent 

to the surface of large unilamella vesicles (LUVs)14. The Moody-Bouwstra'5,16 

(MB) approximation of the Rayleigh-Gans-Debye (RGD) theory, which is heavily 

dependent on the membrane thickness, was used and gave a membrane thickness 

of 29.1 ± 0.2 A. Other significant parameters are presented in table 3.4 in the 

next section. 

SDS exhibits a strong interaction S(Q) peak at Q�, ay = 0.051 A-'. Such scat- 

tering is synonymous with the repulsive interaction between charged micelles, 

unsurprising when the phase diagram of SDS is considered, and is consistent 

with the work introduced at the start of the chapter, especially that of Griffiths8. 

These data can be fitted by using a model which approximates the spherical mi- 

celles to charged spheres (the Charged Spherical Micelle Model, incorporating 

a Hayter Penfold17 S(Q), (CSM2 - HP)). This model gives an average particle 

diameter of about 36 A, which is entirely consistent with the length of two SDS 

molecules7. Other parameters obtained from fitting the scattering data for the 

SDS micelles can be seen in table 3.3. 
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Figure 3.3: Scattering from C12E4 (. ) illustrating the characteristic Q-2 decay. 
The line represents the fitting of the data with Insanity 2.1 using the RGD-MB 
model, see table 3.4. Inset is the Guinier approximation for this data. 

The mixed micellar system appears to closely resemble SDS in terms of the scat- 

tering pattern, with Q�. = 0.05 A-1. The result indicates that the C12E4 is 

incorporated into the charged spherical micelles formed by SDS. This provides an 

interesting contrast with the surface tension data presented earlier in this chap- 

ter. In that case the surface of the mixture behaved as the non-ionic surfactant, 

while this result indicates that in the bulk solution the dominant influence is the 

ionic surfactant. An additional difference is that the mixed surfactant solution 

is clear, in the same way the SDS solution was, compared with the turbid C12E4 

solution. The increased intensity of the mixed micellar system scattering relative 

to that of the SDS alone will be due to an increased number of micelles in the 

mixed solution. This arises because the surfactant concentration is greater and, 

as mentioned earlier8, the mixed system will have a lower CMC than SDS which 
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Figure 3.4: Scattering from SDS (") and the mixed micellar system (. ). The 
lines indicate the theoretical fitting, performed with Insanity, parameters are in 
table 3.3. 

also increases the number of micelles present. The scattering can be fitted to the 

CSM2 - HP, as the SDS was, but an equally relevant model is the Core-Shell model 

(Core-Shell with Hayter-Penfold) which would apply when there is a contrast be- 

tween the inner core and outer shell of a particle. In this case, as is mentioned 

in Appendix 3 section C. 5.4, there will be a contrast between the hydrophobic 

core of the micelles (Scattering Length Density (SLD) _ -0.46 x 1010 cm-2) 

compared with the hydrophilic ethoxy chains, which not only have a different 

SLD (0.56 x 1010 cm-2), but are also affected by the presence of D20 molecules 

penetrating this water soluble shell, thus raising the average SLD for that portion 

of the aggregate. The results from this fitting, in table 3.3, are similar for both 

models. However the X2 analysis of the fitting indicate that the Core-Shell model 

fits the data more effectively. 
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Parameters SDS Mixed Micelles Mixed Micelles 
CSM2 - HP Core Shell with HP 

surf 
0.009 0.029 f 0.0002 Core - 0.0305 f 
0.0001 0.0001 

Radius (A) 18.8 ± 0.03 26.1 f 0.06 Core - 26.0 ± 0.03 
Total Surface 
Charge 15 23 22 

Debye Screening 
Length (A) 39 35 36 

Shell Thickness 
(A) - - 18.7 ± 0.6 

X2 3.4 120 23 

Table 3.3: Theoretical fitted data for the SDS and mixed micellar system. SDS 
was fitted to the CSM2 - HP as mentioned in the text, while the mixed micelles 
are fitted to both the CSM2 - HP and Core Shell with HP (CS) models. Where 
omitted errors are negligible (ie > 1%). 

3.4 C12E4 Solutions. 

The initial experiment involving the mixture of surfactants was to investigate the 

effect of reducing the concentration of C12E4 in the system, as has since been 

studied elsewhere8. However firstly a series of C12E4 systems at different con- 

centrations were investigated. Previous work in this area had focused on more 

concentrated systems, Nettesheim6 used at least 10 w% non-ionic surfactant (0 

= 0.1), while the greatest non-ionic surfactant volume fraction investigated in 

this work is 0=0.025 (2.5 wt%). The surfactant volume fraction was reduced 

in steps from 0.025, the concentration present in the biliquid foam, to 0.0000025, 

which is a factor of ten greater than the CMC of C12E4 (0.064 mM). The results 

are in figure 3.5, with parameters from fitting with the RGD-MB bilayer model 

in table 3.4. 

The scattering in all cases is that of a bilayered structure and model fitting gives 

bilayer thicknesses of about 30 A. The "Vesicle Radius" can be interpreted as the 

73 



100 

10 
U 

ä 

0.1 

QUA-, 

Figure 3.5: Scattering from a series of C12E4 solutions where the surfactant vol- 
ume fraction is reduced from 0.025 to 0.0000025. Sample volume fractions are 
0.025 ("), 0.0025 (. ), 0.00025 (v), 0.000025 () and 0.0000025 ( ). Appropri- 

ately coloured lines represent the model fits based on parameters from table 3.5. 

distance between sheets, and so indirectly informs about the concentration of the 

system. This distance increases as the concentration of the non-ionic surfactant 

decreases. 

3.5 Mixed Micelles - Varying C12E4 Concentration 

The mixed micellar samples were prepared with a varying amount of C12E4, the 

volume fractions used correspond to those used in the previous experiment. The 

volume fraction of SDS used in each sample was constant at 0.0125. The results, 

shown in figure 3.6, display the expected decrease in intensity as the concentra- 

tion of the non-ionic surfactant was reduced. There do not appear to be any 

significant changes in the aggregation structures forming as the concentration of 
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OC12E4 Bilayer Thickness (A) Vesicle Radius (µm) X2 
0.025 30.4 ± 0.13 0.28 16 

0.0025 32.8 ± 0.10 1.16 2.8 
0.00025 32.7 ± 0.37 1.35 1.8 
0.000025 30.6 ± 0.22 1.48 0.7 
0.0000025 30.2 ± 0.51 1.57 0.7 

Table 3.4: Parameters from fitting the C12E4 scattering with the RGD-MB model. 

the non-ionic surfactant is lowered. It would appear that as the C12E4 is added 

to the SDS solution, it is simply incorporated into the spherical micelles. The 

decrease in intensity is expected as there will be reduced numbers of micelles as 

the non-ionic surfactant concentration falls. This occurs not only because there is 

less surfactant present in the system, but also because of the influence of the non- 

ionic surfactant on the CMC, as indicated by the tensiometry data (table 3.2). 

The increase in the CMC means that there will be more surfactant molecules in 

the aqueous phase, which could influence the nature of this interstitial region. 

To find the most appropriate model the data were fitted to both the CSM2 and 

Core-Shell models, which incorporate the Hayter Penfold potentials for charged 

species. The fitted parameters are presented in table 3.5. 

The following patterns can be seen: 

9 The effective micelle radius decreases with decreasing non-ionic surfactant 

concentration. There is a drop in radius from 26.1 A for the ¢c1, E, = 0.025 

solution, to 20.0 A for the Ic17E4 = 0.0025 system. After this jump the 

C12E4 concentration has little further affect. 

" The shell thickness decreases with concentration. As the shell thickness is 

principally due to the presence of the ethoxylated portion of the C12E4 in the 
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Figure 3.6: Scattering from OSDS = 0.0125 solutions, with decreasing volume 
fractions of C12E4 from 0.025 to 0.0000025. Samples are OC12E4 = 0.025 (0), 
0.0025 ("), 0.00025 (v), 0.000025 () and 0.0000025 ( ). Lines represent the 

model fits. Parameters for these fits can he seen in table 3.5. 

mixed micelles this simply reflects the reduced presence of these moieties. 

This indicates that the Core-Shell model is less appropriate as the amount 

of non-ionic surfactant is decreased. 

9 The surface charge increases with C12E4 concentration. This is consistent 

with the observation of Montenegro' that SDS ionisation increases with 

non-ionic concentration. 

9 There is a slight increase in the Debye length, though this is less discern- 

able than the other patterns, and most of the fitted parameters are not 

significantly different. 

In the main there appears to be broad agreement between the two models, as 

the parameters, and patterns, parallel each other. Perhaps the most dramatic re- 

suit is the difference between the parameters for the sample with oc12E4 = 0.025, 
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oc�E, Radius (tý) Shell 
Thickness (A) 

Surface 
Charge 

Debye 
Screening 

Length (A) 
x2 

0.025 HS 26.1 ± 0.06 - 23 35 120 

0.025 CS 26.0 ± 0.03 19.7 f 0.58 22 36 23 

0.0025 HS 19.9 ± 0.02 - 17 40 3.1 

0.0025 CS 20.6 ± 0.03 7.8 f 0.88 18 39 4.6 

0.00025 HS 19.0 ± 0.03 - 15 41 2.9 

0.00025 CS 18.9 ± 0.03 11.0 f 0.51 16 40 3.3 

0.000025 HS 18.9 ± 0.04 - 16 38 6.4 

0.000025 CS 18.9 ± 0.03 6.6 ± 0.89 16 38 3.6 

0.0000025 HS 19.2 ± 0.04 - 15 42 2.4 

0.0000025 CS 19.0 ± 0.03 5.7 f 1.07 15 41 2.6 

0 HS 18.8 ± 0.03 - 15 39 3.4 

Table 3.5: Parameters from fitting the mixed micellar data, with reducing ¢CL2E� 
to a CSM2 (HS), or Core-Shell (CS), model. Both models include the Hayter- 
Penfold potential. 

where most of the theoretical results are significantly (i. e. outside the margin of 

error) different to those of the other surfactant solutions. This is an indication of 

the increased aggregation number, observed by Montenegro', which is known to 

increase with the amount of non-ionic surfactant in the system. 

3.6 Mixed Micelles - Varying SDS Concentration 

It appears that the amount of C12E4 in the solution has little effect on the scatter- 

ing pattern, other than affecting the intensity. Studying the phase diagrams, and 

the results from the initial scattering experiments, it should be expected that as 

the SDS concentration is reduced then there should be more interesting changes 

in the SANS signals. In these experiments the volume fraction of C12E4 was fixed 
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Figure 3.7: Scattering from C12E4 solutions (Oc12E4 = 0.025) with varying 
amounts of SDS. The volume fractions of SDS are 0 (. ), 0.000125 (. ), 0.0004 
(v), 0.00125 ( ), 0.004 ( ), 0.008 (I), 0.0125 (1) and a pure SDS solution 
(OsDS = 0.0125 f). lines represent the fitted data with parameters in tables 6-8. 

at 0.025, whereas the amount of SDS was reduced from 0.0125 to 0.000125. Fig- 

ure 3.7 shows significant changes in the SANS pattern as the aggregate structures 

morph from the charged spherical micelle (¢sDS = 0.0125) to the bilayer sheet 

(OsDS = 0.000125). 

The first mixed sample is from the initial study, with IsDS = 0.0125 in addition 

to oc, 2E, = 0.025. As mentioned before this shows the characteristic pattern for 

a charged spherical structure. Firstly the volume fraction of SDS is reduced to 

0.008. This sample has a similar scattering pattern. However there is a shift 

in the position of the peak which occurs at Q,,,,,,. While the initial sample had 

Qmax = 0.05 A ', the 0.008 sample has a Qnax = 0.04 A-'. This change is most 

likely related to a reduction in electrostatic repulsion between micelles, and so a 

diminishing influence of the S(Q) on the overall scattering, as should be expected 

because there are fewer charged species present. As the SDS concentration is 
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Parameters ksDS = 0.0125 c5sDS = 0.008 

Core Radius (A) 26.0 ± 0.03 31.1 f 0.10 
Shell Thickness (A) 19.7 t 0.58 11.6 ± 1.44 

Total Surface Charge 22 22 
Debye Screening Length (A) 36 39 

x2 27 88 

Table 3.6: Fitting parameters from mixed surfactant solutions with reduced quan- 
tities of SDS. Fitting using the Core-Shell model with Hayter-Penfold potential. 

further reduced so the S(Q) peak shifts to lower Q values until a point is reached, 

when the volume fraction of SDS is 0.0004, where the influence of the charged 

surfactant becomes negligible, and the surfactants are aggregated into a bilayered 

structure. 

The fitting of the data in this experiment is more complex and three different 

models are considered, the Core-Shell with Hayter-Penfold potential for the spher- 

ical micelles, in table 3.6, a charged cylinder model, in table 3.7 and the RGD-MB 

model for the bilayered structures, in table 3.8. There were genuine difficulties 

in arriving at robust fits by allowing all parameters to freely adjust (" free-form" 

analysis). Therefore in some cases the fits were " guided" by fixing certain par 

rameters, such as radius or shell thickness, and allowing others to adjust. These 

difficulties are typically encountered for complex systems such as these, which 

may in reality be polymorphic (containing a variety or distribution of different 

structures), since the two extremes are spherical charged micelles for C12E4 with 

OsDS = 0.0125, and lamellae for C12E4 only. Therefore in view of these limita- 

tions the analyses presented in this section should be treated with a degree of 

caution. 

It is possible to fit the OSDS = 0.008 sample to the Core-Shell model, although 
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Parameters OSDS = 0.008 OSDS = 0.004 c SDS = 0.00125 

Core Radius (A) 19.0 25.3 19.9 
Shell Thickness (A) 16.4 5.2 16.8 

Disc width (A) 33.8 49.3 161 
Total Surface Charge 27 29 30 

Debye Screening Length (A) 38 35 30 

x2 763 933 1357 

Table 3.7: Fitting parameters from mixed surfactant solutions with reduced quan- 
tities of SDS. Fitting using a cylinder model with Hayter-Penfold potential. 

OSDS Bilayer Thickness (A) Vesicle Radius (pm) X2 

0.0004 31.1 ± 0.07 0.10 3.1 
0.000125 31.9 0.28 34 

0 30.4 0.28 16 

Table 3.8: Fitting parameters from mixed surfactant solutions with reduced quan- 
tities of SDS. Fitting using the RGD-MB bilayer model. 

the quality of the fit is not as close as the initial sample, reflected by the larger X2 

and the large margins of error for some of the parameters. This supports a view 

that the micelles are deviating from a perfectly spherical form, and becoming 

more elliptical. 

Fitting to the cylinder model is less instructive due to the larger values of X2. 

It would appear that these SANS profiles cannot be described by a simple form 

factor alone. The difficulty in finding an appropriate model suggests that the 

form of the structure is more complex than can be described by a simple model. 

The parameters for the sample with c SDS = 0.008 indicate that the aggregates 

have little cylindrical character, and the parameters obtained support the pres- 

ence of spherical aggregates. Reducing the SDS concentration appears to result 

in increasingly prolate structures 
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The bilayer structures have similar thicknesses, all being about 30 A, which is 

consistent with the results described previously. 

The process of fitting the data reveals that as the SDS concentration is reduced 

so the aggregates forming seem to alter in form from spherical micelles, to in- 

creasingly extended cylindrical type structures, and finally sheets. Such a change 

in shape can be explained by considering the packing of the molecules. As ad- 

dressed in Appendix 1 (see table A. 5) the packing of surfactants is dependent 

on the packing parameter, PC, which is determined by the volume and length of 

the alkyl tail, and by the area of the headgroup. Both surfactants in the mixture 

have dodecyl tails, so there will be little influence on PC from this quarter. There- 

fore the headgroup area is the dominant factor. Simply inspecting the molecules 

might lead to the conclusoion that the SDS should pack better. In terms of phys- 

ical size the SO group is less bulky than the long E4 chain on the non-ionic 

surfactant. However the headgroup area is also affected by the charge of the unit, 

and this significantly increases the area occupied by the headgroup. This is why 

SDS, with a PC < 0.3, forms spherical micelles and C12E4, with Pc > 0.5, can 

pack into a bilayer at room temperature. When the two surfactants are mixed 

then the structure formed will reflect the contribution from both surfactants. If 

one considers evolving from the solution with no SDS, which consists of bilayered 

structures, the addition of a small amount of SDS (cbsDS > 0.0004) has little 

affect on the bilayered structure, as the SDS molecules are present in too small 

an amount for the larger headgroup to have any effect. However as the number 

of SDS molecules increases the influence of the larger headgroup will begin to 

exert curvature onto the aggregation structures. As the extent of this curvature 

increases, with SDS concentration, so the structures become more spherical. 

Comparing these data with the phase behaviour results in the previous chapter 
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for biliquid foams presents an interesting observation. When the volume fraction 

of SDS in the biliquidfoam was reduced to 0.0002 of the sample (which equates 

to a surfactant solution with a OSDS of 0.0006) the biliquid foams began to phase 

separate and release oil. This appears to co-incide with the point at which neutron 

scattering indicates the transition from charged, curved, aggregate to lamella 

structures has occurred. This could suggest that it is not the presence of an ionic 

surfactant which is an essential feature of biliquid foam formation, but perhaps 

the ability for the surfactant(s) to form locally curved surfaces. 

3.7 Mixed Micelles - Varying Surfactant Concen- 
tration 

Investigations of biliquid foam phase stability, described in the Chapter 2, show a 

lower limit of surfactant concentration, below which the multi-component mixture 

phase separates. Here a related experiment is performed where the total aqueous 

surfactant concentration was reduced. The ratio between the two surfactants was 

maintained, beginning with cc12E4 = 0.02 and c SDS = 0.01, and finishing with 

cbc12E4 = 0.0002 and OSDS = 0.0001. The SANS results are shown in figure 3.8. 

As with the reduction in C12E4 the intensity of the S(Q) peak decreases with 

surfactant concentration. Considering the mixed CMC, established earlier in this 

chapter, which can be expressed as os,,, f=0.000021, then the scattering peters 

out as this value is approachedt. The surfactant solution with the least surfactant 

has a volume fraction of 0.0003, a factor of ten greater than the CMC, and this 

sample demonstrates negligible scattering. It is of interest to compare these data 

for the aqueous systems with the biliquid foam phase behaviour results outlined 

in the previous chapter. There are two significant observations to consider: 
tSamples below the lowest total surfactant volume fraction (as little as 0.00003) were also 

investigated with SANS but showed no scattering. They are subsequently not added to fig- 

ure 3.8. 
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Figure 3.8: Scattering from mixed surfactant solutions with reduced C12E4 and 
SDS concentrations in a 2: 1 ratio. Surfactant volume fractions are 0.03 (. ), 0.015 
(. ), 0.009 (v), 0.003 ( ), 0.0015 ( ), 0.0009 (0), 0.0003 (1). Lines correspond 
to fits, with the parameters shown in table 3.9. 

" The transition from a high to low viscosity biliquid foam, as determined 

visually, occurred at a surfactant volume fraction of 0.0015, which corre- 

sponds to an equivalent aqueous solution of 0.005. Comparing the Os,,, f= 

0.009 sample (v) with the 0.003 sample () in figure 3.8 shows a signifi- 

cantly reduced S(Q) peak as the surfactant concentration is reduced. This 

suggests that the presence of charged micelles could be responsible for the 

increased viscosity of the biliquid foam. 

" The biliquid foam phase separates at the lower limit of Surf = 0.00015 

(- 0.0005 mixed surfactant solution). The negligible scattering from the 

corresponding aqueous systems (cf. the scattering from the os,,, f=0.0009 

sample ( ) with the 0.0003 sample (") in figure 3.8) shows that at this 

point there is little evidence for aggregation. 
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In both cases investigating the biliquid foam samples with SANS will provide 

further, possibly crucial, information and is performed in the next chapter. 

Surf Radius (A) Shell 
Thickness (A) 

Surface 
Charge 

Debye 
Screening 

Length (A) 
x2 

0.03 (HS) 25.2 ± 0.34 - 18 44 293 
0.03 (CS) 26.0 ± 0.22 22.4 14 38 749 

0.015 (HS) 23.1 ± 0.06 - 28 33 3.6 

0.015 (CS) 19.3 ± 0.48 6.1 27 35 257 
0.009 (HS) 21.0 ± 0.07 - 19 55 2.1 

Table 3.9: Fitting parameters for samples where the surfactant composition is 
reduced. (HS) fits used the CSM2 - HP and the Core-Shell with HP are (CS). 

Fitting the samples became more difficult as the surfactant concentration was 

decreased. When the surfactant volume fraction was < 0.009 realistic fitting was 

impossible due to the lack of any discernible scattering. Those data which were 

fitted are illustrated in fig 3.8, with the fit parameters given in table 3.9. Owing 

to the reduced intensities it is difficult to discern between the two models as the 

surfactant concentration is reduced, but the parameters are generally consistent 

with those obtained previously. As discussed earlier it is possible that the system 

is becoming more complex than can be easily described by such " simple" models. 

3.8 Non-ionic Mixed Micelles 

To make a direct comparison with the biliquid foams stabilised only by non-ionic 

surfactant mixtures (described in chapter 2) aqueous solutions of the related sur- 

factant blends have also been studied. The volume fractions of the two surfactants 

are 0.025 and 0.0125 for C12E4 and C12En respectively, where n ranges from 4 to 
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10. The scattering can be seen in figure 3.9. 
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Figure 3.9: Scattering from solutions containing C12E4 and C12E,, where n varies 
from4to10. n=4(. ), n=5("), n=6(V), n=8( )andn=10( ). Fitted 
functions are shown as solid lines, refer to table 3.10 for parameters. 

When C12E5i or C12E6i are used as co-surfactant then the low Q intensity (Q < 

0.02 A-') decays as Q-2, just as for pure C12E4 (see fig. 3.3). This is the char- 

acteristic signature of scattering from two dimensional objects, such as sheets or 

bilayers. On the other hand adding C12E8 to C12E4 causes a shift in the power 

law to Q-1 over the same Q range. This is recognised as a sign of unidimensional 

structures such as cylinders or thread-like micelles. The sample with C12E, o can 

only be realistically described by a Q-'-' power law, which suggests a more com- 

plex intermediate structure such as coiled worm-like structures. Other than the 

C12Elo sample, such data can be analysed using the Guinier approximation, to 

present the form taken by the mixed surfactant aggregates, and an estimation of 

the thickness of the structure. This analysis is presented in figure 3.10, with fit 

parameters in table 3.10. 
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Figure 3.10: Guinier approximations, represented by the tangential lines, for the 
mixtures of non-ionic surfactants with C12E4. ný4 ("), n=5 ("), n6 (v), n 
=8( )andn=10(0). 

For C12E5 and C12E6 the Guinier are consistent with bilayered structures, of 

thickness 29 - 30 Ä. Fitting the data with the RGD-MB model also supports the 

bilayered structure to an extent, although the vesicle radii are both significantly 

greater than those obtained for the pure C12E4 sample investigated earlier in the 

chapter. The approximation for C12E8 is significantly thicker than the other sam- 

ples5 (46 A (! f 30 A), suggesting some deviation from a straightforward cylindrical 

structure. However fitting the data to a core-shell cylindrical form factor gives 

a plausible fit. The model fitting for the sample containing C12E4 with C12Elo 

produces a poor fit. 

Comparing this investigation of non-ionic mixed micelle structure and formation 

§The Guinier approximation gives the radius for cylindrical structures, this has been doubled 
to give the thickness. 
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Parameters C12E5 C12E6 C12E8 C12Elo 

Guinier Thickness (A) 29.2 29.8 46.4 - 
Slope 71.1 74.2 134 - 
D 2 2 1 1.5 

Bilayer thickness (A) 30.5 ± 0.17 31.1 f 0.05 - - 
Vesicle radius (µm) 11.8 ± 0.70 7.6 f 0.73 - - 

Core Radius (A) - - 17.7 ± 0.08 18.3 ± 0.88 
Shell Thickness (A) - - 24.9 ± 0.11 25.1 ± 0.95 

Length (A) - - 524 10100 

x2 15 85 47 177 

Table 3.10: Guinier approximation and model fitting data for solutions where the 
non-ionic surfactant mixed with C12E4 is varied. 

with the biliquid foam phase behaviour described in Chapter 2 reveals some useful 

insight. Micelle curvature, either in the form of spherical SDS/C12E4 mixtures 

or cylindrical C12E4/C12E8 and C12E4/C12Elo seems to be essential for effective 

stabilisation of a biliquid foam. By contrast surfactant mixtures which give rise 

to non-curved bilayers (C12E4/C12E5 and C12E4/C12E6) are unable to stabilise 

biliquid foams. 

3.9 Non-ionic Surfactants 

The final experiment in this section investigates the scattering for simple, single 

non-ionic surfactant solutions. The phase behaviour work established that it was 

possible in some cases to produce stable biliquid foams with just a single non-ionic 

surfactant. Investigating the micellar structure of these surfactants can provide 

insight into why some non-ionic surfactants are able to successfully stabilise biliq 

uid foams, whilst others do not. The volume fraction of each surfactant was 0.025 
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in D20. The scattering results are presented in fig 3.11. 
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Figure 3.11: Scattering from solutions containing the non-ionic surfactant C12E,,, 

where n varies from 4 to 10. n=4(. ), n=5("), n=6(Y), n=8( )andn= 
10 (0). Lines represent the model fits, the parameters are shown in table 3.11. 

As seen before C12E4 displays a Q-2 decay. C12E5 and C12E6, also show a general 

decay as Q increases, which becomes sharper after Q=0.1 A-1. In this case the 

decay for this first portion is Q-1, which indicates a cylindrical structure. C12E8 

and C12E10 both show a near constant I(Q) until Q=0.1 A` where a similar 

decay to that of the other non-ionic systems is seen. Such a result is synony- 

mous with the presence of uncharged spherical micelles. These well characterised 

power law patterns may be analysed by the Guinier approximation, as shown in 

figure 3.12. 

As anticipated the results of the Guinier analyses (values in table 3.11) are consis- 

tent with the presumptions of the structures based on the power law dependencies. 

88 



2 

0 

-2 

rM 
-4 a 

a 
-6 

-8 

-10 

-12 

Figure 3.12: Guinier approximations for the non-ionic surfactants. n=4 ("), n 
=5("), n=6(V), n=8( )andn=10(0). 

The thicknesses of the structures increase with chain length. When discussing 

the thickness of the C12E4 bilayer it was pointed out that in that case, where the 

thickness was 30 A, this mainly reflected the length of the dodecyl chain as water 

molecules are able to penetrate the ethoxylated chain, which adjusts the scatter- 

ing length density of the headgroup region. While this will still happen in these 

systems, there is a limit to how far water is able to penetrate in sufficient amounts 

to significantly adjust the SLD and so the increasing thicknesses is noted. More 

quantitative interpretations can be obtained by model fitting; the fitted curves 

are also in figure 3.11, and the fit parameters are presented in table 3.11. 

The fits for the spherical micellar systems are both efficient (judging by the X2 

parameter) and are consistent with other results. The C12Elo is slightly longer 

than C12E8 which is to be expected due to the longer ethoxy chain. The fitting 

for the cylindrical systems C12E5 and C12E6 is less accurate, in particular the 
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Parameters C12E5 C12E6 C12E8 C12Elo 

Guinier Thickness A 39.3 48.8 53.0 62.2 
Slope 128 148 175 194 
D 1 1 0 0 

Core Radius A 17.1 f 0.24 17.1 ± 0.90 18.9 ± 0.13 20.9 ± 0.12 

Shell Thickness A 6.9 f 0.07 14.9 ± 0.97 17.5 ± 0.05 19.7 ± 0.05 
Length pm 0.068 f 0.004 0.59 ± 0.1 - - 
x2 2.3 73 7.7 4.0 

Table 3.11: Guinier and model fitted parameters for the scattering of the non- 
ionic surfactant solutions. 

large error for the C12E6 vesicle thickness, suggesting that these systems are not 

perfect cylinders. The reason that this series of non-ionic surfactants form these 

structures can be explained by considering PC again. All five surfactants have a 

common tail group so the difference in the packing arises solely from the change 

in the headgroup. As the number of ethoxy units increases so the flexible head 

unit becomes bulkier, decreasing Pc. As discussed earlier Pc for C12E4 has to 

be greater than 0.5 for bilayered structures to form. The addition of a single 

ethoxy unit reduces Pc sufficiently below 0.5 that the more spherical cylindrical 

type structures form. Similarly adding just 4 ethoxy units to C12E4 results in the 

headgroup being bulky enough for spherical micelle formation, ie PC is below 0.3. 

The phase behaviour results had shown that other than C12E4 the non-ionic 

surfactants were all capable of efficiently stabilising biliquid foams. This neutron 

experiment has shown that with the exception of C12E4 the non-ionic surfactant 

solutions all have significant curved character, forming spherical or cylindrical 

aggregates. This joins the growing body of evidence suggesting that the nature 

of the aggregates in the aqueous phase have a bearing on the stability of the 
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biliquid foam. 

3.10 Summary 

In this chapter the structure of the surfactant solutions which are involved in 

biliquid foam formation have been investigated, and this will aid interpretation 

of the subsequent SANS studies of biliquid foams (Chapter 4). The pure and 

mixed surfactant solutions have been studied, and where available the results 

have been consistent with the previous work discussed at the start of the chap- 

ter . 

Comparing some of these results with the phase behaviour work performed in 

Chapter 2 has lead to the observation that whenever the surfactant solutions 

contain curved aggregates, biliquid foams are stable (for at least 28 days). In 

contrast a lack of micelle curvature does not appear to aid stability in the biliquid 

foam system. This is also consistent with the observation that it is not essential 

to have a combination of an oil soluble non-ionic and ionic surfactants to enable 

biliquid foam stability. At the outset of the project it was thought that the 

balance of lipophilicities represented by a non-ionic/ionic mixture was an essential 

requirement, but the work with non-ionic mixtures has shown this not to be the 

case. 
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Chapter 4 

Neutron Scattering from Biliquid 
Foams 

As stated in Chapter 1a central aim of this project was to establish the colloidal 

structures which constitute biliquid foams. Microscopy has suggested the exis- 

tence of aphron structures, but little firm evidence has emerged to verify these 

results. Contrast variation Small-Angle Neutron Scattering (SANS), discussed in 

Appendix 3 (Section C. 3), is an ideal technique to provide such verification as it 

is able to probe the internal structural details of these systems. 

As discussed in Chapter 1, Sonneville-Aubrun et al' studied concentrated emul- 

sions with SANS, which they referred to as "Eiliquid Foams". They investigated 

a gel-like sample which gave a Q-2 scattering pattern, indicating a bilayer struc- 

ture. In this case the bilayer was not due to the presence of aphron particles, but 

arises due to the proximity of the oil droplets to one another. The concentrated 

emulsions were formed by centrifugation, extracting water from the aqueous phase 

of a more dilute, Sodium Dodecylsulphate (SDS) stabilised, emulsion system. In 

addition, the scattering pattern for the emulsions was seen to depend on the 

applied pressure: 

" The sample subjected to 20 atmospheres displays a low Q (Q < 0.025 A-') 

decay of Q-2. However, at higher Q (0.025 A-1 <Q<0.05 A-1) there is 

a switch over to Q-4, which is characteristic of a strongly contrasting local 

94 



interface. 

" At a pressure of 57 atmospheres only Q-2 scattering was observed. This 

suggests that there is a very slim water layer (also indicated by the translu- 

cence of the sample), and that the oil droplets are packed together tightly, 

forming distorted polyhedra. 

Biliquid foams have been compared with both gaseous foams and High Internal 

Phase Ratio Emulsions (HIPREs). While no SANS has been previously performed 

on the Sebba biliquid foams, both of these reportedly comparable systems have 

been investigated by SANS as described below. 

Axelos and Boue2 studied gaseous foams stabilised by SDS (h-SDS in D20). A 

special sample environment was employed to create the foam in situ, which en- 

abled the formation of a" steady-state wet foam", where drainage of the aqueous 

phase of the foam was effectively prevented by constantly bubbling gas through 

the SDS solution generating fresh foam cavities. Halting this bubbling resulted in 

the aqueous phase draining from between the gas cavities, creating a" dry" foam, 

which was also studied. The " wet" foam had a Q-4 intensity dependence at low 

Q (Q < 0.025 A-'), which was perturbed at higher Q (Q > 0.05 A-') by the 

presence of a S(Q) peak, attributed to the presence of SDS micelles in the aqueous 

interstitial region. This was confirmed by the disappearance of this peak with 

d-SDS in D20, due to the negligible contrast between the deuterated surfactant 

and the D20 (Ap2 = 0.0009 x 1010 CM -4 cf Op2 = 34.4569 x 1010 CM -4 for SDS 

in D20). Scattering from dry foams was less intense than from the "wet" systems. 

The reason for this is that as the foam is left to stand the aqueous solution drains 

from the interstitial region. This region is important in restricting coalescence, 

and so gas bubbles will grow in size as the solution recedes. The drainage is also 

the reason that scattering from the SDS micelles (the S(Q) peak about Q=0.05 

A-'), is less intense. The most significant, and surprising, difference between the 
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scattering though is the presence of a region where the scattering deviates from 

Q-4 (0.01 A-1 <Q<0.02 A-1). This is believed to occur because as the film 

dehydrates the spherical gas bubbles become distorted polyhedra. This is similar 

to the observation of Sonneville-Aubrun et all for emulsions. As an aside it is 

mentioned that such a technique could inform about the kinetics of drainage from 

a gas foam. 

White, Reynolds and Gilbert have investigated the scattering from water - in 

- oil HIPREs 3'4 with water volume fractions of 0.9 (90%). They studied wa- 

ter in hexadecane systems stabilised by two different surfactants, labelled A and 

E. Both surfactants are based on polyisobutylene, A is polyisobutylene N-(2- 

hydroxyethyl)succinamide while E is a polydisperse substance based on poly- 

isobutylene, of which 45% is surface active with an average molecular weight of 

about 1000 (as a comparison SDS has a mass of 288.38). Contrast variation, by 

deuterating the oil and/or the water, was used to highlight structural details. It 

was noted that: 

" When only the oil is deuterated the scattering follows a Q-4 relation at low 

Q (Q < 0.02 A-') from the oil/water interface. Superimposed on this decay 

is a feature characteristic of aggregated surfactant at higher values of Q (Q 

= 0.05 A-1). 

" When D20 is used and the oil is hydrogenated, scattering is only seen from 

the oil/water interface. There is no evidence of scattering from surfactant 

micelles in the aqueous phase. 

. Deuterating the water and oil highlights the presence of the surfactant only. 

In this experiment there is some scattering from the oil/water interface, but 

the dominant scattering arises from the micellar aggregates. 
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These results show that HIPREs consist of large surfactant stabilised spherical 

water droplets, dispersed within a continuous oil phase, which contain surfactant 

micelles swollen by water. No surfactant aggregates were detected in the aqueous 

droplets. The later work indicates that these surfactant structures are in fact 

microemulsion droplets swollen by water, this was confirmed by comparing the 

scattering from the HIPRE with that of a microemulsion of similar composition 

made from these components. Two further points of interest are that the water 

droplets show scattering consistent with spherical droplets, even at this high 

dispersed phase volume fraction. In fact the scattering was comparable with 

that of significantly more dilute sample such as those investigated by Penfold et 

a15 where the oil - in - water emulsions (¢Oat = 0.064) contain micelles in the 

continuous aqueous phase. Secondly, the scattering from these HIPREs is very 

similar to that from the wet foams studied by Axelos and Boue, which suggests 

that structurally these two colloidal systems are similar. 

4.1 Experimental 

4.1.1 Apparatus and Methodology 

SANS experiments were carried out on the LOQ diffractometer at ISIS, Didcot 

and D22 at the Institute Laue Languin, Grenoble. Before the experiments were 

performed, the usual series of calibration measurements were carried out (see 

Appendix 3); the empty beam, scattering and transmission from the standard 

sample (1 mm water at the ILL and a partially deuterated polymer at ISIS), and 

the background sample, were all recorded. In this case the background was prin- 

cipally a 3: 2 mixture of water and deuterium oxide, which reflected the solvent 

composition of the samples themselves. Where necessary different background 

samples were required, and this is highlighted in the text when appropriate. The 

samples were loaded into Hellma quartz rectangular cells, with a thickness of 
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Component Purity Supplier 

Water (H20) 18.2 MSS Millipure 
Deuterium Oxide (D20) 99.9% Goss Scientific 
Sodium dodecylsulphate (SDS) 99% Lancaster 

Sodium d25-dodecylsulphate (d-SDS) 98.5 %D C/D/N Isotopes 
Polyoxyethylene -m- dodecylethers (C12E�t) 98% Fluka 
Dodecane (C12H26) > 99 % Aldrich 

d-Dodecane (C12D26) 98.3 %D C/D/N Isotopes 

Table 4.1: Chemicals used to generate the biliquid foams studied by SANS in 
this chapter. All components were used as received. 

1mm, as the samples consisted principally of hydrogenated oil and surfactants 

(ý 60%). 

SANS measurements were carried out at 25°C, unless otherwise mentioned. 

Analysis was carried out using either approximations or model fitting as de- 

scribed in Appendix 3. The Model Elimination Procedure (MEP) was used to 

obtain the most appropriate theoretical models for fitting the scattering data (see 

section C. 5.4). 

4.1.2 Samples 

The materials used in these experiments are listed in table 4.1. The RotoMix 

procedure for creating the biliquid foam samples was used, as described in Chapter 

2. All samples were prepared at room temperature, unless detailed otherwise. The 

basic composition of the model biliquid foam sample was 0ojt = 0.59, Water = 

0.395, and the volume fractions of the surfactants were 0.01 for C12E4 and 0.005 

for SDS. Any deviation from these compositions is noted in the text. 
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4.2 Scattering from the Model Biliquid Foam. 

The model biliquid foam has a composition as detailed in table 4.2, and was 

selected based on the series of phase behaviour studies described in Chapter 2. 

This sample exhibited a small measure of water loss from the continuous aqueous 

phase, but this was negligible (< 5% over 28 days) over the timescale of a SANS 

experiment. Most importantly this composition can be readily transferred from 

the preparation vessel to the thin (1 mm thick) SANS cells. Entrapped air bubbles 

are a potential problem, but this did not appear to be an issue in this experiment. 

Constituent Volume fraction Amount 

Dodecane 0.59 0.59 ml 
D20 0.395 0.4 ml 
C12E4 0.01 O. Olml 
SDS 0.005 0.005 g 

Table 4.2: The composition of the Model Biliquid Foam which forms the basis 
for the SANS experiments carried out in this Chapter. 

The scattering profile from this biliquid foam can be seen in figure 4.1. At low 

Q values (Q < 0.015 A-') there is a clear Q-4 decay. At higher Q values (Q 

> 0.04 A-1) there is a peak, which provides evidence of repulsive interactions 

in the aqueous phase. If one compares this result with the micellar scattering 

work recorded in the previous chapter, it is apparent that this S(Q) peak may be 

attributed to the presence of charged surfactant micelles. 

It is possible to fit the data using a theoretical model based on the Charged Spher- 

ical Micelle Model, incorporating a Hayter Penfold S(Q), (CSM2 - HP) used in 

the previous chapter. This can be modified to include a function to account for 

the Q-4 decay from the interfacial region. Fitted parameters are presented in 

table 4.3. It is possible to compare the micellar parameters for these data with 
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Figure 4.1: SANS from the model biliquid foam sample illustrating a Q-4 decay 

with a S(Q) peak (. ). All components are fully hydrogenated, except water, 
which is completely deuterated. The line represents the fitting of the data with 
"Insanity 2.1" using the Charged Spherical Micelle Model, incorporating a Hayter 
Penfold S(Q), (CSM2 - HP) superimposed on a Q-4 function. 

those of the pure mixed micellar solution studied in the previous chapter (ta- 

ble 3.3, page 73), and in the main these results compare favourably. The average 

radius is slightly larger, by 4 A, but this is not sufficient to suggest that the 

dodecane, with a maximum length of 18 A, is swelling the core of the micelles. It 

seems more likely that this increase in size can be attributed to a change in the 

form of the micelles, such as becoming elliptical rather than perfect spheres; such 

a change in size occurring with the change in micelle shape is seen for samples in 

the previous chapter. 

The SANS data can be compared with both that from the gas foam2, and the 

HIPRE3, discussed earlier. The analysis is consistent with the biliquid foam con- 

sisting of surfactant stabilised, oil droplets, which are not forced close enough to 

experience deformation. These droplets are stabilised by a surfactant monolayer; 
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Mixed Micelle Solution 
Parameters (from Chapter 3, Micelles present in Blf 

table 3.3) 

Volume fraction 0.029 f 0.0002 0.012 f 0.0013 

Radius A 26.1 f 0.06 30.6 f 0.18 
Total Surface Charge 23 23 
Debye Screening 
Length A 35 38 

X2 120 2361 

Table 4.3: Fit parameters for the micelles present in the aqueous domain of the 
biliquid foam. The data is fitted to the CSM2 - HP and a Q-4 function, as 
discussed in the text. 

this result provides no evidence of the Q-2 decay indicative of a bilayer structure, 

as reported by White for the most concentrated HIPREs3. There is also scattering 

from surfactant not involved in stabilising the interface, which can be detected in 

the aqueous phase, in the form of mixed micelles. There is no evidence informing 

about the presence of micellar aggregates in the oil phase, although experiments 

to investigate the behaviour of these surfactants, both singly and combined, in 

dodecane provided no scattering, and subsequently this has been discounted. 

4.3 Varying SDS Concentration. 

The purpose of this study was to provide additional insight into the phase be- 

haviour work in Chapter 2 (Section 2.4.3). In terms of the oil/water ratio the 

compositions of these systems are similar to that in Table 4.2. The difference 

is that the volume fraction of SDS is varied from 0.01 to 0.0005. The minimum 

concentration, OSDS = 0.0005, was selected based on the phase behaviour results, 

which identified, this value as the lowest SDS concentration capable of stabilising 

a biliquid foam. The scattering profiles can be seen in figure 4.2. 
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Figure 4.2: Scattering from a series of biliquid foams as a function of SDS volume 
fraction. 0.01 SDS ("), 0.005 SDS ("), 0.002 SDS (! ) and 0.0005 SDS ( ). Lines 
represent theoretical fits using the CSM2 - HP, and a Q-4 function. 

All four samples exhibit a Q-4 decay at low Q (Q < 0.015 Ä-i), indicative of 

the large surfactant stabilised oil - water interface. As the SDS concentration is 

reduced there are two notable changes in the form of the scattering: 

9 At Q=0.008 A-', the intensity of the interfacial scattering increases dra- 

matically from I(Q) = 2190 cm-1 when the SDS volume fraction is 0.01 to 

I(Q) = 9160 cm-1 when OSDS is 0.0005. 

" Unsurprisingly the intensity of the S(Q) peak, in the region 0.035 A-' < 

Q<0.05 A-' decreases, in the lower concentration samples it is almost 

non-existent. 

These observations suggest that the reduction of the amount of SDS in the biliquid 

foam is having a knock on effect. On dilution the SDS appears to be largely lost 

from mixed micelles, indicated by the reduction in intensity of the S(Q) peak. 

These mixed micelles also act as a reservoir for the non-ionic surfactant, which 

y "r 

7 
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gets released by the absence of the ionic surfactant. The more intense interfacial 

scattering strongly suggests that this excess surfactant is tending towards the 

oil-water interface rather than aggregating in the aqueous phase. Logically this 

should result in a smaller average droplet size, although such a change in the 

particle size was not detected by either optical microscopy or light scattering 

(Section 2.4.3). Interestingly, the ratios of scattering intensities for the different 

samples at high Q is approximately the same as the reciprocal of the ratio of 

intensities in the S(Q) region of the scattering profile i. e.: 

i 1(QHigh)OSDS = 0.01 
ti 

](Qtow)OSDS = 0.01 

](QHigh)'kSDS=0.0005 I(QLow)»SDS=0.0005) 

So the reduced scattering from the S(Q) would appear to arise from the non-ionic 

surfactant preferentially migrating to the interfacial region. However, another 

explanation for the loss of this S(Q) feature could be related to an experiment 

described in the previous chapter, in which the amount of SDS in the mixed micel- 

lar system was reduced (Section 3.6). This was seen to have the effect of altering 

the morphology of the micelles, due to packing constraints. This, in tandem with 

the decrease in the repulsion between particles, leads to the S(Q) peak shifting 

from 0.05 A-', when the SDS volume fraction was 0.0125, to 0.015 A-' when 

OSDS = 0.00125 sample. In the biliquid foam samples such a peak will be hidden 

beneath the more prominent Q-4 decay arising from the interfacial scattering. 

An example of this is notable in the sample with OSDS = 0.002, which shows 

little more than remnants of the S(Q) peak at about 0.1 A-'. Whether the S(Q) 

disappearance is caused by the formation of different aggregate structures, or a 

decrease in the number of more spherical aggregates, can be paxtially assessed by 

model fitting of the data. It is possible to analyse these results by fitting them 

to the modified CSM2 - HP function used in the previous section. Model fits are 

in figure 4.2, with parameters in table 4.4. 
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SDS Volume Fraction 0.01 0.005 0.002 0.0005 

OSuT actant 0.0140 0.0114 0.0080 0.0012 

Radius A 31.6 30.4 33.5 49.0 

Total Surface Charge 28 23 23 23 
Debye Screening length A 38 38 38 38 

x2 1771 2766 2520 5221 

Table 4.4: Parameters obtained from fitting biliquid foam SANS data, as a func- 
tion of SDS concentration, to a CSMZ - HP, and a Q'4 function. 

This analysis indicates a general trend of the number of micelles decreasing with 

SDS concentration, as determined by the volume fraction of aqueous surfactant. 

This is accompanied by a modest increase in the size of the micelles, which is 

not significance enough to provide evidence for cylindrical micelles, which were 

observed for the comparable aqueous mixed micelle systems. The decrease in mi- 

cellar surfactant concentration is not consistent with the results obtained for the 

mixed micelles solutions, with reduced amounts of SDS. This would suggest that 

the non-ionic surfactant is principally redistributing to the oil - water interface. 

Overall, it appears that as the level of SDS is reduced, the non-ionic surfactant, 

which would otherwise be present in mixed micelles, migrates to the oil - water 

interface. This is clearly demonstrated by the increase in the scattering inten- 

sity from this region. It is also interesting to note that there is little micellar 

scattering from the biliquid foam with the lowest SDS volume fraction, 0.0005. 

This compares with the phase behaviour work which identified samples below this 

concentration as being unstable with respect to phase separation over 24 hours. 

A logical conclusion is that surfactant aggregates in the aqueous phase could be 

responsible for aiding the stabilisation of biliquid foam systems. 
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4.4 Varying C12E4 Concentration 

The overall oil /water ratio was the same as the previous experiments (see ta- 

ble 4.2). In this case the non-ionic surfactant volume fraction was varied between 

0.02 and 0.005. It was established in the phase behaviour work in Chapter 2 that 

below 0.005 the biliquid foams are pasty (. ". unsuitable for SANS) and unstable, 

hence no systems were investigated below this limit. Figure 4.3 shows the scat- 

tering from these samples. 
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Figure 4.3: Scattering from biliquid foams with varying amounts of C12E4. As 
before D20 provides the contrast. Volume fractions are 0.02 C12E4 (. ), 0.01 C12E4 
(") and 0.005 C12E4 (v). Lines represent fitted parameters using the CSMM12 - HP 
with Q-4 function. 

These data display a simple effect of reducing the non-ionic concentration on 

the scattering. The intensity seems to scale with the concentration with only 

marginal changes to the shape of the scattering profile, which mirrors the inves- 

tigation of the effect of C12E4 concentration on the form of the mixed micelles 

in Chapter 3 (Section 3.5). The parameters fitted to these data using the CSM2 
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C12E4 Volume fraction 0.02 0.01 0.005 

Surf in aqueous phase (ý) 0.0196 0.0114 0.0055 
Radius (A) 34.8 30.4 27.5 
Total Surface Charge 23 23 23 

Debye Screening length (A) 38 38 38 

x2 3152 2766 2945 

Table 4.5: Parameters fitted to the biliquid foam SANS data, with reducing C12E4 
concentration, using the CSM2 - HP and a Q-4 function. 

- HP, plus Q-4 function, are given in table 4.3. The most significant result is 

that the micelle radius decreases with lower non-ionic concentration. This should 

occur because the amount of non-ionic surfactant present in the mixed micelles 

dictates the aggregation number, and subsequently the size, as seen by Inglesias 

and Montenegro6. 

This experiment shows that the concentration of the non-ionic surfactant in the 

biliquid foam impacts on the intensity of all the scattering from the sample, be- 

cause the non-ionic surfactant is present in both the micelles and the oil droplet 

interfaces. The fitting suggests that as non-ionic concentration is reduced then 

the micelles have increased ionic character. These changes may explain the in- 

creasing paste like nature of the system observed in the phase behaviour study, 

and subsequent loss of stability at low non-ionic concentrations. This observa- 

tion was made when the pure mixed micellar systems were studied in the previous 

chapter, where the fitted surface charge tended towards that of pure SDS micelles 

as less C12E4 was added. 

4.5 Varying Surfactant Concentration 

In the previous chapter the effect of reducing the total surfactant concentration in 

a mixed surfactant solution was investigated (Section 2.4.7). Here the influence 
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Figure 4.4: Scattering from biliquid foams as a function of total surfactant volume 
fraction, at a fixed C12E4: SDS ratio of 2: 1. As before D2() provides the contrast. 
The volume fractions of the surfactants are 0.03 (. ), 0.015 ("), 0.009 (v), 0.003 
() and 0.00015 ( ). Lines represent fitted parameters using the CSI\12 - HP 

with Q-4 function. 

of total surfactant concentration on the scattering from biliquid foams is assessed. 

The oil/water ratios are essentially the same as before (see table 4.2), except the 

total surfactant volume fractions varied from C12E4 = 0.02/SDS = 0.01 down 

to C12E4 = 0.0001/SDS = 0.00005. This final concentration has been selected 

based on the phase behaviour work in Chapter 2. In all cases the non-ionic/ionic 

surfactant ratio was maintained at 2: 1. The SANS results are shown in figure 4.4. 

These results compare with the sequence of experiments described above where 

the concentrations of SDS and C12E4 were varied separately. On the one hand as 

the surfactant concentration is reduced so the intensity of the scattering in both 

the interfacial and micellar regions decreases, which mirrors the effects of reduc- 

ing the concentration of the non-ionic surfactant. On the other hand, a parallel 

can also be drawn with the SDS experiment, in that the S(Q) peak disappears 
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Surfactant Volume Fraction 0.03 0.015 0.009 0.003 0.00015 

Surf in aqueous phase 0.025 0.010 0.00414 0.000464 0.00006 

Radius (A) 33.7 29.8 27.3 30.4 30.1 
Total Surface Charge 26 

Debye Screening length (A) 38 

X2 5408 5201 2889 1876 2082 

Table 4.6: Parameters derived from model fitting of the biliquid foam SANS data, 
as a function of total surfactant concentration, to CSM2 - HP and a Q-4 function. 

relative to the interfacial scattering. This change was not seen when only the 

non-ionic concentration was reduced. This result also suggests that there may be 

a critical level of aqueous micelles needed to stabilise the system: below the sur- 

factant concentration studied here biliquid foams become unstable. The model 

fits are shown as lines in fig. 4.4, with the fitted parameters listed in table 4.6. 

Unremarkably, the fitted parameters are consistent with a reduced level of ag- 

gregated surfactant as the total concentration is reduced! The phase behaviour 

results showed that the sample with the lowest total surfactant volume fraction 

capable of stabilising a biliquid foam, was 0.00015. The scattering from this sam- 

ple was significantly weaker in both the interfacial low Q region, and the high Q, 

repulsive S(Q), region. In fact, based on the fitting, there appears to be a negligi- 

ble (undetectable) amount of aggregated surfactant in the aqueous phase in this 

sample. The work in Chapter 2 established that this very sample suffered phase 

drainage, with a small amount of water draining out; this destabilisation was not 

observed at higher concentrations. Chapter 3 describes SANS from mixed micel- 

lar systems which provide evidence for the extent of aggregation in these biliquid 

foams. The least concentrated biliquid foam sample has a surfactant volume 

fraction of 0.00015, which approximately corresponds to the surfactant solution 

with os,,,. f=0.0003 (0.00015 in an biliquid foam with Water = 0.4 equates to 
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a surfactant solution of 0.000375). Regarding the scattering from this system, 

there is minimal evidence for any equilibrium aggregation structures. Obviously 

as the concentration is above the mixed CMC then the presence of mixed micelles 

can be assumed, but the absolute level may be too low to exhibit scattering. The 

biliquid foam samples with larger surfactant concentrations correspond to aque- 

ous surfactant solutions with c5surf > 0.0075. At these concentrations charged 

spherical mixed micelles are present, as illustrated by the notable S(Q) peak. At 

these concentrations the biliquid foam phase behaviour work showed these were 

" stable" systems since they displayed no loss of oil. This provides more evidence 

that the presence of mixed micelles in the aqueous phase may contribute towards 

the stability of the biliquid foams. 

4.6 Replacing SDS with a Non-Ionic Surfactant. 

Following on from the phase behaviour work (Section 2.4.8), SANS experiments 

were performed on systems in which SDS was replaced by another non-ionic 

surfactant. The non-ionic surfactants used were polyoxyethylene -n- dodecy- 

loxides, (5 <n< 10 ). Scattering from these systems is shown figure 4.5. The 

oil/water ratios were as before (see table 4.2) as were the surfactant compositions, 

ie. 4c�E� = 0.005. 

The phase behaviour results had shown that only the non-ionic surfactants with 

an ethoxy chain length of 8 or 10, in combination with C12E4, were able to stabilise 

a biliquid foam for over 28 days. However the shorter chain length surfactants 

were sufficiently capable of stabilising the sample for the length of time necessary 

to run a SANS experiment (30 minutes). Hence it was possible to analyse these 

systems. As can be seen in figure 4.5 scattering appears to show more features 

than the model biliquid foam sample shown in figure 4.1. All four samples display 
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Figure 4.5: Scattering from biliquid foams containing C12E4 and C12E,,, where n 
varies from 5 to 10. n5 ("), n=6 ("), n=8 (V) and n= 10 ( ). The matching 
aqueous mixed micellar systems are included in matching colours (straight lines). 

interfacial Q-4 scattering as has been seen in the previous biliquid foams. However 

in all four cases the scattering is disrupted: 

" The two " unstable" biliquid foams (with n=5 and 6) have a region of 

Q-1 scattering at about Q=0.01. Interestingly similar scattering was seen 

in this region for the micellar systems of the C12E5 and C12E6. There is 

no scattering at higher Q (Q > 0.04) indicative of aqueous micelles, the 

scattering from which could be predicted from the micellar samples studied 

in Chapter 3. 

9 The two "stable" biliquid foams (with n=8 and 10) have a feature at 

Q -- 0.03. Comparing these results with those of the equivalent mixed 

surfactant solutions (Section 3.8) shows that this could arise from micelles 

in the aqueous phase, in which case the pattern of micellar aggregates aiding 

stabilisation would maintained. However attempting to fit the feature using 
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the parameters for the fitted mixed surfactant solutions proved " unhelpful" 
in clarifying this hypothesis, indeed a more constructive comparison can be 

made if the pure non-ionic micellar systems are compared with this feature. 

Unfortunately obtaining suitable fitted parameters has proved elusive. Compar- 

ing with the scattering for the appropriate micellar systems reveals that the bump 

in the C12E8 and C12Elo data (greeii and lines) could be indicative of the 

presence of the aqueous micelles in these systems. 

4.7 Single Non-Ionic Surfactants. 

In these biliquid foams the second surfactant was removed completely and a se- 

ries of non-ionics of the type C12E,,, were used exclusively as stabilisers. The oil 

and D20 volume fractions were as before (0.59 and 0.395 respectively), and the 

surfactant volume fraction was 0.015 in each case. C12E4 was unable to stabilise a 

biliquid foam for the timescale of a SANS experiment (, z: ý 30 minutes), and hence 

there is no scattering pattern available for this sample. SANS profiles are shown 

in figure 4.6. 

All four samples display a Q-4 decay at low Q (Q < 0.015 A-'). In the region 

where a micellar S(Q) interaction peak would become significant (0.02 Ä-i <Q 

0.05 A-') there is indeed evidence for a" bump". This suggests that equilibrium 

micelles may also be present in these systems. This feature is clear with the 

less ethoxylated surfactants (n =5 and 6). This effect is less exaggerated for 

the samples made from the longer non-ionics (n =8 and 10). However in all 

four cases there is rapid decay from the bump into the background scattering 

as Q approaches 0.1 A-1, which mirrors the scattering from the pure non-ionic 

systems (Section 3.9). The different scattering patterns in this region can be 

explained by considering the scattering from the micellar samples. The shorter 
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Figure 4.6: Scattering from biliquid foams stabilised by the non-ionic surfactant 
C12E, where n varies from 5 to 10. n=5(9), n=6("), n=8(v)andn=10 
( ). The matching aqueous systems are included in matching colours (lines). 

surfactants (n is 5 or 6) form cylindrical micelles, which scatter with a decay of 

Q-1, while the spherical micelles show no decay with Q until the S(Q) region 

is reached. All four of these biliquid foams are stable over a period of time 

(at least 28 days), including the systems which contain only C12E5 or C12E6 as 

the stabilising agent. This would appear to slightly debunk the hypothesis that 

spherical micelles are important in stabilising biliquid foams. Although it could 

be the case that the cylindrical micelles are also capable of acting in a manner 

to prevent phase separation. Comparing these results with those of the simple 

aqueous surfactant systems shows the influence of the spherical micelles on the 

form of the scattering from the biliquid foams stabilised by C12E8 or C12Elo. Such 

an influence is not obvious with the systems stabilised by the shorted non-ionic 

surfactants. 
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4.8 Oil Volume Fraction. 

It is the case that the drainage of water from the system results in the local dis- 

persed phase volume fraction investigated being higher than 0.6 as evinced in the 

foam SANS paper2. Despite this the influence of the amount of dispersed phase 

present in the system is obviously of interest. A series of samples were investi- 

gated as a function of oil volume fraction; compositions are given in table 4.7. 

The concentrated gel-like samples required a special SANS sample cell, which 

allows the cell faces to be assembled. These are available at ISIS. These samples 

had different proportions of hydrogen and deuterium due to the altering of the oil 

and D20 volume fractions. Subsequently appropriate background samples had 

to be produced for the data processing step (detailed in Appendix 3), which are 

also recorded in table 4.7. 

Sample cDodecane [cD2o Oc12E4 csDS Background Water: D20 

A 0.59 0.395 6040 

B 0.64 0.345 6535 
C 0.69 0.295 7030 
D 0.74 0.245 0.01 0.005 7525 
E 0.79 0.195 8020 
F 0.84 0.145 85: 15 

G 0.89 0.095 90: 10 

H 0.94 0.045 95: 5 

Table 4.7: The composition of the biliquid foams with varying cbozt investigated 
by SANS. 

The scattering from these samples is unremarkable until the oil volume fraction 

is 0.94. This sample is in figure 4.7 alongside the model biliquid foam. 

Initially the scattering from this highly concentrated biliquid foam decays as Q-2, 

in the region 0.007 A-' <Q<0.011 A-', which evolves into the Q-4 as Q in- 
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Figure 4.7: SANS experiments comparing the scattering from biliquid foams with 
varying oil volume fraction. ¢O2l = 0.94 (. ) and foil = 0.59 ("). 

creases up to 0.04 Ä-'. In the S(Q) region there is a sharp peak at Q�ta, x ,:, 0.0545 

A-1. The Q-2 decay indicates scattering from a 2-dimensional structure, most 

probably attributable to a surfactant bilayer. This structure is likely to arise if 

oil droplets have been forced together, generating distorted polyhedra, separated 

by a flat bilayer. The presence of a Q-4 region shows that there are still areas 

where the interface is curved. This scattering pattern is similar to that found by 

Bergeron et all for emulsion samples at high pressure. 

Bergeron used the expression: 

Qtaax 
ý 

7r 
h+6 (4.1) 

to ascertain the thickness of the surfactant monolayer, 6, and the interstitial 

dispersant phase, h. In the case of the 0.95 biliquid foam a value of 40 A is 

calculated for the thickness of the water layer (assuming that the SDS length is 
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18 A, and using Qm = 0.0545 A-'). This is consistent with values obtained by 

Bergeron for samples such as this, which are not so concentrated that the water 

phase is thin enough to form a Newton Black film (Common Black Film > 25 A 

> Newton Black Film). This result is also consistent with the work carried out by 

White et a13, who reports the presence of spherical particles when the dispersed 

volume fraction is as high as 0.97. 

4.9 Solid Biliquid Foams. 

In Chapter 2 the generation of a Solid Polyaphron (SPA) was reported by using a 

waxy alkane and employing temperature changes. To investigate the structure in 

this system when the biliquid foam solidifies SANS experiments were performed. 

A biliquid foam was prepared according to the recipe for the model sample, but 

with heated eicosane (TM = 36.7 °C) as the oil. The sample preparation was 

carried out at 40 °C. Firstly, SANS was run at high temperature so the biliquid 

foam was in the liquid state (40 °C). Then the sample was cooled to 25 °C, to 

generate the solid and a scattering pattern was recorded. Finally the sample was 

gently reheated back to 40 °C, and examined a final time. The scattering can be 

seen in figure 4.8. 

Intriguingly, there is little difference in the scattering in either the liquid or solid 

phases. Furthermore, the scattering in each case is the same as that of the 

model sample, with liquid dodecane as the oil. This seems to indicate that when 

the sample is frozen, the biliquid foam structure, is maintained irrespective of the 

state of the oil (liquid or solid, or gas7). When the sample is thawed the structure 

is largely reestablished with little need for agitation. 
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Figure 4.8: Biliquid foams incorporating eicosane, at different temperatures. Ini- 
tially (e) the hiliqui<1 foam contains oil droplets at 40°C. When cooled to 2v C, 
the oil solidifies ("). Upon heating the liquid system is regenerated (v). 

4.10 Contrast Variation. 

As discussed in Appendix 3 (Section C. 3) scattering arises from differences in the 

scattering length density (SLD) of the components. Thus far the component with 

a significantly different SLD has been the aqueous phase, as D20 has been used in 

place of H2O. To identify the scattering from the other components in the system, 

and subsequently the distribution of these components, selective deuteration is 

necessary. While the compositions of the components are the same as that of the 

model biliquid foam (table 4.2) the deuteration of the components is varied in 

this experiment. To avoid confusion a scheme is used to describe the contribution 

of that component to the overall scattering, which is commonly referred to as the 

"Partial Structure Factor" (PSF) in polymer chemistry: 

" D-dodecane contrast highlights scattering from the oil and the presence of 

any significant structures in the oil phase formed by surfactant aggrega- 
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tion. The other chemicals are fully hydrogenated. This is referred to as 

PSFDodecane 

. D-SDS alone will provide insight into the partitioning of this surfactant 

between the bulk oil and water phases, and the interfacial region. The 

other constituents are fully hydrogenated. This sample is denoted PSFSDS. 

" D-C12E4 would similarly show the whereabouts of this chemical in the sys- 

tem. However the availability of this molecule is limited, and subsequently 

it is prohibitively expensive. An alternative method to earmark this com- 

ponent alone is to use the hydrogenated non-ionic surfactant, and deuterate 

all the other ingredients. This is called PSFC, 
2E4" 

" Deuterating both the oil and the water highlights both surfactants, de- 

scribed as PSFS,, r f,. 

" The samples investigated by SANS thus far have consisted of hydrogenated 

components with the exception of water, illustrating scattering from the 

aqueous regions of the biliquid foam. These samples have all been showing 

the PSFWater. 

The scattering from the new samples are in figure 4.9 and figure 4.10. 

The scattering from the PSFDOde«ane is a simple Q-4 decay indicating interfacial 

scattering. The SANS profile has a similar form to those studied previously, but 

at low surfactant concentrations (fig>4.4). It would be expected that at this con- 

trast the scattering from aqueous micelles should disappear (the H-surfactants 

have little contrast against H20). This is indeed the case, and the scattering from 

charged micelles (Q�,,,, = 0.04 A-') cannot be seen. On the other hand the 

dominant scattering comes from the large droplet interfaces. Evidence for a low 

Q "Guinier region" turnover at Q 0.01A-1 is consistent with the presence of 
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Figure 4.9: Contrast variation results for the surfactants. 0 is PSFs. 
r fs, " shows 

scattering from PSFC12E4 and V presents the scattering from PSFSDS. The white 
line is the sum of the PSFc12E4 and PSFSDS data. 
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Figure 4.10: Scattering from the PSFDOdecane system. Inset is the Porod approx- 
imation for these results. 
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emulsion droplets. 

These data are suitable to be analysed by a Porod approximation, as shown inset. 

Using the first peak and the relation that: 

Q 2.7 
R 

(4.2) 

gives a particle radius of about 35nm, with the peak appearing at Q=0.008 A. 

Populations of particles significantly larger that this have already been detected 

in both the light microscopy and light scattering domains. However the SANS 

suggests that there is another group of particles on this lengthscale, in addition 

to the population of micellar aggregates in the aqueous phase. 

The scattering from PSFs,,,. f, shows that the surfactants are present at the 

oil/water interface (Q-4 scattering at Q<0.02 A-1), and also in surfactant 

micelles in the aqueous phase owing to the characteristic charged micelle S(Q) 

at Q=0.04. Comparing this result with the PSFs for the individual surfactants 

shows a good agreement, indeed if the scattering from the individual surfactants 

is combined, then the scattering profile is identical to that of the PSFs,, rfs, as 

shown by the white line on figure 4.9. 

4.11 Conclusions 

The principal conclusions from this study are that to stabilise biliquid foams: 

9 The surfactants, singly or combined, must be capable of forming aggregates 

which have a degree of curvature. 

. Excess micelles in the aqueous phase appears to contribute towards the 

stabilisation of the biliquid foams. Dilute systems, with insufficient levels 
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of background micelles, phase separate. 

Varying the contrast of the components identified the preferred locations of the 

various constituents. These studies showed that oil is exclusively in the large 

oil droplets, whilst SDS and C12E4 are present at both the interface and in the 

aqueous micelles. Such observations are consistent with the structural studies by 

Bergeron', Axelos2 and White3'4, in that there are large dispersed phase particles 

stabilised by a surfactant monolayer, with excess surfactant micellised in the 

continuous phase. 
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Chapter 5 

Conclusions 

The overall aim of the thesis was to identify the structure of the dispersed droplets 

in biliquid foams. Investigating the literature would suggest that there could be 

a special structure responsible for the stability of the system, although others 

in the scientific community had scoffed at such a suggestion. The most useful 

experiments for identifying the structure of the oil droplets in this thesis were the 

Small-Angle Neutron Scattering experiments, which were able to determine the 

distribution of the surfactants within the biliquid foams system as a whole, by 

judicious use of contrast variation. The conclusion from these results were that in- 

stead of a bilayer of surfactant, and a soapy shell of contained water, as proposed 

by Sebbal, the droplets are stabilised by a single surfactant monolayer. Such re- 

sults are comparible with investigations on High Internal Phase Ratio Emulsion 

systems 2-4, which supports the assertion of Princen in his Comments, that there 

is nothing particularly special in the structure of biliquid foams. However the 

phase behaviour results, performed in tandem with the surfactant solution SANS 

and the biliquid foam SANS, indicated that there was more to these systems 

than simply a single monolayer stabilising the system. Repeatedly it was seen 

that biliquid foams would phase separate rapidly unless they contained excess 

surfactant present in micelles, be they spherical or cylindrical (as demonstrated 
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Figure 5.1: A schematic of the biliquid foam structure. The orange oil droplets are 
stabilised by a single monolayer of surfactant, while excess surfactant is present 
in aqueous micelles which are slightly swollen by some oil. 

by the non-ionic systems). A schematic can be seen in figure 5.1. 

Despite no direct evidence for the aphron structure there would appear to be 

some support for some of the conclusions of Sebba. Firstly it was claimed that 

biliquid foams had the same structure as foams, which the SANS work of Axelos6 

supports, as the data obtained for foams appear to be the same as that obtained 

in this thesis. Also the necessity for micellar structures in the aqueous phase sug- 

gests that these are acting in a similar manner to the proposed bilayer structure, 

inhibiting the rate of coalescence by preventing the large oil droplets coming into 

contact. 
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This thesis has also conducted significant phase mapping, which has been lacking 

previously in the scientific literature. The results from this have identified a num- 

ber of components which are able to create stable biliquid foams, and importantly 

which components are unable to produce a biliquid foam. Most importantly in 

this section the discovery that oil soluble surfactants are not essential has proved 

most notable, as the opposite was thought to be the case previously. 
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Appendix A 

The liquid interface 

A. 1 Liquids 

A liquid is an intermediate state between a solid and a gas. In the liquid phase 

the molecules have gained enough energy to break from the fixed position occu- 

pied in the solid state, and move about with a degree of randomness. However 

they have insufficient energy to overcome short range, attractive, intermolecular 

interactions, such as van der Waals forces, and enter the gas phase. These attrac- 

tive forces, which help define a liquid, also act to shape them. If one considers a 

liquid in contact with a gaseous phase, then one can expect the following scenario 

to occur: 

"A liquid molecule immersed within the bulk of the fluid will experience 

attractive forces from all directions. These forces will approximately balance 

so there will be no resultant force pushing the molecule in any direction. 

"A molecule at the surface of a liquid will still experience attractive force from 

neighbouring liquid molecules. However it will not experience significant 

attractive forces from the neighbouring gas phase. This results in liquid 

molecules being attracted away from the surface* as illustrated in fig A. 1. 

The gas/liquid interface is often referred to as the surface of the liquid. 
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Figure A. 1: a) The liquid molecule in the bulk (blue) experiences attractive 
forces (represented by the red arrows) from all sides and so the resultant force 
is minimal in any direction at any time. b) The liquid molecule at the surface 
will only experience an attractive force from the bulk liquid phase and so the 
resultant force (depicted by the blue arrow) draws the molecule away from the 
surface. 

Subsequently the most favourable situation for a liquid is to exist in a sphere, 

the shape with the smallest surface area - to - volume ratio, so the intermolecular 

interactions can be maximised. In reality there are also external forces that must 

be considered which can disrupt this ideal spherical form. On Earth, gravity 

is the overriding factor and it forces liquids to adopt the shape of restraining 

features, such as valleys, vessels, etc.. However, as illustrated in fig A. 2, when 

the constraint of gravity is removed liquids will preferentially adopt the spherical 

form. 

Such surface effects can be expressed in terms of the controlling factors. The free 

energy of the surface, Gs, is proportional to the surface area of the liquid, A: 

GS = yA (A. 1) 

The constant y is known as the surface (or interfacial) tension. It represents 

the force acting on the surface of a liquid, and is typically recorded in terms 

of force per unit length along the surface, mN m-lt. This value is specific to 

tSurface tension can also be expressed in terms of joules per unit area (Jm-2) due to the 

relation 1J=1 Nm 
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Figure A. 2: a) Gravity prevents liquids from minimising the surface area so liq- 
uids will adopt the shape of restraining features. b) When gravity is absent the 
intermolecular forces dominate and liquids can adopt the energetically favourable 
spherical form. 

particular liquids, as illustrated in table A. I. The surface tension reflects the 

intermolecular forces present in the system. hence dodecane, where there are 

mainly van der Waals forces, has a smaller value than water which has the stronger 

hydrogen bonding intermolecular forces. This equation also informs us that if 

the surface area undergoes a change then there will be a subsequent change in GS. 

Additionally. it is clear that the magnitude of this energy change is dependent 

on the surface tension of the liquid involved. A small increase in the surface area 

of dodecane will be less significant, energetically, than an equivalent increase in 

the surface area of water. Such changes in the surface area, and the subsequent 

result, can be, described thus: 

dG = ydA (A. 2) 

#Hydrogen bonds are typically 20 times stronger than induced dipole-dipole forces and act 
over longer distances. 
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Liquid ry/(mNm 1) 

Water 72.25 

Dodecane 25.47 
Mercury 472.0 

Table A. 1: Surface tension values for liquids at 293K'. 

This expression confirms the earlier statement that liquids naturally favour a 

spherical structure with a minimal surface area. 

A. 2 Measuring the Surface Tension of Solutions: 
The Drop Volume Tensiometer 

There are several techniques for measuring the surface tension of a liquid. In 

this project Drop Volume Tensiometry (DVT) has been employed, and will be 

introduced here. 

If one considers a suspended droplet of a liquid then there are two opposing forces 

which shape it. On the one hand gravity is acting to pull the liquid down towards 

the surface of the Earth. On the other hand the surface tension of the liquid is 

acting to prevent any increase in surface area. Therefore it is possible to measure 

the surface tension of a liquid by investigating the size, and shape, of droplets of 

the liquid. Qualitatively it is possible to estimate the extent of 'y by looking at 

the shape of the droplet as in fig A. 3: 

9 If the liquid has a high surface tension then the drop will be more resistant to 

the effects of gravity and therefore will be able to maintain a more spherical 

aspect. 

9 Droplets of low surface tension liquids will be distorted by gravity away 

from the preferred spherical shape. 
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Figure A. 3: Droplets illustrating the difference in form of a higher surface tension 
liquid (a), and a lower surface tension sample (b). 

a b 
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Figure A. 4: a) A drop volume tensiometer and t)) the setup. 
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Quantitatively such observations can be considered by balancing the forces in- 

volved: 

mg = VApg = ry27rr (A. 3) 

which can be rearranged in terms of the surface tension: 

VOpg 
y 27rr 

(A. 4) 

g is the acceleration due to gravity (9.81 ms-2) and m is the mass of the droplet, 

which can also be considered in terms of the volume, V, and the density difference 

between the droplet and the environment, Lp (0.997 gdm 3 for water and air). 

2irr is the circumference of the capillary from which the droplet is suspended. 

f is a correction factor established by Harkins2, and subsequently progressed by 

Wilkinson3 and Tornburg4, which can be expressed thus: 

fr a 3V 
(A. 5) 

The basis of the DVT experiment is to observe at which point the surface ten- 

sion/gravity conflict is won by gravity: at this point the droplet falls from the 

capillary. The liquid is placed in a capillary - tipped syringe, which in turn is 

placed into a sleeve where the temperature is maintained at 25°C by connection 

to a water bath. The block is lowered into a sealed environment, containing a 

glass cell, so that the capillary is well above a beam of light which runs through 

the cell. The cell itself also contains some of the liquid, so that the environs of the 

sample will be saturated with the vapour of the liquid. This is important because 

it restricts evaporation of the liquid from the drop, which in turn could affect the 

calculation of y as it means the value of V in equ' A. 4 would be overestimated. 

The experiment begins and the plunger of the syringe is pushed down by means 

of a motor. This controlled expulsion of the liquid from the syringe enables the 
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volume of the drop to be calculated. At the point where gravity overcomes the 

surface tension the droplet will detach and fall, breaking the light barrier, at 

which point the computer algorithm can calculate ry as it has all the parameters 

for the equation A. 4. 

A. 3 Surfactants 

It is common knowledge that oil and water are immiscible, and the reason for this 

is explained by equation A. 2. In this case ry is referred to as the interfacial tension 

between the two liquids. Water molecules experience a much greater attraction 

to other water molecules due to the hydrogen bonding forces, and so will be pref- 

erentially drawn away from an interface with organic liquids, such as dodecane, 

which only has the weaker van der Waals forces acting within it. Subsequently 

there is a tendency towards total phase separation. 

Surface active agents are, as one might surmise from the name, chemicals which 

show an affinity for the surface of a liquid. However why should they? The answer 

lies within the structure of the molecules, see fig A. 5, which typically contain at 

least two portions which have very different properties: 

9A simple hydrocarbon based unit(s) which is water insoluble, or hydrophobic 

(derived from the latin "Water hating"), due to a non-polar nature. 

" Unit(s) with an affinity for water, or hydrophilic ("Water loving"), due to 

the presence of dipoles or ionic groups. 

Water molecules will interact strongly with the hydrophilic group, but will pref- 

erentially interact with other water molecules rather than the hydrocarbon seg- 

ments. Subsequently the surfactant will migrate, or. adsorb, to the surface of 

the water. The water soluble portion will be solubilised by water molecules at 

132 



Hydrocarbon tail: non polar 

Polar head 

Figure A. 5: The structure of a typical surfactant molecule 

the interface, whereas the hydrophobic region will tend to be excluded from the 

water phase. Adding more surfactant molecules to the solution will result in an 

increase in the numbers of molecules at the surface so that a monolayer of surfac- 

tant molecules begins to form. The surfactant molecules will not all be present at 

the surface. Despite the hydrophobic unit the molecules will have a level of sol- 

ubility in the bulk aqueous phase. The extent of this solubility is determined by 

the various portions of the molecule. The position of these molecules in the sys- 

teiii is not fixed and there exists a dynamic equilibrium between those molecules 

in the bulk solution and those at the surface, as illustrated in fig A. 6. 

Owing to the common synthetic routes to generate surfactants, trace levels of 

surface active impurities are inevitably present e. g. long chain alcohols and fatty 

acids. Therefore, for most commercially available surfactants the surrfacial layer 

is a mixture of pure surfactant and impurities. The nature and composition of 

this mixed layer can also affect the surface tension depending on the type and 

level of impurity and the bulk concentartion of surfactants. 

A similar situation occurs at the interface between water and a non polar liquid, 

such as dodecane. However, in this case the hydrophobic portion of the surfactant 

molecule will experience mutually attractive forces from the molecules in the 

oil phase. These attractive forces are not as great as those dominating in the 
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Gas 

Figure A. 6: The dynamic equilibrium existing at the surface of a surfactant 
solution. Molecules in the bulk phase will continuously exchange with those at 
the surface. 

water phase, due to the interactions being weaker, but there is a reduction in 

the resultant attractive force drawing the molecules from the interfacial region. 

This explains why there is a reduction in the interfacial tension as illustrated in 

table A. 2. 

System ry /mN mi 
Air - Mercury 475 
Air - Water 72 

Air - Aqueous surfactant solution 72-20 

Alkane - Water 50-40 
Alkane - Aqueous surfactant solution 10-1 

Table A. 2: Surface/ interfacial tension values, and the effect of surfactants'. 
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A. 3.1 The Critical Micelle Concentration 

As for a liquid it is possible to calculate y for a surfactant solution by using 

the DVT. The general trend in surface tension, -y with surfactant concentration 

shows a gradual decrease up to a critical concentration, above which y remains 

essentially constant. Interestingly, when surfactant solutions are studied with a 

variety of techniques this sharp change in the physico - chemical properties, at a 

particular concentration, occurs regardless of the technique employed, see fig A. 7. 

This position represents the Critical Micelle Concentration (CMC). If one con- 

siders the water surface then it is clear to see that there is a limited amount of 

adsorption possible before the surface is saturated. When the point is reached 

where the surface and the bulk solution are saturated with surfactant, extra sur- 

factant added to the solution can only exist in the bulk despite the unfavourable 

interaction between the hydrocarbon units and the water molecules. This en- 

ergetically unfavourable scenario is overcome by the surfactants spontaneously 

aggregating to form structures known as micelles. The surfactant molecules ori- 

entate themselves so the hydrophilic head group is exposed to the bulk water, 

while the hydrocarbon portions of the molecules pack together within the core 

of the micelle, as illustrated in fig. A. 8. Micelle formation is driven by a combi- 

nation of factors, which can be summarised into the following expression for the 

free energy of micellisation: 

AGm = AG(EC) + AG(PC) + AG(HC) (A. 6) 

These free energies represent: 

. Exposed Chains: The reduction in energy when the hydrocarbon chains 

of the surfactant, which are exposed to water in the bulk of the solution, 

aggregate into the micellar structure. The loss of the hydrocarbon chains 

removes the unfavourable interactions from the aqueous phase. It has also 
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been proposed that water forms highly ordered cages about such hydropho- 

bic units, in which case the removal of such species leads to a large increase 

in the entropy of the aqueous phase. Also the hydrocarbons tails can inter- 

act with each other. The cage hypothesis is supported by the observation 

that micellisation is largely driven by entropy, which iwould be illogical 

if one only considers that the surfactant molecules become restricted in a 

micelle. This is known as the hydrophobic effect. 

" Packed Chains: A contribution arising from restriction of the hydrocarbon 

chains by packing them into a micellar core. 

" Head group Contact: An unfavourable energy contribution arising from the 

interactions between neighbouring head groups, such as electrostatic (two 

like charged molecules in close proximity) or conformational effects. 

This expression for OG�, provides insight into the properties of a surfactant which 

influence the CMC. Foremost is the nature of the hydrophobic chain (EC). For 

a homologous series of simple surfactants with a single tail there is generally a 

logarithmic relationship between the CMC and the length of the chain, which can 

be described by the Klevens equations: 

loglo(CMC) =A- Bn, (A. 7) 

A and B are constants dependent on the hydrophilic and hydrophobic portions 

of the molecule respectively. nc is the number of hydrocarbon atoms in the chain 

i. e. C�H2n+1. A simple conclusion from this equation is that for a homologous 

series, as n, increases by a single CH2 group, so the CMC will decrease by a factor 

of 10B. Looking at CMC values for a group of homologous series illustrates this 

pattern, see table A. 3. 
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Figure A. 7: Schematic showing the changes in various physico - chemical proper- 
ties for a surfactant solution as a funtion of concentration. The clear break point 
in the properties represents the Critical Micelle Concentration. 

I 

Figure A. 8: A schematic of a typical surfactant micelle formed in water 
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Surfactant [ CMC /mol dm-3 

Sodium Octylsulphate 1.33 x 10-1 
Sodium Decylsulphate 3.3 x 10-2 
Sodium Dodecylsulphate 8.3 x 10-3 
Sodium Tetradecylsulphate 2.1 x 10-3 

Dodecyltrimethylammonium Chloride 2.03 x 10-2 
Dodecyltrimethylammonium Bromide 1.56 x 10-2 

C8E5 9.2 x 10-3 
C1oE5 9.0 X 10-4 
C12E4 6.4 x 10-5 

C12E5 6.5 x 10-5 
C12E6 6.8 x 10-5 
C12E7 6.9 x 10-5 
C12E8 7.1 x 10-5 

Table A. 3: Critical Micelle Concentrations for a series of simple single chain 
ionic and non-ionic surfactants at 25°C, taken from "Surfactants and Polymers in 
Aqueous Solutions"1. 
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It can be seen that the CMC of the sodium alkyl sulphates decreases by a factor 

of about 4, as each extra alkyl C2H4 is inserted. A similar pattern is apparent for 

the non-ionic C. E5 homologous series. This can be easily explained by consid- 

ering the solubility of the surfactant. Increasing the chain length decreases the 

solubility of the surfactant, due to the increased hydrophobic presence, and the 

point at which micellisation becomes energetically favourable will occur at lower 

concentrations. In addition to chain length, features such as chain branching 

(increases the CMC due to the unfavourable packing), double bonds (increases 

the CMC because of the more water soluble unsaturated unit), aromatic groups 

(equivalent to adding 3.5 C atoms to the chain) or multiple chains (a greater 

hydrophobic portion results in a lower CMC) alter the CMC. 

The polar portion of the ionic surfactants or the non-ionic C12Em series tends to 

be less influential within a group. Cationic surfactants typically have a slightly 

higher CMC than the anionic equivalent. However changing the head group from 

a ionic to non-ionic moiety has a large influence on the CMC, with the CMC 

falling dramatically. This is because charged surfactants are more easily solvated 

than their non-ionic equivalents, and so there is a reduced driving force towards 

micellisation. Altering the counter ion has a minimal effect in the example in 

table A. 3, but increasing the extent of the charge results in a sharp decrease 

in the CMC. The reason for this is that when the charged surfactants micellise 

there will be the situation where these similarly charged head groups are brought 

into close proximity, which is of course unfavourable. The counter ions can re- 

duce this adverse affect, OG(HG), as they are drawn to the large oppositely 

charged aggregate. Subsequently more highly charged counter ions can have a 

more pronounced effect in reducing this repulsive effect. 
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A. 3.2 Surfactants in Solution. 

In the previous section the influence of structural features on the CMC is explored. 

A common environmental factor, temperature, is found to have little effect on the 

CMC. However, the temperature can be important in the global phase behaviour 

as can be illustrated by looking at the Krafft and Cloud points: 

" At low temperatures ionic surfactants have a limited solubility in water, 

regardless of concentration, and small amounts of surfactant exist in equi- 

librium with the solid crystalline phase. At a concentration above the CMC 

there is a temperature at which the solubility of the surfactant rises dran 

matically. This is the Krafft point, (TK). This arises because above the 

CMC, surfactant can be solvated by the water and/or aggregate into mi- 

celles, enabling a large amount of surfactant to be incorporated into the 

water phase. 

" Non-ionic surfactant solutions become visibly turbid if the temperature is 

increased. The point at which is happens is known as the cloud point. 

The reason for this turbidity is that the surfactants are forming more ex- 

tended aggregation structures which are capable of scattering light. These 

structures form because as the temperature is increased so the oxyethylene 

units have a lower water solubility, owing to reduced hydrogen bonding 

with water. The structures tend to phase separate leaving a dilute aque- 

ous surfactant solution and aggregate rich phase. For the polyoxyethylene, 

C�Em non-ionic surfactants the cloud point increases with m, as shown in 

table A. 4, as the hydrophilic units make the surfactant increasingly water 

soluble. Similarly increasing the length of the hydrophobic alkyl chain, n, 

will decrease the cloud point, although this is less influential cf. the ethoxy 

chain length. 
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Surfactant Cloud Point / °C 

C12E4 6 
C12E5 34 

C12E6 55 

C12E7 65 
C12E8 74 

Table A. 4: Cloud points for the homologous series of non-ionic surfactants 
C12Em1. 

Surfactants do not only form simple spherical micelles when the CMC is exceeded. 

Variables such as the concentration, and the molecular geometry of the surfac- 

tant chain, can lead to an array of structures in solution. At high surfactant 

concentrations, typically above 40 wt%, surfactants will form ordered lyotropic 

mesophase structures. At such high concentrations the aggregation structures 

formed in surfactant solutions will find themselves in increasing proximity with 

each other in the solution and subsequently will experience repulsive interactions, 

be it electrostatic or due to hydration. The form of the aggregates is altered to 

reduce this effect and new ordered structures form in the solution. This ordering 

of the surfactants gives the solution a crystalline nature and these solutions are 

known as liquid crystals. There are three principal structures which could form: 

. Long cylindrical micelles which pack in a hexagonal fashion produce a hexag- 

onal phase. The cylinders may have the hydrophilic moiety on the surface 

of the micelle, in which case the structure is referred to as normal, or H1. If 

the surfactant molecules are inverted then the structure is denoted H2. In 

the latter case the hydrophobic groups enable the cylinders to pack more 

closely together. 

9A lamellar phase, L, consists of sheets of surfactant bilayers stacked on 

top of each other. The bilayers can be of varying flexibility 
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" The cubic phase, for which different types and structures are known. Mi- 

cellar cubic phases are simply regularly packed simple micelles. As with 

hexagonal phases these can involve the surfactants being orientated with 

the hydrophilic group on the exterior, Il or the interior, 12. There are also 

bicontinuous cubic phases which can also adopt the normal, V1, or inverted, 

V2, structure. These phases consist of extended aggregates which consist of 

rods and/or bilayers which combine to create a three dimensional network 

of surfactant structures. 

When surfactants aggregate there are structural factors that will dictate the form 

taken. These are fairly logical and consist of: 

9 The area of the headgroup at the interface, aHG. Features such as hydration 

and electrostatic interactions affect this. 

. The volume of the hydrophobic tail, VHT. The usual hydrophobic tail prop- 

erties such as branching, unsaturation, number of tail groups and also the 

interaction between chains are influential features here. 

" The length of said tail, 1HT§ 

For spherical micelles to form there will be obvious structural constraints. For 

example there will be an optimum number of tails that can pack within a micelle, 

and similarly there will be a number of head groups that can be present on the 

surface. Logically the micelle radius, rmic will not be able to exceed the length 

of the hydrocarbon chain! Mathematically we can draw these factors together 

by considering the aggregation number, N, which is the number of surfactant 

molecules present in a micelle. In terms of volume the aggregation number can 

be calculated as the volume of the micelle, v,, iic divided by the volume of a single 

hydrocarbon chain: 
§These three parameters are commonly, but not exclusively denoted as a;, v and lc 
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43 
N3 , rmic (A. 8) 

VHT VHT 

However the aggregation number can also be considered in terms of the surface 

area of the micelle, Amis in which case: 

a ni, 47rr2 N_= mit (A. 9) 
aHG aHG 

As there is the common feature in both equation AS and A. 9 they can be sim- 

plified to: 

V HT 1 
(A. 10) 

aHCrmic 3 

As it is fairly logical that lHT < rmic then we end up with a limiting case for 

spherical micelle formation whereby: 

VHT 1 
(A. 11) 

aHGIHT 3 

Such a formula can be applied to more general situations and the ratio is referred 

to as the critical packing parameter, P,: 

V HT (A. 12) Pc 
aHGIHT 

How different surfactant morphologies can alter the structure of the aggregate is 

illustrated in table A. 5. 

A. 4 Colloids 

A colloid is a dispersion of small particles, ranging from 1 nm to 1 µm. Colloidal 

systems can be named according to the phases involved as shown in table A. 6. 

The most important dispersion related to this project is the liquid-liquid disper- 
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P, Type of Surfactant Typical Structure 

< 0.33 Surfactants with large head groups Spherical or elliptical mi- 
and a single alkyl chain celles 

0.33-0.5 Single chained surfactants with a Cylindrical and rod like mi- 
small head group. Ionic surfactants celles 
when large amounts of electrolyte 
are present 

0.5-1.0 Surfactants with large head groups Flexible bilayer structures 
and two flexible hydrophobic chains (as opposed to below) and 

vesicles 
1.0 Di-chain surfactants with small Flat bilayers 

head groups and inflexible chains 

> 1.0 Di-chain surfactants with small Reverse or inverted micelles 
head groups. The hydrophobic 
groups are large and bulky 

Table A. 5: Limiting values of packing parameters, and associated structures. 

sion, the emulsion. 

Reconsidering equation A. 2, then if two immiscible liquids are brought into con- 

tact the most energetically satisfactory situation is when there is minimal surface 

area between the two liquids. This can be arrested by reducing the surface ten- 

sion, which can be achieved by using a surface active species. Typically when 

Dispersing Dispersed phase 
Medium Gas Liquid Solid 

Gas 
None: all gases Liquid aerosol Solid aerosol 

are soluble e. g. fog, mist e. g. smoke, dust 

Liquid 
Foam e. g. Emulsion e. g. Sol e. g. ink, 

whipped cream beauty creams muddy water 

Solid 
Solid foam e. g. Gel e. g. jelly Solid sol e. g . 1 

pumice, styrofoam 
1 

cheese alloys 

Table A. 6: Classification of colloids. 
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creating emulsions the two liquids are shaken vigorously to mix up the molecules 

as much as possible. However unless there is a surface active species present, to 

reduce the interfacial tension, then the dispersed liquids will phase separate back 

to the initial situation. There are two principle methods for phase separation 

which surfactants can prevent: 

9 Coalescence, which occurs when two dispersed droplets come into contact. 

" Ostwald ripening takes place when different sized droplets are in proximity. 

Coalescence is simply a case of the droplets moving through the dispersing medium 

and coming into contact. At this point the nature of any interfacial stabilising 

agent can restrict the two droplets merging together. Ostwald ripening is a more 

subtle process and is determined by the size of the droplets. When liquids are 

contained within curved surfaces, the partial pressure within that spherical drop 

increases. Therefore the smaller the drop the larger the internal pressure as de- 

termined by Laplace. This increases the solubility of the liquid in the dispersant, 

which has been identified as the most important factor in Ostwald ripening by the 

Lifshitz - Slyozov - Wagner model (LSW)6'7. This results in previously insoluble 

liquid molecules being able to dissolve in the dispersant, and transfer to larger 

oil droplets where the relative solubility of the dispersed liquid will be lower. 
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Appendix B 

Phase Behaviour 

"A mathematician may say anything he pleases, but a physicist must be at 

least partially sane. " 

Josiah Willard Gibb 

Phase behaviour studies are an essential first stage to detailed physico - chemical 

investigations of any new systems. It is important to map the regions of phase 

stability, and determine the location, and nature, of phase instability boundaries, 

as well as establish the dominant compositions of regions of phase co-existence. 

Results from such a study can be mapped in a phase diagram, which is a pictorial 

representation of the behaviour of a system under varying conditions. When 

exploring uncharted phase maps the primary concern is that they should obey 

the celebrated phase rule. 

B. 1 The Phase Rule 

The phase rule, established by Josiah Willard Gibbs in 1876, states that the 

number of independent variables in a system, F*, is related to the number of 
'Denoted F because the variables are also known as degrees of Freedom. 
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different chemically distinct components present, C, and the number of phases 

distinguishable, P, by the following expression: 

F=2+C-P (B. 1ý 

So what does this mean practically? A phase is a state of matter that is physically 

and chemically uniform. This means that a solid, such as ice is a single phase, 

liquid water is a single phase, and a mixture of the two is biphasic. It should 

be noted that chemical systems such as solutions also fall under this description. 

The components must be independent chemical species present in the system. 

This definition carefully differentiates components from constituents, which are 

chemical species present in the system, as components will invariably be composed 

of constituents. This is perhaps better explained by considering an example. An 

aqueous solution of an ionic surfactant such as Sodium Dodecylsulphate (SDS) 

can be described by the following formula: 

H20(i) + NaC12H25SO4 (e) -- H20(1) + Naaq) + C12H25SOq 
(av) (B. 2) 

Assuming complete dissociation then there are three constituents in this system, 

water and the counter ions from the surfactant. However in terms of chemi- 

cal components there are merely two independent species which can be used to 

completely describe the system, water and SDS, owing to the 1: 1 stoichiometry 

of the ionic surfactant. Counter ions which are present in a system due to the 

dissociation of a species are not considered independent chemical species. 

B. 2 Phase Diagrams -A One Component System 

The degrees of freedom of a system are the independent variables that can be 

adjusted without altering the' system overall. For a monophasic, single compo- 
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nent, system one can solve the phase rule (F=2+1-1) to reveal two degrees of 

freedom. It is possible to alter either the temperature or the pressure of the sys- 

tem without changing the number of phases present. This suggests that there is 

an area in which the system remains unchanged. The extent of this area will not 

be infinite otherwise there would be no phase changes. It is common knowledge 

that it is possible to boil water, converting it from a liquid to a gas, by raising the 

temperature to 100°C, at a pressure of 1 atmosphere. At this point liquid water 

is in equilibrium with gaseous water, ie there are two phases. The phase rule for 

this situation (F=2+1-2) indicates that there is one degree of freedom. Just as 2 

degrees of freedom lead to a2 dimensional area so one degree of freedom leads to 

a one dimensional line between the two phases. This degree of freedom is a con- 

current change in temperature and pressure, and is described by the Clapeyron 

equation: 

dpOS 
dT AV 

(B. 3) 

The areas and lines where a component is either monophasic or in equilibrium can 

be depicted graphically in a phase diagram, such as fig B. 1. Other important 

features worth mentioning are: 

" There is a situation where all three phases (gas, liquid and solid) are in 

equilibrium. The phase rule decrees that there will be no degrees of freedom 

at this point (F=2+1-3) and so this situation is represented by a single 

point, known as Triple Point which occurs at a single temperature and 

pressure (T3 and p3 respectively). 

. The temperature and pressure have been identified as the important vari- 

ables on the phase diagram, as illustrated by the Clapeyron equation earlier 

(equ B. 3). However, the effect of these variables is contradictory. If the 

pressure exerted on a gaseous system in a sealed container is increased, the 
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vapour is compressed and the density subsequently increases. On the other 

hand, raising the temperature of a liquid weakens intermolecular forces and 

decreases the liquid density. There is a Critical Point, at which the den- 

sity of the liquid and gaseous phases becomes equal, and the two phases 

become indistinguishable. After this point there is no discernable phase 

transition and so the phase boundary ends. The critical point occurs at a 

critical temperature (Ta) and critical pressure (p, ). 

" The gradient for the phase boundaries is usually positive. This is logical 

from the Clapeyron equation (equ B. 3), because for a solid to liquid, liquid 

to gas, or solid to gas transition AV and AS are both positive. However 

water is a notable exception, see fig. B. 2. The solid, Ice I t, to liquid 

phase transition has a negative gradient. Typically for water this anomalous 

behaviour arises from the hydrogen bonding phenomenon. In Ice I the 

hydrogen bonds not only hold together the water molecules in the solid 

lattice, but in doing so they also hold the water molecules apart. Upon 

melting the structure collapses into a typically more disordered liquid. 

B. 3 Binary Systems 

The phase rule for a two component system can be solved to reveal that there are 

three (F=2+2-1) variables that must be accounted for. As before temperature 

and pressure must be considered, and the third is a compositional quantity for 

one of the components. Using the mole fraction scale to define compositions of 

mixtures with C components , requires that only C-1 mole fractions be known 

since: 
tThere are several reported forms of solid water, Ice I, II etc. up to Ice XIII. Each of these 

phases demonstrates slightly different packing which is generally pressure dependant. However 
there is no Ice IV on the phase diagram. It was reported, but subsequently believed to be an 
illusion, or transient state which is not thermodynamically stable! More recent reports have 
indicated a similar Ice XII. 
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Figure B. 1: A typical phase diagram for a single component system. 
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Figure B. 2: The temperature - pressure phase diagram for H2O illustrating the 

negative gradient for the water Ice 1 boundary and the varied forms of solid water. 
Inset displays how the phase diagram for water might look if hydrogen bonding 

was not present. Adapted from www. lsbu. ac. uk/water/phase. html 
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Ex, (B. 4) 
c 

Subsequently for a2 component system the amount of the second component is 

determined by the amount of the first. To consider all three variables would result 

in a triangular phase diagram, and subsequently the situation is usually simplified 

by considering the phase behaviour at either constant temperature or pressure. 

In this case there are only two variables, and the phase diagram becomes two 

dimensional, as for a single component system. Varying the temperature, and 

fixing the pressure (one atmosphere), is fairly straightforward so this situation 

is commonly studied and normally presented on temperature-composition 

phase diagrams. Such plots are also more useful for liquid systems such as 

colloids, due to the fact that altering pressure has a lesser effect on condensed 

phases rather than gaseous systems. The form of the phase diagram will depend 

on the chemical nature and interactions between two components in the system. 

Diagrams for miscible liquids consist of three regions, the solution of the two 

liquids, an area where this liquid exist in equilibrium with a significant vapour 

phase, and a single mixed gas phase. Such portrayals are useful when investigating 

distillation as the middle region presents information regarding the composition 

of the vapour obtained from the mixture. However, more pertinent to this thesis 

are phase diagrams for partially miscible liquids, and liquids with an incorporated 

solid phase. 

B. 3.1 Liquid-Liquid Phase Diagrams 

Phase diagrams for two partially miscible liquids, A and B, are more complex 

than the diagram for two completely miscible liquids. In addition to the three 

phases, there are extra features in the biliquid region, representing when the two 

liquids have phase separated see fig B. 3. 'If a tiny amount of A is added to B 
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(see fig B. 3, point a) then it will dissolve fully. However as more of A is added it 

will approach the solubility limit for A in liquid B (point b). At this point there 

will now be two phases present, and so there is a phase boundary to denote this 

change in the system. The two phases are: 

"A phase rich in liquid B, with an amount of liquid A corresponding to the 

solubility limit. This solution will be referred to as liquid a 

. The opposite situation, where the phase is rich in A with dissolved B. This 

solution can similarly be referred to as liquid 3 

As the amount of A is raised there will be a point at which the solubility limit for 

B in A is reached (d), at which point the biphasic system collapses to a simple, 

single phase system of B dissolved in A (e). 

When the two phases are in equilibrium with one another, as at the points c 

and I in fig B. 3, then it is possible to ascertain the composition of each phase by 

means of a Tie-Line, a horizontal, and therefore isothermal, line that connects 

two phase boundaries, and the Lever Rule (see the lines stu or bcd in fig B. 3): 

n«l« = n, alß (B. 5) 

where na and n, 3 are the fractional volumes of the two phases, a and , 
ß, which are 

present in the system. la and lp are the distances along the tie-line from the point 

on the phase diagram to the two phase boundaries. If one takes a point on the 

tie-line, such as c in fig B. 3, then at this temperature the two phases which form 

will have compositions related to where the tie-line meets the phase boundary, at 

b and d. The proportion of the two phases present is a ratio of the distance of 

each phase boundary from the point on the tie-line, that is l,, and 1ß. Taking a 

more extreme example, if one examines the system at a point only just inside the 

biphasic region, such as point t, then the ratio of the two distances will be almost 
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Figure B. 3: A phase diagram for a mixture of two partially miscible liquids. The 
blue line a-e demonstrates the change in behaviour of the system as the second 
liquid is added to the first in increasing amounts, as discussed in the text. Also 
illustrated is a tie line (red) demonstrating the proportion of each chemical in 

each phase as determined by the Lever Rule. 

infinite, and so the system will consist almost entirely of the liquid A rich phase /3. 

Frequently, when such a biliquid system is heated, the solubility of the two liquids 

in each other will increase, until they are completely miscible. This highest 

point at which phase separation can occur is called the upper critical solution 

temperature, Tti,,. It can be distinguished on the phase diagram by detecting the 

highest temperature where the 2 phase system is in equilibrium with the fully 

miscible system. This represents the temperature at which the thermal motion 

of the molecules overcomes the intermolecular forces driving phase separation. 

However, intriguingly, it is possible for biliquid mixtures to exhibit a lower critical 

solution temperature, T1, instead. In this case, prior to this temperature, the 

liquids are fully miscible, and above T1 the system separates. This seemingly odd 

situation arises because at lower temperatures the two molecules may be able to 
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weakly complex, and raising the temperature of the system disrupts these weak 

complexes. A particularly interesting mixture is that of water and nicotine which 

displays both a T1, (61°C) and a The (210°C)! 

B. 3.2 Liquid-Solid Phase Diagrams 

The form of these phase diagrams will depend on the solubility of the solid in 

the liquid. Figure B. 4 presents a standard example for two miscible liquids. The 

diagram consists of a liquid phase where the solid is fully dissolved within the 

liquid. Other regions in this simple scenario are: 

9 Phases where one of the component has precipitated out of solution, and 

so the liquid is in equilibrium with a solid. 

"A solid phase which is a mixture of the two frozen components. 

It is possible to draw an concentration isopleth from point a to point d to il- 

lustrate the behaviour of these systems. Reducing the temperature of the liquid 

from point a (see fig B. 4) will inevitably result in a situation where at least one 

of the liquids will solidify. At point b liquid B precipitates out of solution. Cool- 

ing further and examining the solution at point c", by drawing a tie-line, reveals 

that the liquid contains solid B (c") in equilibrium with a solution that is, un- 

surprisingly, richer in A (c). As before the Lever Rule can be used to determine 

the proportions of each phase present. Eventually at point da bisolid region is 

encountered. 

Another important feature of these phase diagrams is point e. This is the lowest 

temperature at which the liquid exists and, when heating the mixed solid, this 

will be the composition of the liquid initially generated, regardless of the com- 

position of the solid. This is known as the eutectic composition, x,, and the 
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Figure B. 4: A typical phase diagram for a liquid-solid system. The isopleth 
demonstrates the alterations on the system as the temperature is reduced. 

temperature is the eutectic temperature, Teu. 

Solutions of surfactants, such as Sodium Dodecylsulphate (SDS), contain stan- 

dard features of the liquid-solid phase diagram. However, due to the myriad of 

potential aggregation structures that surfactants are capable of forming, which 

are discussed in Appendix A, the phase diagrams are significantly more compli- 

cated, as can be seen in fig 3.2, on page 69, in Chapter 3. 

B. 4 Ternary Systems 

Unsurprisingly, systems with three different components will have four possible 

variables (F=2+3-1). In order to partially simplify this increasingly complex sit- 

uation, temperature and pressure are typically fixed and the effect of varying the 

different compositions can then be studied on a triangular phase diagram. In 

common with the two component system the sum of the mole fractions of the 

components will be unity. 
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Figure B. 5: A conventional three component phase diagram. The dotted lines 
illustrate how the whereabouts of a mixture with a definite composition can be 

established. 

Extracting information from a trigonal graph might at first glance appear to be 

significantly more difficult than interpreting the more familiar two axis represen- 

tation. However, as fig. B. 5 demonstrates, the graph simply requires the addition 

of lines from any point on the graph which will incident with the axes with an 

angle of 60°. The lines should also be parallel with the neighbouring axis that 

co-incides at the origin as in the example. 

Temperature, or pressure, can be considered by generating a three dimensional 

triangular prism as in fig. B. 6. In such a structure the surface, and any horizontal 

slices through the structure, will be a two component phase diagram as the slice 

will represent a constant composition for one of the components. In the three 

dimensional plot the phase boundaries within the structure will be represented 
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Figure B. 6: Trigonal prismatic phase diagrams for ternary systems under variable 
temperature. 

by surfaces not just lines. 

It is possible to simplify a three component phase diagram further. By maintain- 

ing constant composition for two of the components, A and B, then there is only 

one remaining variable, the composition of the third component, C. Such simpli- 

fication allows one to establish what effect each component has on the nature of 

the system, a technique which is exploited in this thesis. 

B. 5 Quaternary Systems 

Systems consisting of four chemical components will have a total of five variables 

(F=2+4-1). As in the previous case the system can be investigated at constant 

temperature and pressure. However, even removing these two variables results in 

a trigonal based pyramid, as illustrated in fig B. 7, which is a difficult to interpret 

three dimensional structure. Further simplification can be achieved by maintain- 

ing fixed proportions of two of the components, which reduces the representation 

down to a triangular phase diagram as discussed in the previous section. Such a 
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Figure B. 7: The structure of a four component phase diagram recorded at con- 
stant temperature and pressure. The slice through the pyramid represents a 
trigonal phase diagram where the proportion of two of the components has been 
held constant. 

ternary diagram represents a slice through this pyramid, in much the same way as 

the triangular plot for the three component system is a slice from the temperature 

dependance trigonal prism, and can be interpreted in the same fashion. 

B. 6 Conclusions 

This appendix presents some basic features of phase diagrams, and also illustrates 

how complex multivariable systems can be reduced to more manageable portions 

by fixing some of the less significant variables, ie by removing degrees of freedom. 

This technique has employed during the course of this thesis to highlight the 

influence of individual components in the complex four component system that 

has been studied. 
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Appendix C 

Introduction to Small-Angle 
Neutron Scattering 

"I want to see when the sun hits the sky. " 

Supergrass 

A beam of sunlight passing through a window into the laboratory will reveal tiny 

specks of light dancing about in the air. Such a phenomenon is commonly re- 

ferred to as the Tyndall Effect and is an everyday example of the interaction 

between waves, in this case the light, and particles, in this instance airborne dust 

scintillas. Just as the light is able to reveal the dust present in one's environment, 

so controlling such a phenomenon under experimental conditions can prove useful 

in revealing details about particles invisible to the naked eye. 

C. 1 Light Scattering 

Light consists of electromagnetic (EM) waves*. These waves will generally travel 

in a straight line unless there is an obstruction. If the light impinges on a particle 

then a possible scenario is that the electrons in the particle will be perturbed, the 

nature of which will be related to the frequency of the light. This perturbation 
`Wave particle duality means that light can be described in terms of particles or waves. 
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will be manifest by electromagnetic radiation travelling away from the particle in 

a different direction from that of the incident light, in effect the light has been 

scatteredt. This interaction is elastic, because the wave experiences no change in 

energy. 

There are three common examples of utilising light scattering to determine the 

particle size: 

" If the particles being studied have a radius, r, which is significantly less 

than the wavelength, A, of the incident radiation (typically the constraint 

is that r< 20 
) then it is referred to as Rayleigh Scattering. As the 

wavelength of light can vary from 420 to 700 nm then this proves useful for 

studying particles where the radius is between about 20 to 35 nm. 

" Larger, particles fall outside the Rayleigh scattering regime as the scattering 

show deviations from the earlier case. However it is possible to modify the 

above theory by means of a correction factor which will be briefly addressed 

in the next section. This is known as Rayleigh - Gans - Debye (RGD) 

theory. 

" Mie Theory allows scattered light to give information about much larger 

particles. Mie theory involves a complex dependency on the angle of scat- 

tering from the particle, 0, which is generally only explicable for systems 

containing spherical particles. Despite the complexity it is possible to com- 

pute theoretical scattering data for a range of sizes and comparison with 

the sample data leads to an interpretation of the results. Computational 

software capable of performing such calculations is typically part and parcel 
tIn effect the incident light is absorbed and then re-radiated as scattered light, but such 

terminology is avoided to prevent confusion with absorption and emission phenomena where 
electrons are excited to higher quantum levels. In this case the electrons are only perturbed. 

The size criterion is that " n'" R 
. ̂: 1. The terminology will be covered shortly when 

looking at Rayleigh scattering. 
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of modern scattering instrumentation such as the Malvern Mastersizer used 
briefly during the course of this project. 

A universal constraint for light scattering is that as samples become increasingly 

concentrated, so scattered light can itself be multiple scattered by other parti- 

cles before being detected. Multiple scattering makes results difficult to interpret 

within our current understanding. This limits light scattering to dilute samples, 

which are preferably thin to further reduce the potential for multiple scattering 

events. Furthermore samples must be kept free of dust particles, such as dust, 

which can also interact with the incident light (as described in the opening para- 

graph of this appendix) and lead to misinterpretation of results. 

Studying Rayleigh scattering gives an insight into some of the important factors 

involved in light scattering. The oscillating dipole induced by the incident radia- 

tion can be viewed from different directions, as is illustrated in fig C. 1. The x axis 

corresponds to the direction of the incident light, which has an initial intensity I. 

The donuts represent the spatial distribution of this oscillating dipole if observed 

from two directions. The simpler case is to consider the light observed in the 

plane which is perpendicular to the horizontal x-y plane. The reason for this is 

that in the horizontal plane the light has no angular dependence, as illustrated. 

If one imagines that there is a detector at a distance r from the particle then it 

is known that the intensity, I, of the scattered light at this distance is related to 

the distance, the polarisability of the particle, a, and the intensity of the incident 

light as shown: 

I_ 167r4 c2 (IO)v 

r2A4 

C47reo) 
(C. 1) 

The v subscript emphasises that the light is vertically polarised. co is the per- 

mittivity of a vacuum. This expression can be simplified since the polarisability 
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Figure C. 1: The oscillating dipoles caused by light colliding with a particle. a) 
represents the vertical polarisation, while b) shows the horizontal polarisation 
caused by the light. 

of a particle can be considered as follows: 

VP (C. 2) (a = 3EO n2 
n2 +1 2/ 

vp is the volume of the particle and n represents the relative refractive index§ 

which is a ratio of the refractive indices of the particle, ni,, and the medium the 

particle is immersed within, n�,, thus: 22- 
. 

Combining equ. C. 1 and equ. C. 2 
n, n 

results in: 

I 9ir2v n_ -1 
22 

Clot �- r2»4 \n2 + 2/ 
(C. 3) 

This expression can be further simplified, and in doing so expressed in terms of 

the desired quantity, the radius of the particle, R. This involves recalling that the 

volume can be considered in terms of the radius thus: Vp = 37C 
R3. 

CI 
16ir4R6 n2 -1 

2 
Io 

1v= 

r2A4 

(n2 
+ 2) 

(C. 4) 

The polarisation of the light in the horizontal, x-y, plane is the same, with the 

The refractive index of a material is determined by the expression n=- where c� is the 

speed of light in a vacuum (3 x 108m s-) and c�. is the speed of light in the medium. As light 
is always faster in a vacuum then n> 1. 
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exception that in this case there is also the angular dependence to consider. 

I_ 16ir4R6 n2 -1 
2 CIo)h 

r2 4 
(n2+2) 

costa (C. 5) 

If the incident light is unpolarised then the incident light will be scattered equally 

in both directions, and so effectively halved in any one direction. Taking this into 

account it is possible to combine the horizontal and vertical components to get the 

total light scattered in the horizontal plane, as displayed in fig. C. 2 and described 

by equation C. 6. The total scattering (iii) reflects the influence of the scattering 

angle 0 on the horizontal component (ii). When the light is scattered forwards 

or backwards (0° or 180°) then both portions of the scattered light contribute 

and the intensity of the light is greatest. However if the scattering angle is 90° 

then there is no horizontal contribution (cos' 0= 0) and the light is vertically 

polarised. 

(11 87C4R6 ? l2 -12 

I0 r2 \4 
(n2 

-ý 2) 
(1 -#" cos 2 B) (C. 6) 

The part of the equation in square brackets is often referred to as the Rayleigh 

ratio, RB, to simplify the equation. While this formula describes the scattering for 

a single particle, to consider the scattering from a solution of particles the con- 

centration, c, of the system must be added giving the final equation for Rayleigh 

scattering as: 

(I) = 
Roc (C. 7) 

This equation leads to the conclusion that performing a light scattering experi- 

ment can determine the radius of particles in the solution, or if the particles are 

not spherical then at least the volume (vp) can be established. It also indicates 

that low wavelength light will be scattered more strongly, which explains the blue 

colour when the sun hits the sky (when visible). Strong scattering is also favoured 
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Figure C. 2: The total scattering in the horizontal plane (iii) and how the com- 
ponents in the horizontal (ii) and vertical (i) contribute to the overall scattering. 
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Figure C. 3: A scattering event. 

by a large difference in the refractive indices, to the extent that if the refractive 

indices are identical then no scattering will occur. The refractive index difference 

provides the contrast for the experiment. 

C. 2 The Scattering Vector 

Thus far the emphasis has been on scattering light. However anything with 

wave like properties is capable of behaving in such a way that it gets scattered. 

Figure C. 3 illustrates a generic scattering situation. The extent of the scattering 
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can be considered in terms of a Scattering Vector, Q. It can be seen that Q 

will be related to the vectors of the incident wave (ki) and the scattered wave 
(k, ), which as the collision is elastic will both have the same magnitude: 

lkiI = Ik, 1 = 
2ýn 

(C. 8) 

where n is the refractive index of the medium, in the case of neutrons n 1, and 

A is the wavelength. The relation between Q and the wave vectors is: 

Q= ke - k= (C. 9) 

and the magnitude can be determined trigonometrically: 

41r 9\ 
(C. 10) IQ I= Q=T sin 2 

() 

where 0 is the scattering angle. A conclusion from the above equation is that 

values of the scattering vector will be expressed in terms of reciprocal length, and 

typically Ä-1 are used. Incorporating Bragg's Law of Diffraction: 

A= 2dsin 
(2) 

(C. 11) 

results in an equation which connects Q to d: 

21r 
d= Q (C. 12) 

In this case d is not the separation between atoms in a crystal but a molecular 

level length scale over which the wave will be able to detect structure. The Q- 

ranges for the common forms of radiation are summarised in table C. 1. 

The relevance of the scattering vector in the analysis of results can be demon- 

strated by returning briefly to light scattering. Earlier it was mentioned that par- 
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Radiation Determination A range (nm) Q range (nm-1) d 

Light 
= A 434 - 768 0.05 - 10-4 0.1 - 60 µm 

X-Rays 
c V 

Neutrons v= m 
an 

0.1- 10 0.002- 10 1- 3000 nm 

Table C. 1: Typical Q ranges and length scales over which different forms of 
radiation can prove useful in scattering experiments. 

titles which deviate from Rayleigh scattering can be described by the Rayleigh 

- Gans - Debye (RGD) theory (applicable when n ý'")R « 1), This involves 

treating the Rayleigh scattering with a correction factor thus: 

IRGD = IRP(O) (C. 13) 

IRCD and IR represent the intensity of the Rayleigh - Gans - Debye, and Rayleigh 

scattering. P(O) is the correction factor which represents a series expansion: 

P(O) = 1- 
(Q )2 

+... (C. 14) 

where Rc is the radius of gyration. P(O) is also referred to as the form fac- 

tor and is related to the shape of the scattering object. This theory arose from 

the observation that as the particle size increased, or the shape deviated from a 

sphere, then the scattering was distorted from the symmetrical situation, with 

increased scattering in the direction of the incident radiation. A standard tech- 

nique for indicating the deviation from Rayleigh scattering is to record the ratio 

of scattering intensities at 0= 45° (145) and 0= 135° V135)" If the ratio is greater 

than one then the Rayleigh theory is no longer sufficient for such a system. 
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C. 3 The Importance of Using Neutrons 

For the study of colloidal samples the wavelengths offered by x-rays and neutrons 

are clearly the most useful, as the size of structures present will often be on this 

lengthscale (see table C. 1). In this case why use neutrons, which are more difficult 

to generate than x-rays? The nature of the scattering in both instances is worth 

considering to answer this conundrum. X-rays are scattering by electrons and so 

samples will experience intense scattering when there are atoms containing large 

numbers of electrons. As the colloidal samples studied in this thesis consist of 

components containing mainly H and C there will be little significant scattering 

from any of the components in such samples, and so there is little contrast between 

different components in the sample. This can be understood by comparing with 

light scattering, where the refractive index difference allows features in a sample 

to be discerned, and the larger the difference the more intense the scattering. 

If the refractive index difference is minimal then the feature becomes effectively 

invisible. An elegant example of such a phenomenon is adding baby oil to a 

container of glass beads. The refractive indices are the same and so the beads 

appear.. . 

ý (4 

; 

Act 
a 

Figure C. 4: It's Magic: As a particular baby oil has an identical refractive index to 
the glass beads there is no contrast between the glass beads and the surrounding 
medium and so they effectively disappear as it is added (as we move from a to 
b). 

... to disappear (see fig C. 4)! Neutrons on the other hand are scattered by the 
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nucleus of an atom. The extent of this scattering is dependent on a parameter, 

bi, known as the coherent neutron scattering length of a nucleus. As illustrated 

in table C. 2, bi varies randomly from nucleus to nucleus, in sharp contrast to X- 

ray scattering lengths which are related to the atomic number (ie the number of 

electrons present). A significant comparison is that of hydrogen and the isotope 

deuterium, which vary dramatically in the eyes of the neutrons. This dramatic 

difference in the two isotopes means that selective deuteration can be exploited 

to allow the highlighting of different components within the otherwise complex 

system, a technique known as contrast matching. This can be illustrated by 

considering the Scattering Length Density (SLD), p, of a hydrogenated oil 

and the fully deuterated equivalent; some examples can be seen in table C. 3. The 

scattering length density is analogous to the refractive index in light scattering, 

in that it is the scattering length for the bulk component. It is calculated using 

the following equation: 

p=E bz 
5NA (C. 15) 
M i 

where ö is the bulk density of the molecule (g cm'3), M is the molecular weight 

(g mol-1) and NA is Avogadro's number, 6.022 x 1023 mol-1. A SLD calculation 

is demonstrated below for dodecane, C12H26: 

Ei b2=(12x0.665x10-12)+(26x-0.374x10-12)=-1.744x 1012 cm 
0.745x6.022x1023 x -(1.744 x 10-12) = -0.460 x 1010 cm 2 

"'p= 170 

C. 4 The Experiment 

The general technique of neutron scattering is that neutrons are generated exter- 

nally, guided to the sample, scattered, and then detected. There are two main 

methods for generating neutrons, both of which will be considered here. The 
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Nucleus b; (10-12 cm) 
lH -0.374 
2H or 2D 0.667 
12C 0.665 

160 0.581 
23Na 0.363 
32S 0.280 
79Br 0.680 

Table C. 2: Scattering length values for common isotopes at 25°C. Data taken 
from www. ncnr. nist. gov/resources/n-lengths/ 

Compound p (1010 cm-2) 
Water H2O -0.56 
Deuterium oxide D20 6.40 
Dodecane C12H26 -0.46 
d-Dodecane C12D26 5.80 
SDS 0.53 
d-SDS 6.43 
C12E4 0.08 

Table C. 3: Scattering length density values for compounds used in this thesis at 
25°C. 
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Neutron Scattering experiments have been carried out on the LOQ diffractome- 

ter at ISISI near Didcot and on D22/D11 at the ILL (Institute Laue Langevin) 

in Grenoble. 

C. 4.1 Neutron Generation 

ISIS is a spallation source of neutrons while the ILL utilizes neutrons generated by 

nuclear fission in a nuclear reactor. Spallation (see fig. C. 5) begins with gaseous 

hydrogen and caesium in an ion source. The hydrogen is struck with an elec- 

tron beam (50 Amps) to create a plasma, in which hydrogen atoms are able to 

remove electrons from the caesium to create H- ions. These are extracted from 

the ion source and directed down a LINear ACcelerator, or linac, which, as the 

name suggests, increases the velocity of the ions. At the end of the linac the 

electrons are stripped from the ions by an aluminium foil, leaving protons which 

pass into a synchrotron ring. The protons pass around this ring until they reach 

sufficient energy to be useful for spallation (although the protons can be stored 

in the synchrotron until they are required). The protons are unleashed in pulses 

and travel down a beam line which leads to the target station. The target station 

contains a block of a heavy metal, the target, such as U, Ta or W (ISIS often 

employs Ta), which gets bombarded by the proton beam. The impact of the pro- 

tons knocks neutrons out of the metal atoms (spallation), while other neutrons 

get released when the excited nuclei relax (known as evaporation, or boiling out). 

The number of neutrons produced per impacting proton depends on the nature 
lInterestingly "ISIS is not an acronym. The name was decided for the opening of the neutron 

source in 1984 by the then Prime Minister, Margaret Thatcher. Prior to this it had been known 
as SNS, or Spallation Neutron Source. 

The reasoning behind the choice of name is provided inside the front cover of the 1985/1986 
Annual Report: 

"ISIS was the principal goddess of ancient Egypt. She had power transcending that of all 
other deities and was able to bring the dead back to life. ISIS has been considered by many 
to be the symbol of renewal of life. Most notable, perhaps, was the revitalising of her lover 
who needed reassembly after battle. This is then a particularly appropriate name for the new 
neutron source lying near the River Isis or Thames, since the source has inherited a large 
amount of equipment from previous accelerators in the UK (Nimrod and Nina)"" 

Taken from the ISIS website: http: //www. isis. rl. ac. uk/aboutIsis/whatisISIS. htm. 
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of the target, but is usually in the region of 20-30 (the Ta target at ISIS produces 

25 per impact). However these neutrons are not immediately suitable for scat- 

tering experiments as they leave the metal nucleus with a range of high energies. 

The neutrons require slowing, or moderation, because techniques such as SANS 

require slower, long wavelength, neutrons to probe the lengthscales of interest. 

The speed of the neutron is an important consideration because it is related to 

the wavelength of the neutron by the de Broglie relationship: 

h 

my (C. 16) 

where h is Planck's constant (6.636 x10-34Js-1), m is the mass of the neutron 

(1.65 x 10-27kg or 1.0087 atomic mass units) and v the velocity. Moderation 

occurs by passing the neutrons through liquid hydrogen, or water, where the 

neutrons inelastically collide with molecules, and so lose energy. Once "cooled" 

the neutrons need to be transported to the experiment site (between ten and 

one hundred metres away from the moderator). This is achieved by means of a 

neutron guide, a pipe which is evacuated, and specially lined with a fine film of 

Ni (this is a totally reflective surface when impacted at small angles). At ISIS the 

neutrons generated are applied to the sample by means of the "LoQ time-of-flight 

small angle diffractometer" in figure C. 5. The neutrons are treated by: 

9 Passing through several apertures. These work in combination with.. . 

9 The collimator. The combination of these two shape and focus the neutrons 

into a well defined beam. 

"A chopper is a simple device that rotates and cuts the beam of neutrons 

periodically. As the neutrons generated have a variety of velocities then it 

could be possible for the faster neutrons from a later pulse to catch up with 

the slower ones from a previous pulse. 
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Figure C. 5: A typical method for generating neutrons by spallation, as imple- 

mented at the ISIS institution. A schematic of the time of flight instrument at 
ISIS known as LoQ because of it's potential to probe low Q values. 

The neutrons then pass through the sample, get scattered where appropriate and 

then travel through to the detector where they will be considered in the next 

section. 

In a reactor the neutron creation is slightly more straightforward as they are 

generated by nuclear fission, see fig. C. 6. Moderation (heavy water at the ILL) 

and transport are as before, however the exploitation of the neutrons is different. 

While spallation can be controlled to produce pulses of neutrons, fission generates 

a continuous beam which can be more efficiently utilised in a different fashion. 

However this requires that the range of wavelengths in the beam is reduced; this 

is achieved by using a chopper. 
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Figure C. 6: A typical method for generating and applying neutrons from a nuclear 
reactor, as implemented at the ILL, including a schematic of the fixed wave 
spectrometer at D22. 

C. 4.2 Neutron Detection 

The method for detection is dependant on the method of neutron generation. 

However in both cases the basic principle is the same. The detector counts 

the number of neutrons that impact at a particular point, which will be related 

to the wave vector, Q, which in turn indicates the extent of the scattering, 0. 

Therefore neutrons that strike the detector near to the line of the neutron beam 

have experienced little scattering, whilst further from this point the scattering 

has been greater. Plainly this indicates that there are two experimental factors 

which dictate the range over which neutrons can provide information, which is 

referred to as the Q-range of the experiment: 

" The size and position of the detector. Practically it is only possible to alter 

the position of the detector during a scattering experiment, and by moving 

it relative to the sample it is possible to investigate different values of 0, 

and so different Q-ranges. 

" The wavelength of the neutrons. As Q is .\ dependent, it is possible for two 

neutrons to be scattered by the same angle, but have a different Q value. 

In this case the detector can be held in one position and then the limiting 
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factor is the range of wavelengths it is possible to generate. 

At a reactor source, after moderation and monochromatisation, a beam is pro- 

duced with a narrow range of wavelengths. This makes the former method of 

detection more practical at these installations. Simple trigonometry allows one 

to appreciate that when the detector is near the sample, then the neutrons which 

have scattering through a larger angle will be detected, whilst when the detector 

is further away the less scattered neutrons are observed. 

Spallation satisfies the second criteria as it involves the generation of a pulse of 

neutrons with a range of wavelengths. As A is dependant on the velocity of the 

neutrons then the neutrons in the pulse will arrive at the detector at different 

times. It is possible to determine this Time of Flight (ToF) and subsequently 

the wavelength of the neutrons present in the pulse. 

C. 5 Results and Analysis 

The product of a scattering experiment is a contour plot illustrating the intensity 

of scattering at a particular value of Q. However such data require a variety of 

manipulation and probing before definitive conclusions can be drawn'1. The data 

require normalisation, to provide "absolute" results, before being analysed, which 

can range from qualitative observations, to more quantitative approximations and 

more complex fitting to theoretical models. 

C. 5.1 Normalisation 

To establish comparable data it is important to consider the experimental fac- 

tors that could provide an uneven playing field, and remove them to obtain an 

II Unless there is no evidence of scattering at all, in which case no amount of manipulation 
will help! 
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absolute scattering cross-section, I(Q), for the sample. Features such as solvent 

scattering, the relative ability of the sample as a whole to scatter neutrons and 

the performance of the neutron source, can all provide small sources of error. 

Neutrons only weakly interact with matter. This is due to the fact that neutrons 

interact with the nucleus, and of course the nucleus represents a very small portion 

of the total cross sectional area of an atom. As a result the majority of neutrons 

are transmitted straight through a sample. The precise transmission, t(. \), of a 

sample can be realised by recording the proportion of neutrons that pass through 

the sample, E(A), which is calculated by taking the ratio of neutrons that are 

detected relative to the number of neutrons recorded entering the sample by a 

pre-sample detector. This is compared with the number of neutrons that pass 

through the same space with no sample present, referred to as the empty beam 

(EB) (which is assessed in the same way as E(A)), EEB(A), thus: 

E(A) 
(C. 17) t(i1) 

EEB(A) 

t(A) is referred to as the transmission of the sample. The recorded scattering 

data, r(9, A), needs to be adjusted to account for the number of incident neutrons 

(Ni) detected at the pre sample monitor, and the number that reach the detector, 

which is determined by the transmission, to give the relative intensity, i(9, A): 

i(8, A) = 
r(e' ý) (C. 18) 
t(A)N; 

Using equation C. 10 allows the relative intensity to be reconsidered as i(Q). This 

value includes scattering from unimportant environmental factors such as the 

solvent and sample cell, which can be combined as background scattering (bck). 

Such background scattering needs to be removed before the remaining data can 

be treated by relating it to the scattering from a well defined calibration standard 
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(stan), to finally give I(Q): 

1/Q) =A 
Zaam(Q) - Zsam bck(Q) (C. 19) 
Zstan(Q) - Zstan bck(Q) 

A is the cross section of the standard (cm-1) 

C. 5.2 Interpretation - First Impressions 

The intensity of the scattering recorded is related to the following: 

I(Q) =10(A) LM ij(A) t(A) V3 DE (Q) (C. 20) 

9 Io(A) is the incidental flux. 

" OS2 is the solid angle defined by the size of a pixel in the detector 

9 rq (A) is the detector efficiency 

" t(A) is the transmission of the sample 

" V8 is the volume of the sample visible to the neutron beam 

" '9F(Q) (Q) is the differential absolute scattering cross-section 

The initial three terms are all instrument dependent constants. The last three are 

sample dependent, but while the transmission and the volume are straightforward 

the Differential Scattering Cross-section (DSC) is a very important expression 

which contains a host of information regarding the nature of the sample: 

aýSs2 (Q) = NV2(LP2)P(Q)S(Q) (C. 21) 

"N is the number concentration of scattering centres, the part of the system 

that scatters neutrons 

"V is the volume of a single scattering centre 
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" LP = pi-p,,. It is the contrast between the medium, m, and the component 

of interest, i 

" P(Q) is the single particle form factor 

" S(Q) is the interparticle structure factor 

The first three values are all straightforward sample dependant constants. The 

final factors provide the desired information about the sample. P(Q) is similar 

to P(O) (see equ C. 14) in than it describes the scattering associated with the size 

and shape of the scatterer. In general the form factor decays from a value of 

1 when Q=0, as illustrated in fig C. 7, and can be described by the following 

expression: 

1a 
P(Q) = VZ 

[ Jv 
e ftf(Qa)1 dvl (C. 22) 

where i is the number of scatterers and aa shape parameter that may repre- 

sent a radius or something equivalent. A few specific examples can be seen in 

table C. 4. The expected nature of the decay can be appreciated by inspecting 

the form factor, so spherical particles would demonstrate a Q-4 while a sheet like 

structure will exhibit Q-2 decomposition. Therefore it is sometimes possible to 

qualitatively assess the nature of the scattering by observing such features in the 

normalised data. Such Q-dependency can be more easily realised by plotting the 

result of the scattering experiment, 1(Q) v Q, on log-log axes. 

S(Q) is dependant on interactions within the system. Typically such interactions 

are related to the distance between particles, and factors such as repulsive charge 

effects and the order of the system. It has a generic form: 

/'00 
S(Q) =1+ 

QV 
J [g(r) - 1]r sin(Qr)dr (C. 23) 
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Structure P(Q) 

Sphere of radius R cos(QR))l 
2 (3(sin(QR)_QR 

(QR)3 / 

Vesicle interface IT [(R2 + 02) sin2 (2 Qt) + 
16 

ji (2 Qt)] 

(Bilayer) 

Table C. 4: Single particle form factors for structures. 

P(Q): Form Factor 

1.0 
Sphere 

Q 

Repulsive 
10 

Attractive 
1.0 S(Q): Structure 

Factor 

QQ 

1.0 I(Q): Scattering 
Profile 1.0 

QQ 

Figure C. 7: An example of the forms taken by P(Q) and S(Q) and the influence 
on I(Q) for spherical particles. 
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In this equation r is the distance between two scattering centres and subsequently 

g(r) is a density distribution function. As Q increases so S(Q) tends to 1 in a 

oscillatory fashion. Significantly as N decreases so the value of Q at which unity 

is reached decreases, so that for dilute samples I(Q) is essentially dependent of 

the form factor P(Q). The nature of the interaction determines the form of the 

graph at lower values of Q. As illustrated in fig. C. 7 attractive interactions show 

significant scattering in this region, while repulsive particles characteristically 

demonstrate no scattering initially, before producing the oscillation, which fea- 

tures a maximum point. The position of this peak, which occurs at Qmax, can be 

related to the distance between scattering centres by the simple expression: 

r= 
21r (C. 24) 

Amax 

C. 5.3 Interpretation - Approximations 

Generally to produce quantitative conclusions from the SANS experiment it is 

necessary to fit the data to appropriate theoretical models, as will be briefly 

explained in the next section. However, in some cases it is possible to perform 

simple approximations to obtain numerical information about the sample. Two 

such approximations are: 

. The Guinier approximation, which links the low Q portion of the scattering 

to the radius, R, for the structures present. 

" The Porod approximation applies to higher Q and informs about the inter- 

facial area from scattering in this region. 

The Guinier approximation applies to systems where there are minimal inter- 

particle interactions, typically due to having a low concentration and/or being 

uncharged. The scattering can be described principally by the form factor only at 
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this point as S(Q) = 1. Approximating the form factor by a series and binomial 

expansion leads to a simplified expression, such as this example for spheres: 

z 
P(Q) 

(1- (10 )+... ý 
(C. 25) 

exp 
(- (Q5 )2 ) 

(C. 26) 

The negligible structure factor results in: 

2 

I (Q) N CAP exp 
(- (Q5) 

) (C. 27) 

where CAP gathers together the experimental constants. It is possible to rearrange 

this equation into the form y= mx +c and so establish the radius of the sphere 

from the gradient with a plot of ln[I(Q)] V Q2. In fact such relations exist for 

disks and cylinders also and the approximation can be summarised thus: 

I (Q) a Q-Dexp 
(_QK 2) 

(C. 28) 

where D and K are structure dependent as illustrated in table C. 5. 

Shape D K 

Sphere 0 5 

Cylinder 1 4 
Disc 2 12 

Table C. 5: Values for D and K for use in the Guinier approximation. 

Therefore the Guinier approximation provides a means of asserting the most 

probably particle shape from appropriate scattering data by observing which of 

the three plots presents a linear decay when plotted against Q2: 
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" ln[I(Q)] v Q2 indicates a sphere with radius ope x5 ** 

9 ln[I(Q). Q] v Q2 indicates a cylinder with radius lope x4 

9 ln[I(Q). Q2] V Q2 indicates a disc with thickness lope x 12 

At higher Q the total intensity is strongly influenced by interfacial scattering, as 

expressed below: 

I (Q) = 2thp2 (V I Q'4 (C. 29) 

S is the surface area. This permits the surface area per volume of sample to 

be calculated. When studying surfactant solutions, and by making an appropri- 

ate assumption on the amount of surfactant molecules involved at an interface, 

this parameter allows the elucidation of the surface area of the head group of a 

surfactant molecule, a8: 

S 

ae = (C. 30) 
N, 

where N. is the density of surfactant molecules in the system, derived from the 

surfactant concentration and the number of Avogadro. In reality not all surfactant 

will be at the interface as there will be an amount of surfactant dissolved in one or 

other of the phases present in the system. If the solubility limit of the surfactant 

in each medium is known then this value can be subtracted from the surfactant 

concentration to make the approximation more accurate. Another feature of the 

Porod equation applies to monodisperse spherical particles. Plotting [I(Q). Q4] v 

Q results in a oscillatory curve. The first maximum point falls at QR, and the 

minimum at QR, thereby allowing the particle radius to be approximated. 

"This only applies when QR <1 
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C. 5.4 Interpretation - Model Fitting 

Although approximations such as those mentioned in the previous section can 

prove useful, they are limited in applicability as they are restricted to non- 

interacting systems, where the structure factor is approximately unity. There 

is also the assumption that all the structures in the system are identical and that 

there is no diversity in particle size and/or shape, referred to as the polydispersity 

of the structure. So for a more complex system the form factor needs to be ad- 

justed by a particle size distribution function, to represent the more realistic yet 

subtle spread of sizes. The influence of the S(Q) needs to be incorporated into the 

equation as well. Such a number of extra variables make a simple approximation 

impossible. Furthermore the system may be more complex e. g. surfactants such 

as the polyoxyethylene oxides consist of a hydrocarbon unit and an ethoxy unit. 

These will have different scattering properties and aqueous micellar aggregates 

will therefore consist of a hydrocarbon core (c) and a more hydrophilic shell (s). 

As illustrated in fig C. 8 the scattering is effectively that of: 

"A sphere with a contrast p, and radius R,, plus ... 

"A sphere of contrast p, and radius R� minus ... 

"A sphere of contrast p, and radius R,. 

The only realistic method to analyse such data is to take the theoretical expres- 

sions for I(Q), insert reasonable values for the variables, and compare the form 

of the graph with that of the data. Then the values will need to be adjusted until 

the theoretical line "fits" the experimental data. This process is known as Model 

Fitting and is only realistically possible due to computer programstt which are 

able to perform such complex calculations. 

ttCommon programs are FISH, named because you "fish" for the correct values, and Insanity, 
named because ... ! 
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Figure C. 8: A representation of a spherical core-shell aggregation structure. 

A potential problem involving model fitting is that someone could decide to fit 

all their data to an inappropriate model, and subsequent analysis would be fun- 

damentally flawed. If purely theoretical modelling is used it would be possible to 

make a mouse and an elephant appear similar. There is a common sense method 

which can be followed to reduce the potential for such pitfalls: 

" Inspecting the scattering profiles, and comparing them with patterns for 

generic aggregates, can suggest a group of theoretical models which would 

prove to be appropriate. 

" When fitting the data the suitability of the models can be assessed by the 

fitted parameters obtained, here values extracted from approximation tech- 

niques can prove useful, as can common sense, e. g. if the dimensions of 

molecules are known then values for thicknesses and radii can be guesti- 

mated. 

Such a Model Elimination Procedure (MEP) discounts less efficient, and plainly 

incorrect models, and identifies the most appropriate model. 
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C. 6 Limitations of Neutron Scattering 

Neutron scattering is able to overcome the limitations of light scattering, as it 

effectively ignores dust particles present in the samplel$, and multiple scattering 

is insignificant, even in concentrated samples, due to the weak interaction with 

matter. However other than the obvious theoretical limitations, such as the 

range of dimensions over which scattering techniques are applicable, there are 

also practical issues that may limit the use of this technique. Clearly while 

the opportunity to exploit the vastly different scattering properties of H and 

D provides a significant advantage to SANS, it is only useful if the D can be 

successfully incorporated into the system. In some cases this may necessitate 

having to acquire or synthesise a new suitable substitute compound. At this 

point small vagaries in the behaviour of deuterated or hydrogenated components 

may become significant. It is not unknown for a series of aqueous solutions to 

show degrees of insolubility when D20 is used instead, which if not established 

prior to the experiment can be an unwelcome discovery! 

C. 7 Conclusion 

Neutron scattering affords a method for studying the distribution of the compo- 

nents and the structures present, within a system. This can be achieved primarily 

through the use of contrast variation, which exploits the fact that the nuclei of 

H and D scatter neutrons in a dramatically different fashion. Although the gen- 

eration of neutrons, and the data analysis are complex processes, the advent of 

computers make it possible for users to run the experiment and process the results 

relatively easily. 

txunless they contain deuterium 
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