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ABSTRACT 

In this thesis, attempts have been made to correlate some equilibrium properties 

of microemulsions with the formation and stability of macroemulsions. Studies have 

been mainly limited to water-in-oil (W/O) systems stabilised by pure nonionic 

surfactants of the poly-oxyethylene alkyl ether (CnE, n) type. Initially however, a brief 

account is presented of the behaviour of W/O microemulsions stabilised by commercial 

nonionic surfactants of the type used in foods. 

A detailed study of the equilibrium behaviour of W/O microemulsions stabilised 

by tetra-oxyethylene mono-n-dodecyl ether, C12E4, in hydrocarbon oils is presented. 

Aggregates form above a certain surfactant concentration in the oil, designated the 

critical microemulsion concentration, cµc. Changes in the monolayer curvature 

induced through changing the temperature, salt concentration and the nature of the oil 

phase, are discussed in terms of an effective surfactant molecular geometry. The effect 

of solubilisation of protein into the dispersed aqueous phase is also presented. 

The corresponding W/O macroemulsions prepared with these systems at 

concentrations in excess of the cµc breakdown primarily by droplet sedimentation. 

There appears to be an optimum surfactant concentration at which maximum 

stabilisation is achieved. This is approximately equal to the cµc of the surfactant in the 

oil phase. Addition of microemulsion droplets to the oil dramatically increases the rate 

of oil phase resolution. For a fixed concentration of aggregated surfactant, the 

acceleration rate is rather insensitive to the size of the microemulsion droplets. These 

findings are reasonably consistent with a depletion flocculation mechanism in which 

microemulsions are assumed to behave as hard spheres and are excluded from the 

intervening region between approaching emulsion droplets. 

Microemulsion phase behaviour is also reported for oil phases containing 

different concentrations of medium and long chain length triglycerides (MCT, LCT) in 

heptane. The critical microemulsion concentration is observed to increase dramatically 
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upon increasing the concentration of triglyceride. Additionally, the enthalpy change 

upon transfer of a mole of C12E4 monomers from the oil phase to the preferred 

microemulsion droplet curvature becomes significantly less exothermic as the 

concentration of MCT in the oil phase increases. 

The breakdown of W/O macroemulsions produced with these triglyceride 

systems is also consistent with a depletion flocculation mechanism. Emulsions prepared 

with 75% MCT as the oil phase undergo coalescence once an approximately close- 

packed droplet volume fraction is achieved. It is shown that as the cµc increases 

(through the addition of MCT or increasing the temperature), the stability of the 

emulsion dramatically decreases. 

Using a technique of time-resolved fluorimetry, the rate of exchange of probe 

molecules between microemulsion droplets has been determined. The exchange rate is 

always slowest at the solubilisation phase boundary where inter-droplet attractions are a 

minimum. The rate constants at this phase boundary are similar for aggregates formed 

in both heptane and in an equal volume ratio mixture of heptane : MCT. The possible 

relevance to the magnitude of the exchange rate constant of energies associated with 

bending the surfactant monolayer and desorbing surfactant from the droplet surface are 

considered. 

This technique has also been applied to three surfactant systems for which 

monolayer bending rigidities have previously been reported. Microemulsion exchange 

rates measured at equivalent positions on the solubilisation phase boundary increase as 

the monolayer rigidity decreases. The stability of the corresponding W/O 

macroemulsions is also observed to follow this order, the fastest water resolution rates 

being observed for the systems with the lowest monolayer rigidities. 
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GLOSSARY ol 

Some of the abbreviations and terms used in this thesis are given below. Others 

are defined locally within the text. - 

A area per surfactant molecule within a planar oil-water interface 

a emulsion droplet radius 

A. area per surfactant molecule at the interface between the droplet 

core and the surfactant monolayer 

Ah effective area of a surfactant head group within a curved microemulsion 

interface 

A, effective area of a surfactant tail group within a curved microemulsion 

interface 

AOT di-ethylhexyl sodium sulphosuccinate 

BSA bovine serum albumin 

C concentration of aggregated surfactant in g/cm3 

cmc critical micelle concentration 

cµc critical microemulsion concentration 

CnEm nonionic surfactant of the polyoxyethylene alkyl ether type 

C. P. cloud point 

a-CT a-chymotrypsin 

D apparent diffusion coefficient 

D. diffusion coefficient at infinite particle dilution 

G Gibbs free energy 

G(t) intensity autocorrelation function 

HLB hydrophile-lipophile balance 

i general index for component i 
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Ia fluorescence intensity at time t= zero 

fluorescence intensity at time t 

j auxiliary index for all components other than the ith 

K monolayer bending rigidity constant 
K Gaussian curvature elastic modulus 

kB Boltzmann's constant 

k, ý second order rate constant for the exchange of probe molecules between 

microemulsion droplets 

kac second order diffusion controlled rate constant 
ko first order fluorescence intensity decay rate constant 
kq first order fluorescence intensity decay rate constant for a microemulsion 

droplet containing a single quencher molecule 

kt first order rate constant for microemulsion droplet exchange 

LCT long chain length triglyceride 

M molecular weight 

MCT medium chain length triglyceride 

m, surfactant concentration 

MV methyl viologen 

N average number of protein molecules per microemulsion droplet 

NA Avogadro's constant 

Nagg number of surfactant molecules constituting one micelle/microemulsion 

n refractive index 

ni number of moles of species i 

O/W oil-in-water (microemulsion/macroemulsion) 

P geometrical packing factor 

p as a subscript denotes pressure 
All osmotic pressure 
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Q magnitude of the scattering vector 

r general abbreviation for a microemulsion droplet radius 

RB ruthenium tris-bipyridyl 

rc microemulsion core radius 

ro spontaneous radius of curvature 

r1 principal radius of curvature 

rH microemulsion hydrodynamic radius 

R molar gas constant 

R0j1 mole ratio of dispersed oil to total surfactant 

Rwatar mole ratio of dispersed water to total surfactant 

R' mole ratio of dispersed component to surfactant within an aggregate 

R'oa mole ratio of dispersed oil to surfactant within a microemulsion 

droplet 

R'wawr mole ratio of dispersed water to surfactant within a microemulsion 

droplet 

t an arbitrary time 

T* temperature at which the oil-water interfacial tension is a minimum 

tx% time for x% resolution of oil or water 

SDS sodium dodecyl sulphate 

T temperature (absolute or Celsius specified in text) 

Va general volume specified in the text 

Vd depletion flocculation interaction energy 

Vi molecular volume of species i 

W/O water-in-oil (microemulsion/macroemulsion) 

[x], average number of quenchers in aggregates containing excited 

fluorescent probes in the steady-state phase of the fluorescence decay 

[A] concentration of species A 
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P 
x 

(j) 

first virial coefficient of the apparent diffusion coefficient 

general symbol for the tension at an oil (or air) - water interface 

interfacial tension at a surfactant concentration in excess of the cmc or 

cµc 

effective surfactant interfacial film thickness 

volume fraction of droplets 

interfacial surface excess concentration of surfactant 

viscosity 

density 

wavelength of light 

angular velocity 
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1. INTRODUCTION. 

THE BEHAVIOUR OF SURFACTANTS 

IN OIL - WATER MIXTURES. 



CHAPTER 1 

1.1 Surfactants in Solution. 

1.1.1 What are surfactants 

A surfactant (a contraction of the term surface-active agent) is an amphiphilic 

molecule consisting of a nonpolar hydrophobic part, usually a hydrocarbon chain, 

attached to a hydrophilic portion. A schematic representation of a surfactant is given 
below in Figure 1.1. 

Head Tail 
Figure 1.1 

The hydrophilic and hydrophobic portions within the molecule are commonly referred 

to as the head and tail groups respectively. The hydrocarbon tail group may be linear or 

branched and may consist of more than one chain and may contain an aromatic group. 

Surfactants are classified according to the nature of their head group. Anionic surfactant 

head groups include suiphonate, sulphate, carboxylate, etc. Cationic surfactants, in 

which the head groups are positively charged, are generally molecules derived from 

substituted ammonium compounds e. g. dodecyl trimethyl-ammonium bromide 

(D. T. Ä. B. ). An important class of nonionic surfactants is based on polyoxyethylene 

and has the general formula CnH2i+1(OCH2CH2)mOH (usually abbreviated to CnEm), 

e. g. tetra-oxyethylene mono-n-dodecyl ether, C12H25(OCH2CH2)4OH. Finally, 

surfactants in which the head group comprises of both anionic and cationic groups are 

termed zwitterionic surfactants. Many important examples of zwitterionic surfactants 

are commonly found in the biological membranes of many animal cells (1), e. g. lecithin. 

1 



The special properties of surfactant molecules in solution have made them of 

major industrial importance and they are now used extensively throughout many 

different areas of the chemical industry. For example, surfactants are encountered in 

many foodstuffs (2) and pharmaceutical preparations (3), in detergents (4) and 

insecticide/herbicide applications (5) and in a number of processes encountered in the 

oil industry (6,7). 

Most of the work described in this thesis is concerned with nonionic surfactants 

of the type CnE, In this chapter the behaviour of surfactants in water, in oil and in oil + 

water mixtures will be described. As far as possible, the behaviour will be illustrated 

with examples based on CEm type surfactants. 

1.1.2. Surfactants in water. 

When a surfactant is added to water at low concentrations, the molecules exist in 

solution as monomers. Some surfactant also resides at the air-water interface such that 

the hydrophobic tail groups protrude out of the water surface as illustrated schematically 

in Figure 1.2a below. 
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Figure 1.2a Figure 1.2b 

Upon increasing the concentration of surfactant, a concentration can be reached (for a 

particular surfactant and temperature) at which aggregates are formed as shown in 

Figure 1.2b. These aggregates are called normal micelles (8) and the minimum 

concentration at which they are formed is called the critical micelle concentration 
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(cmc). The cmc can be determined from abrupt changes in most solution properties 

which include surface tension, conductivity, dye solubilisation, light scattering, osmotic 

pressure, etc. A detailed compilation of cmc values can be found in the book by 

Mukedee and Mysels (9). 

Formation of micelles in solution is a direct consequence of the amphiphilic 

nature of the molecule. In solution at low concentrations, the hydrophobic tail group of 

the surfactant interacts with the solvent producing an increased ordering of the water 

molecules around it. This entropically unfavourable process, known as the hydrophobic 

effect (10), leads to a tendency to minimise the hydrocarbon chain-water contact. One 

way this may be achieved is through adsorption at the air-water interface with 

orientation of the hydrophobic groups away from the solvent. Alternatively, the 

surfactant molecules may aggregate into micelles with their hydrophobic groups 

directed towards the interior of the structure and the hydrophilic groups forming the 

exterior surface. In this way, the hydrophobic tails again minimise their contact with 

water. 

As discussed above, the main driving force for aggregation arises from the 

hydrophobicity of the surfactant tail group. If this was the only force operating then 

aggregation would proceed all the way to phase separation of the surfactant. Since this 

does not occur, there must be forces present which serve to limit the aggregation. In the 

case of ionic surfactants, electrostatic repulsion between adjacent surfactant head groups 

is mainly responsible for opposing and limiting aggregation. For nonionic surfactants 

the opposing force is probably a combination of steric and hydration forces. 

Qualitatively, the formation of micelles can be understood in terms of a balance of 

opposing forces. Attraction between tails favours aggregation and micellar growth, 

whereas repulsion between headgroups opposes aggregation and limits micellar growth. 

The balance is known as the principle of opposing forces (10). 
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The head and tail group contributions to the free energy changes involved in 

micelle formation can be quantified to some extent as follows. For a nonionic 

surfactant, the standard free energy required to micellise one mole of surfactant (AG") is 

simply related to the cmc as follows. 

OG° = RT 1n(cmc) (1.1) 

For a homologous series of surfactants of varying hydrophobic tail length, it is generally 

found that AGO decreases linearly with increasing number of methylene groups in the 

tail. For many different series of surfactants it is found that each methylene group of the 

tail contributes approximately -3 kJ mol-l to the free energy of micellisation (11,12). 

This general observation is equivalent to the general rule that an increase in surfactant 

chain length by two methylene groups decreases the cmc by approximately ten fold. 

Comparison of cmc values for surfactants containing the same tail group but 

different head groups allows some generalisations to be made. Surfactants with ionic 

head groups generally have cmc values which are typically 100 times larger than 

corresponding nonionics. The addition of electrolyte to ionic surfactant solutions 

reduces the cmc as it screens the headgroup charge and thus reduces the unfavourable 

electrostatic repulsion between adjacent heads. For C� Em nonionic surfactants, 

increasing the value of m generally increases the cmc by approximately 1.1 times per 

additional ethylene oxide group (13). 

The number of surfactant molecules constituting one micelle, the aggregation 

number, is dependent upon the balance of opposing forces as discussed previously. For 

many systems the aggregation number is in the range 30 - 200 (14). Micelles with low 

aggregation numbers are spherical with diameters which are usually somewhat less than 

twice the length of the fully extended surfactant molecule (i. e. a few nm). Increasing 

the attractive forces between surfactant molecules (e. g. by increasing the tail length) or 
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decreasing the repulsive forces (by decreasing the head group size or by increasing the 

ionic strength for ionic surfactants) leads to an increase in aggregation number of the 

micelles formed. Since the maximum radius of a spherical micelle cannot exceed the 

all-trans length of the surfactant molecule, micellar growth beyond a certain aggregation 

number can only proceed if the micelle adopts a non-spherical shape. Thus, addition of 

electrolyte or increasing the surfactant concentration generally leads to the formation of 

either rod or disc-shaped micelles whose aggregation numbers can exceed several 

thousand. 

Such rod or disc micelles are the pre-cursors of lyotropic liquid crystalline 

phases which are generally formed at high surfactant concentrations (typically greater 

than 10 wt%). Figure 1.3 shows schematically the progression of organised structures 

that may form upon increasing the concentration of the surfactant (15,16). Figure 1.4 

below shows an example of a two component phase diagram showing the progression of 

lyotropic liquid crystalline phases observed with increasing concentration of 

hexa-oxyethylene-mono n-dodecyl ether (C12E6) in water (17). The annotation refers to 

the types of structures given in Figure 1.3. 
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Disc-micelle 

Figure 1.3 
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An important feature of this diagram is the transition from a one phase isotropic 

micellar solution (L1) to two liquid phases upon increasing the temperature. The lower 

separated phase is rich in surfactant and the upper is rich in water. The position of this 

boundary is determined by a clear-cloudy transition upon warming the surfactant 

solution. Consequently, it is termed the cloud point boundary. Experimentally, a 

comparison of the temperature at which the cloud point is observed with literature 

values (for a fixed surfactant concentration above the cmc), is often performed as a test 

of surfactant purity. 

In solution, micelles are maintained in rapid dynamic equilibrium with a 

concentration of surfactant monomers approximately equal to the cmc. Micellar kinetics 

have been studied using a range of fast chemical relaxation techniques (18,19). Two 

relaxation processes are generally observed. Firstly, a slow process occurring in the 

millisecond range, which has been attributed to a micellisation-dissolution equilibrium 

i. e. the equilibrium between the dissolution of the micelle into n monomers and its 

complete reformation from n monomers. This has been studied by temperature jump 

(19) and stopped flow techniques (20). The second process has been identified with the 

exchange of monomers between the micelles and the bulk solution. This is a fast process 

occurring in the microsecond time range and may be studied by ultrasonic absorption 

measurements (18,21). For the homologous series of alkyl sulphates, it has been 

concluded that surfactant monomers enter the micelle with a second order rate constant 

(k+) only slightly less than the diffusion controlled limiting value and virtually 

independent of chain length (18). This indicates that there is only a relatively small 

energy barrier to monomer entry which is probably associated with electrical repulsion 

between the charged monomer and micelle. The first order rate constant for exit of 

monomers from the micelles (k-) decreases with increasing chain length. The 

equilibrium constant (K) for the exchange of monomers between micelles and the bulk 

solution is given by equation 1.2 below. 
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K= k+/k- = 1/cmc (1.2) 

Thus, it is the monomer exit rate that primarily determines the chain length dependence 

of the equilibrium constant for micelle formation (i. e. the cmc). 

1.1.3 Surfactants in oils 

Addition of surfactant to apolar solvents produces aggregates in which the polar 

head groups form the interior and the hydrophobic tails extend outwards into the 

solvent. This type of structure is known as a reverse micelle. In contrast to surfactant 

aggregates in water, the main driving force for aggregation in apolar solvents is the 

energy change due to interactions between the polar head groups of the surfactant 

molecules. In certain cases, hydrogen bond formation between head groups may also 

occur. Jones et al. have investigated the aggregation behaviour of nonionic surfactants 

of the type CnEn, in hydrocarbons (22). They have shown that the degree of surfactant 

aggregation is low and only very small micelles containing between 5 and 15 monomers 

are formed. The aggregation number increases as the number of oxyethylene units- in the 

head group increases whereas the length of the alkyl tail has little influence on the 

aggregation behaviour. Opposing micelle formation is the possible loss of translational, 

vibrational and rotational freedom of the monomers when incorporated in the micelle. 

In contrast to surfactants in water where aggregation occurs over a very narrow 

range of concentration, aggregation in oils generally occurs over a wide concentration 

range. This is a consequence of their much lower aggregation numbers. The notion of a 

cmc in the oil is therefore not strictly applicable. For some systems, aggregation has 

been presumed to occur through a step-wise association process (23). For oils 

8 



containing significant quantities of water, the aggregation numbers are dramatically 

increased and consequently a cmc can usefully be defined. 

As in the case of micelles formed in water, reverse micelles are maintained in 

rapid dynamic equilibrium with surfactant monomers in the continuous phase. The 

monomer-micelle equilibrium has been studied by an ultra-sonic absorption technique 

for a series of polyoxyethylene alkyl ethers in heptane (22). It is observed that the 

monomer entry rate is close to the diffusion controlled limit and effectively independent 

of the degree of head group ethoxylation. The first order rate constant for exit of 

monomers from the micelles is of the order of 108 s-1 and decreases slightly with an 

increasing number of ethylene oxide units in the head group. 

1.2 Surfactants in Oil - Water Mixtures : Microemulsions. 

1.2.1 One phase oil-water mixtures. 

It is well known that oil and water do not mix. Upon addition of surfactant 

however, oil may be taken up into the aqueous phase or water into the apolar phase. 

This-was , first described by Hoar and Schulman in 1943 (24). They-observed- that 

transparent systems formed spontaneously when oil and water were mixed with a 

sufficient amount of an ionic surfactant in the presence of a medium chain length 

alcohol. These one phase systems contain the dispersed phase solubilised within the 

cores of surfactant aggregates formed in the continuous phase and are termed 

microemulsions. Depending upon the type of surfactant employed and the solution 

conditions (see later) the aggregates formed may consist of dispersed oil in a continuous 

aqueous medium, termed oil-in-water (O/W) microemulsions, or dispersed water in an 
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apolar medium, termed water-in-oil (W/O) microemulsions. These are shown 

schematically in Figure 1.5. 

Oil-in-water Water-in-oil 
Figure 1.5 

If the degree of solubilised material is low i. e. only sufficient to solvate the surfactant 

head groups (for W/O aggregates) or tail groups (for O/W aggregates), the aggregates 

are referred to as swollen micelles. The distinction between swollen micelle and 

microemulsion is not well defined, but generally it is accepted that when "free" 

dispersed phase (i. e. not involved in solvation of the surfactant) exists in the aggregate it 

may be classified as a microemulsion. 

In recent years microemulsions have attracted a great deal of attention in relation 

to their possible use in enhanced oil recovery (25). Additionally, investigations have 

also been performed into the micro-synthesis of colloidal catalysts (26) and into the 

possible selective extraction and purification of biopolymers using W/O microemulsion 

systems (27). 

Typically, microemulsion droplet sizes range between 5- 100 nm and 

consequently they appear transparent or slightly bluish. This is in contrast to 

macroemulsions where the larger droplet sizes (typically µm) result in a milky/white 

appearance. The most important distinction between microemulsions and 

macroemulsions is that microemulsions are thermodynamically stable. 

Since the formation of microemulsion aggregates involves the production of 

very large areas of oil-water interface, the free energy associated with the interface is of 
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considerable importance in determining the stability of the aggregates. The energy 

required to form a unit area of interface is the interfacial tension, y. This is defined as 

(1.3) y= (SG/SA)Tpni 

where G is the Gibbs energy of the system, A is the interfacial area and T, p and nl are 

the absolute temperature, pressure and the number of moles of species i respectively. It 

has been shown by Ruckenstein and Chi, that for microemulsions to form 

spontaneously, the oil-water interfacial tension must be of the order of 10-2 mN m-1 

(28). If this is not the case then mechanical work is required to mix the two phases and a 

thermodynamically unstable macroemulsion will result. 

The solubilisation capacity of a microemulsion can be expressed as the mole 

ratio of dispersed phase to surfactant within the aggregate. This is denoted by R'. For 

water-in-oil microemulsions this is given by 

R'K, ater _ [water]/([surfactant] - cµc) (1.4) 

where the c tc represents the critical microemulsion concentration which is the 

minimum- concentration of surfactant required for the formation of microemulsion 

aggregates (29). This is analogous to the cmc in a surfactant-solvent system. However, 

since the aggregates formed here are microemulsions not micelles, the distinction is 

required. This concentration of surfactant remains in solution as monomers in 

equilibrium with the microemulsion aggregates. For oil-in-water microemulsions 

R'o; l = [oil]/([surfactant] - cµc). (1.5) 

11 



If the microemulsion droplets are assumed to be spherical and monodisperse, simple 

geometry gives the dependence of the hydrodynamic radius (rH) on the droplet 

composition R' to be 

rH = 3R' Vmolec 

A, 

where vmolec is the molecular volume of the dispersed phase and A, is the area occupied 

by a single surfactant molecule at the interface between the droplet core and the 

surfactant monolayer. The length S is the thickness of the surfactant monolayer and 

contains a contribution from any entrapped solvent. 

For a particular microemulsion composition (i. e. R') there exists a well defined 

temperature range over which one phase stability is preserved. This is shown 

schematically below in Figure 1.6 for oil-in-water and water-in-oil microemulsions 

stabilised by a nonionic surfactant. 

R. o; l 

Temperature 
Figure 1.6 

R'water 

The one phase microemulsion regions are bounded by the cloud or haze 

boundaries which correspond to the separation of surfactant-rich and surfactant-lean 

phases, and the solubilisation boundaries which correspond to the separation of either 

excess oil (for O/W microemulsions) or excess water (for W/O microemulsions). The 
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order of the two boundaries is reversed with respect to temperature for O/W and W/O 

aggregates. The solubilisation boundary corresponds to the point at which attractive 

interactions between microemulsion droplets are a minimum for these nonionic systems 

(30). 

1.22. Multi phase oil-water mixtures. 

In a two phase oil-water system containing surfactant, the type of microemulsion 

aggregate produced at equilibrium is dependent upon the nature of the surfactant and the 

solution conditions. For nonionic surfactant systems this type of phase behaviour has 

been investigated extensively by Shinoda et al. (31,32) and Kahlweit et al. (33,34). For 

a fixed concentration of nonionic surfactant, the effect of temperature on the phase 

behaviour of a ternary water + oil + surfactant system can be represented as shown in 

Figure 1.7a. Between the two one phase O/W and W/O microemulsion regions (which 

are equivalent to those shown in Figure 1.6), there exists a central region where three 

phases coexist in equilibrium. The progression of phases observed within an oil + water 

+ surfactant mixture upon changing, for example, the temperature, was first described 

by Winsor - (35). Consider for example, an oil/water mixture containing nonionic 

surfactant at a composition given by the dashed line in Figure 1.7a (i. e. equal weight 

fraction of oil and water). At low temperatures, oil-in-water aggregates form in the 

aqueous phase in equilibrium with an excess oil phase. This type of two-phase system is 

termed a Winsor I microemulsion system. Upon increasing the temperature aggregates 

may form in a third surfactant-rich phase in equilibrium with oil and water phases. This 

type of three-phase system is called a Winsor III system. A further increase in 

temperature results in the formation of a water-in-oil microemulsion phase in 

equilibrium with excess water. This is termed a Winsor II microemulsion system. 
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The three types of Winsor systems are illustrated in Figure 1.7b. For both 

Winsor I and Winsor II systems, the microemulsions formed are in equilibrium with 

excess dispersed phase and hence are at the solubilisation phase boundary. The 

microemulsion phase corresponding to the Winsor III system may contain comparable 

amounts of water and oil and be bicontinuous in structure. A postulated structure for 

such a microemulsion is shown in the inset of Figure 1.7b. 

In the example outlined above, temperature was chosen as the structure inducing 

variable. A similar progression of phase behaviour can also be induced, however, 

through the addition of salt or a second surface-active species (cosurfactant) to the 

system or by changing the chain length of the oil phase (36). These variables are 

thought to act so as to modify the effective surfactant geometry and hence alter the 

curvature of the surfactant monolayer. This will be discussed further in the next section. 

1.2.3 Surfactant geometry and monolauer curvature ideas. 

As has already been shown, microemulsions contain an adsorbed monolayer of 

surfactant molecules at the droplet surface which separates the dispersed phase from the 

continuous solvent. For oil-in-water microemulsions, the_monolayer curves such that the 

surfactant head groups form the exterior surface of the droplet. This type of curvature is 

designated as being positive. Conversely, for water-in-oil aggregates where the 

hydrophobic tails form the outer surface, the curvature is defined as being negative. 

When microemulsions are in equilibrium with an excess dispersed phase (as in 

the case of the Winsor systems) the droplets are free to solubilise more or less of the 

dispersed component (and hence swell or shrink in size) until the system free energy is 

minimised. At this point the droplet size is close to its "preferred" or "natural" size and 

the corresponding curvature (the inverse of the droplet size) is the "natural" or 
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"spontaneous" curvature of the surfactant monolayer. It has been shown previously that 

the degree of solubilisation (R') is proportional to the droplet size and may be 

dramatically altered by changing the solution conditions. Since the type of aggregate 

produced is dependent on the solution conditions the microemulsion size can pass 

through a maximum as shown in Figure 1.8a. This corresponds to a situation in which 

the monolayer curvature changes progressively from positive in the Winsor I system, 

through zero in the Winsor III case, to negative in the Winsor II system. This is shown 

in Figure 1.8b. The formation of microemulsion phases is clearly strongly associated 

with the tendency of the monolayer to curve, which in turn, may be determined by the 

molecular geometry of the surfactant. 

A simple schematic representation of the molecular structure of a surfactant is 

shown below in Figure 1.9. The relative sizes of the head and tail groups are 

characterised by the cross-sectional areas Ah and A1. 

Head N "MiSMINDW ý Tail 
Area Area Li 

Figure 1.9 

Mitchell and Ninham introduced a packing factor P to predict the type of microemulsion 

that would form (37). 

P=A, /Ah (1.7) 

However, if the surfactant geometry was determined solely by the surfactant molecular 

structure, then a particular surfactant would always yield a single preferred monolayer 

curvature (and hence droplet size) in a two phase oil-water system, i. e. independent of 

the solution conditions such as temperature, salt concentration, nature of the oil phase, 
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Figure 1.8a 

Effect of Solution Variables on Microemulsion Droplet size 
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Figure 1.8b 
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etc. It has already been shown (for nonionic surfactants) that the microemulsion type 

changes from O/W to W/O upon increasing the temperature with a corresponding 

change in the monolayer curvature from positive to negative. Hence it is the effective 

molecular geometry in situ in the monolayer that is changing and it is this which must 

be considered. 

If the effective geometry of a surfactant in a monolayer is such that Ah > At 

(i. e. P< 1) then in a two phase system, aggregates will be produced in which the bulky 

head groups form the exterior surface, and an O/W microemulsion will result. Similarly, 

if Ah < At (i. e. P> 1) then a water-in-oil microemulsion will be formed. An alternative 

possibility may arise if Ah = At (P = 1). In this case the net monolayer curvature will be 

zero and either a random bicontinuous phase will result or an ordered lamellar liquid 

crystalline phase will be formed. 

It is clear from the above discussion that the effective surfactant geometry within 

the monolayer is determined by a combination of the surfactant molecular structure and 

the solution conditions e. g. temperature, salt concentration, addition of cosurfactant and 

the nature of the oil phase. The effect of each of these parameters on the monolayer 

curvature will be considered in turn. 

(1) Surfactant molecular geometry. 
The molecular structure of a surfactant is one of the prime considerations when 

selecting a surfactant for a particular application. For many surfactants, the head group 

area of a molecule is greater than that of the tail group and, if the effective geometry 

resulting from the influence of the solution conditions is neglected, oil-in-water 

aggregate formation is promoted. Surfactants exhibiting branched alkyl tail groups or 

more than one tail may however, favour negative curvature and produce aggregates in 

the oil phase. 
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(2) Temperature. 

For nonionic surfactants, an increase in temperature promotes an increase in 

negative curvature of the surfactant film (i. e. a change from O/W to W/O aggregates as 

shown previously in Figure 1.7a). This may be a consequence of dehydration of the 

surfactant head group reducing its effective area (31). Additionally, an increase in 

temperature appears to produce an increase in the effective area per surfactant tail group 

(38). This may arise due to an increased penetration of alkane into the tail region or 

from changes in the conformation of the surfactant molecule at the droplet surface. 

For ionic surfactants, increasing the temperature increases the positive curvature 

of the surfactant film (i. e. transition from W/O to O/W aggregates) (39). This may be 

due to an'increased dissociation of the surfactants head groups which results in a larger 

repulsive electrostatic interaction between heads. The effective head group size is 

therefore increased, favouring positive curvature. 

(3) Salt concentration. 

Increasing the salt concentration in a two phase system produces a shift towards 

more negative curvature for both nonionic and ionic surfactant systems. For ionics, this 

is due to a screening of the electrostatic repulsive interactions between the head groups 

reducing their effective size (14). For nonionics, larger salt concentrations are required 

to produce a significant change in the monolayer curvature. The salt is thought to reduce 

the effective area per surfactant head group by a "salting-out" process. This may occur 

through the formation of a salt-free layer at the interface which leads to an increased 

free energy cost of forming interfacial area (40). Alternative "salting-out" mechanisms 

have also been postulated. One of these interprets the effect of the salt as disrupting the 

hydrogen bonding network between the water molecules and the hydrophilic head 

groups (41). 
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(4) Addition of a cosurfactant or second surfactant. 

Cosurfactants are surface-active molecules which adsorb together with the 

surfactant at the oil-water interface forming a mixed film. They are generally alcohols. 

Depending upon their structure, they may occupy different locations within the 

surfactant monolayer. For medium chain length alcohols, the "head" group is small in 

comparison with the alkyl tail and consequently increased negative curvature is 

imparted to the monolayer. However, in the case of the addition of a second surfactant 

for which Ah is greater than & e. g. Tween 20 (a polyethoxylated sorbitan ester), a shift 

towards more positive curvature may be achieved. 

(5) Nature of the oil phase. 

The effective area per surfactant tail group is strongly dependent upon the 

degree of solvation by the apolar phase. In general, it is observed that short chain 

alkanes favour a shift towards more negative curvature and are therefore assumed to 

penetrate the tail region to a greater extent than long chain alkanes (40). Substitution of 

alkane by an aromatic hydrocarbon is observed to generally favour an increased 

negative curvature. 

The effects of each variable outlined above are summarised below in Table 1.1. 

Table 1.1 

Increase in Parameter Nature of Surfactant 

Temperature 

it 

ionic 

nonionic 

[Salt] ionic or nonionic 

[Cosurfactant]* ionic or nonionic 

Alkane chain length ionic or nonionic 
* e. g. octanol. 
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Effect on Curvature 

more positive 

more negative 

more negative 

more negative 

more positive 



1.2.4 Oil-water interfacial tension. 

As surfactant is added to an oil-water system, the monomers present partition 

between the two bulk phases. Nonionic surfactants typically partition extensively in 

favour of the oil phase (42). The oil-water interfacial tension (y) decreases as the 

surfactant adsorbs at the interface. This is shown schematically in Figure 1.10 below. 

7 

g, 
ý ý 

ý--fl 

r-I 

Y12 

Ln [surfactant] 

Figure 1.10 

In the region where the interfacial tension is falling, the interfacial surface excess 

concentration of surfactant I'$ is given, for a nonionic surfactant, by 

-dy = Fs RT d1n ms (1.8) 

where mS is the surfactant concentration. It is assumed that the activity coefficient of the 

surfactant in solution is unity. When (dy/dln ms) is constant, F, is effectively constant 

and the adsorbed monolayer is saturated. The tension then drops linearly with 

In [surfactant] until point x is reached. At this point the critical microemulsion 

concentrations in both the water and oil phases are reached. Further addition of 

surfactant produces aggregates in either the water, oil or a third phase depending on the 
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solution conditions. The aggregates are not themselves surface active and so the tension 

is not lowered further and remains at a virtually constant value, ye. 

Variation of this post-cµc interfacial tension yy as a function of the various 

curvature determining variables, e. g. temperature, salt concentration etc., is shown 

schematically in Figure 1.11 for a nonionic surfactant system. It can be seen that the 

interfacial tension passes through a minimum value (which may be < 10-3 mN m-1) in 

the region where a Winsor III system is produced. The minimum post-cµc interfacial 

tension occurs therefore, when the net microemulsion monolayer curvature is close to 

zero (i. e. P- 1) (36). For the extension of the planar oil-water interface requires 

surfactant to transfer from the curved microemulsion droplet surface to the planar 

interface. For microemulsion droplets of small spontaneous radii, the energy required to 

bend the surface into a planar configuration will be large and consequently the tension 

will be high. However, when the microemulsion monolayer curvature is close to zero 

(as in the Winsor III system) the energy required to form a planar surface will be much 

reduced and hence the interfacial tension will be a minimum. It is evident therefore, that 

an inverse relationship exists between the planar oil-water interfacial tension and the 

microemulsion droplet size. 

1.25 The relationship between interfacial tension and droplet size. 

The interfacial tension is related to the free energy difference between the 

interfacial film at the planar interface separating the bulk phases and the curved 

monolayer surrounding the droplets. This contains contributions from the energies 

required to bend the monolayer and also energies associated with dispersing the droplets 

within the medium and inter-droplet interactions (43). Generally it is observed that the 

interfacial tension is independent of surfactant concentration (above the cµc) over a 
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Figure 1.11 
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wide range of droplet concentration (as shown in Figure 1.10). Since the free energies 

associated with dispersing the droplets and interactions between the droplets should be 

dependent upon the droplet concentration, this implies that the bending energy 

contribution dominates the overall free energy difference. 

The energy required to bend a unit area of the interface has been shown by 

Helfrich and Harbich (44) to be given by 

Ebend = K/2 (1/ri + 1/r2 - 2/ro)2 + K/rlr2 (1.9) 

where rl and r2 are the principal radii of curvature and ro is the spontaneous radius. K is 

the monolayer bending rigidity constant, which is twice the energy required to bend a 

unit area of the interface by a unit amount of curvature away from the spontaneous 

curvature (45). K is the Gaussian curvature elastic modulus. The relationship between 

the interfacial tension of the planar monolayer and the microemulsion droplet size is 

given by (46) 

, ya = (2K + K)/r2 (1.10) 

'his " expression is strictly --only, applicable in the limit where the interfacial ,. film 

thickness is negligible in comparison with the droplet radius. 

1.2.6 Microemulsion droplet kinetics. 

Like micellar and reversed micellar solutions, microemulsion droplet dispersions 

are maintained in rapid, dynamic equilibrium. One process likely to occur in these 

systems is the exchange of surfactant monomer between the continuous solvent and the 
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microemulsion aggregates. At the present time, there have been no experimental 

investigations of this process for three component microemulsions. However, as has 

been discussed, the second order rate constant for monomer entry (k+) for both normal 

and reversed micelles is close . to the diffusion controlled limiting value 

(approx. 1010 M-1 s-1) and the rate constant for monomer exit from the aggregates (k-) 

can be determined from the relationship given previously in equation 1.2. If it is 

assumed that microemulsion aggregates behave similarly, then the monomer exchange 

rate constants can be estimated from a knowledge of the viscosity (which allows an 

estimation of the diffusion controlled entry rate) (47) and the cµc. For W/O 

microemulsions stabilised by nonionic surfactants with cµc values of the order of 

0.05 M, it is estimated that k+ is of the order of 1010 M-1 s-1 and k- is of the order of 

108S-1. 

Microemulsion droplets differ from micelles in that they contain a liquid droplet 

of either water or oil. Clearly, the dynamics of these droplets will differ from those of 

two component surfactant aggregate solutions. The equilibrium microemulsion droplet 

size is primarily determined by the mole ratio R'. If a low-R' microemulsion 

(containing small droplets) is mixed with a large-R' microemulsion (containing large 

droplets), it is found that intermediate size droplets (corresponding to the intermediate 

R' value) are formed "instantaneously" (i. e. within the experimental mixing time of a 

minute or so). Clearly, exchange of solubilised material between droplets can occur 

rapidly. Part of the work described in this thesis is concerned with investigations of this 

type of droplet dynamic process and in this section some relevant experimental studies 

and ideas for their interpretation are briefly outlined. The importance of gaining an 

insight into the dynamics of aggregates arises since many applications of oil + water + 

surfactant systems are centred around their ability to kinetically stabilise structures e. g. 

in emulsions and foams. 
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Microemulsion droplet dynamics have been investigated using a range of fast 

kinetic techniques including time-resolved fluorescence (TRF) (48,49), stopped flow 

(50) and temperature jump methods (51). For most of these studies, the rate of 

exchange of material between microemulsion aggregates has been monitored using 

probe molecules added to the system (52 - 55). Although there is some ambiguity of 

interpretation owing to the use of probe molecules, the following picture of 

microemulsion droplet dynamics seems to be reasonably well established. In solution, 

the equilibrium distribution of microemulsion droplet sizes is maintained in a rapid 

dynamic equilibrium via a mechanism of continual droplet coalescence and re- 

separation (50,56,57). The overall process of the coalescence of two droplets to form a 

short lived, coalesced droplet dimer can be broken down into the steps shown in Figure 

1.12. 

0+ý __ so 00 
Microemulsion Encounter Transition Droplet 

droplets pair state dimer 

Figure 1.12 

The droplets initially diffuse together to form a non-coalesced encounter pair 

which may proceed to form a transient droplet dimer by coalescence. Reversal of the 

process may occur at each stage with coalescence followed by re-separation leading toa 

"scrambling" of the components between the droplets. Based on investigations of a 

variety of microemulsion systems, the following observations are relevant here. 

(i) The second order rate constant for the exchange of probe molecules between 

microemulsion droplets (lc, ) is always slowest at temperatures closest to the 

solubilisation phase boundary (55). As discussed previously, this is where the 

droplet-droplet interactions are least attractive and where the curvature of the 

surfactant monolayer is closest to the spontaneous (i. e. most stable) curvature. 
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(ii) The second order rate constant lc. differs by approximately five orders of 

magnitude for different surfactant systems. The slowest rates to date have been 

observed for W/O microemulsions stabilised by AOT (50,58). 

The second order rate constant kr can be expressed as 

lcý = kde exp (-E/RT) (1.11) 

where k, is the rate constant in the absence of a significant energy barrier E to transient 

droplet dimer formation and is equal to the diffusion controlled limiting value. The 

energy barrier E is the free energy difference between the two original droplets and the 

highest free energy state reached in the course of the transient dimer formation (the 

transition state of the process). The energy E is a measure of the ability of a surfactant 

film to resist droplet coalescence and, as such, is expected to have some relevance to the 

stability of emulsions and foams. It is of interest to attempt to establish possible 

correlations between the magnitude of E and properties of the surfactant monolayer with 

the ultimate aim of being able to predict droplet dynamic properties for different 

surfactant structures. 

In this section, some possible contributions to the magnitude of E are postulated. 

In order to do this it is necessary to assume a structure for the transition state. One 

possibility is that the transition state occurs between the non-coalesced encounter pair 

and the transient droplet dimer and has the hour-glass shape as shown above in 

Figure 1.12. 

The energy of forming this transition state involves deforming the surfactant 

film in the region where the two droplets connect. One contributing factor to the 

magnitude of E might therefore be the energy required to bend the surfactant 

monolayer. The bending energy per unit area has previously been given by equation 1.9. 
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For two microemulsion droplets initially at their spontaneous curvature (and 

consequently at their natural radius r0), the bending energy associated with the 

formation of the hour-glass-shaped transition state shown above is given approximately 

by 

Ebmd =4 7C rl r2 [K/2 (1/rl + 1/r2 - 2/ro)2 + K(1/rlr2 - lho2)] (1.12) 

where rl and r2 are the principal radii of curvature in the "neck" region and are of 

opposite sign. If the bending energy dominates the free energy for the coalescence 

process, the exchange rate might be predicted from equation 1.12 to be accelerated as K, 

the monolayer bending rigidity and K, the Gaussian curvature elastic modulus decrease 

and also as the spontaneous curvature tends to zero (i. e. ro-3oo). 

Upon coalescence, the surface area of the transient droplet dimer produced is 

less than that of the two constituent droplets. Hence, droplet coalescence is expected to 

lead to a decrease in the area available to the surfactant monolayer. This area loss may 

be accommodated by compression of the surfactant monolayer or through "wrinkling" 

of the dimer surface. Alternatively, the surfactant may desorb from the droplet surface. 

The free energy cost for desorption (per mole of surfactant desorbed to form monomers 

in the continuous phase) is given by -RT ln(monomer activity in the continuous 

solvent). This approximates to -RT In cµc if the activity coefficient of the surfactant is 

assumed to be unity. On the basis of this argument, desorption of surfactant, and 

consequently coalescence, may therefore be expected to be facilitated when the cµc is 

high. 

As mentioned earlier, droplet coalescence rates are not generally determined 

directly. The techniques frequently used monitor the exchange of solubilised probe 

molecules between microemulsion aggregates. Fletcher et al. have used a stopped flow 

technique to measure the rate of exchange of probe molecules within water-in-heptane 
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and water-in-dodecane microemulsions stabilised by AOT (50). They investigated three 

different pairs of probe molecules and observed that, for each system, the exchange rate 

was independent of the probes used. The exchange rate of probes has also been 

determined using a technique of TRF for these two water-in-oil systems. Using this 

technique the rate constants appear to be approximately 30 and 90 times faster for 

heptane and dodecane respectively as the oil phase (49,59). Since using the stopped 

flow technique the same exchange rate constant was obtained using three different pairs 

of probe molecules, it appears more likely that exchange in these cases occurs through 

droplet coalescence. The faster rate in the case of the TRF results may be a consequence 

of probe molecules exchanging between aggregates without coalescence e. g. through 

surfactant-probe complexes migrating through the continuous phase. 

It is also of interest here to mention results obtained by Fletcher and Holzwarth 

on the aggregation kinetics of tetradecane-in-water microemulsions stabilised by C12E5 

(51). Using a temperature jump technique they have determined rate constants for 

droplet aggregation i. e. for the formation of non-coalesced encounter pairs. At the 

solubilisation phase boundary, the rate constants were found to be approximately 100 

times slower than the probe molecule exchange rate constants determined by TRF for 

heptane-in-water microemulsions of comparable size. Despite the change in the nature 

of the oil phase, it is clear that-the results are not consistent with droplet coalescence 

being the only mechanism of probe exchange for this particular system. (For this to be 

the case, the overall exchange rate must be equal to or slower than the encounter pair 

formation rate). There appears therefore to be an appreciable energy barrier associated 

with the approach of the aggregates which decreases with increasing droplet size. These 

results suggest that the transition state to the overall microemulsion droplet coalescence 

process may occur in the step involving the formation of the non-coalesced droplet 

encounter pair (rather than in the subsequent coalescence step). 
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The above discussion has attempted to bring together possible factors which may 

have a bearing on the microemulsion coalescence rate in solution. These may include: 

(i) the spontaneous curvature of the surfactant monolayer, (ii) energy changes associated 

with the close approach of microemulsion droplets; (iii) the energy required to bend the 

surfactant monolayer, and (iv) the energy required to desorb surfactant from the droplet 

surface. In this thesis, kinetic studies have been performed in an attempt to find 

correlations that may exist between the above mentioned parameters and microemulsion 

droplet exchange rates. 

1.2.7 Solubilisation of biopolymers in WIO microemulsions. 

It is quite common in industry for emulsion based products to be stabilised by a 

mixture of low molar mass surfactants and polymeric material. An example of this in 

the food industry is margarine in which the W/O emulsion is stabilised by the presence 

of both monoglycerides and milk proteins (60). The protein may contribute to the 

overall stability by co-adsorbing at the oil-water interface together with surfactant 

molecules, or alternatively, stability may arise through its presence in the continuous 

phase of the emulsion. Some of these processes will be described in section-1.3.3. 

It has been observed that proteins may be solubilised into the dispersed aqueous 

phase of W/O microemulsion aggregates (61). The location of the solubilised protein 

depends upon the competing interactions between itself and the dispersed phase, the 

continuous solvent and the surfactant monolayer. This has recently been discussed by 

Pileni (62). It is possible therefore, to observe protein adsorption behaviour at the 

surfactant stabilised oil-water interface through changes in the spontaneous curvature of 

the droplet surface. 
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The ability of water-in-oil microemulsions to solubilise proteins has led to a 

large number of investigations having been performed over the past fifteen years 

(63 - 66). A large proportion of these have been concerned with enzyme catalysed 

reactions within the dispersed phase of the microemulsion (61,67,68). The interest in 

these novel reaction media arises since it is observed that the rate and equilibrium 

position of such reactions may differ greatly from that observed in bulk solution (69). 

Another area which has received a significant amount of interest is in the 

possible use of microemulsions as protein extraction/purification systems (70 - 72). It 

has been observed that proteins may be extracted from various protein mixtures using 

Winsor II systems. Selective extraction may be achieved through manipulation of the 

pH and salt concentration of the aqueous medium (27). 

1.3 Unstable Oil - Water Mixtures : Macroemulsions. 

1.3.1 Introduction to macroemulsions and the Hydrophile-Lipophile Balance. 

Upon shaking an oil-water mixture containing surfactant, a macroemulsion may:! - 
be produced in which either droplets of oil are dispersed in the continuous aqueous 

phase (O/W) or water droplets are dispersed in the apolar medium (W/O). This property 

of surfactant molecules of being able to stabilise dispersions of two normally 

immiscible liquids has been known for thousands of years. Indeed, one of the earliest 

reported macroemulsion preparations comes from ancient Greek literature in which in 

the second century, the Greek physician, Galen, produced an emulsion containing 

beeswax as the apolar phase (73). In the chemical industry today, macroemulsions 

represent one of the most important uses of surface-active molecules. Their wide range 
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of applications can be illustrated with the example of the surfactant Span 20, a 

hydrophobic sorbitan ester. In the food industry, this is employed in the stabilisation of 

fat crystals in chocolate production (74), whereas the same species is also used to 

stabilise ammonium nitrate emulsion explosives (75). 

Prediction of the type of macroemulsion produced (O/W or W/O) when an oil + 

water + surfactant system is emulsified has been the subject of many investigations over 

the years. In the 1930's, Clayton emphasised the importance to this problem of 

considering the nature of a surfactant's hydrophilic and hydrophobic groups (76). This 

was later extended by Griffin who introduced a method of classifying nonionic 

surfactants according to the relative proportions of hydrophilic and lipophilic 

(hydrophobic) groups within the molecule (77,78). This is the Hydrophile-Lipophile 

Balance (HLB). 

Surfactants are assigned a number ranging from 0- 20 which reflects the 

hydrophilicity/lipophilicity of the molecule. Surfactants with low HLB values 

(e. g. 1- 7) exhibit a resultant lipophilic tendency and promote W/O macroemulsion 

formation. Conversely, those with higher HLB values are hydrophilic and produce O/W 

macroemulsions. This is effectively equivalent to Bancroft's rule which states that the 

phase in which the surfactant is more soluble tends to be the continuous phase of the 

macroemulsion produced (79). 1ý 7. 

The HLB number of a surfactant may be calculated according to empirical 

formulae based on the surfactant's molecular geometry. One of the simplest formulae of 

this kind is given below for polyoxyethylene type nonionic surfactants (80). 

HLB = (mole % hydrophilic group) /5 (1.13) 
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Later, Davies and Rideal gave the HLB method a more quantitative basis by assigning 

numbers to specific molecular groups (81). The overall HLB for the surfactant was then 

given by a summation of the various group contributions within the molecule. 

HLB = 7-(hydrophilic group numbers) - E(lipophilic group numbers) +7 (1.14) 

It has become rather evident however, that this method of emulsifier 

characterisation has serious limitations. HLB numbers are assigned to surfactants on the 

basis of their molecular structure alone without consideration of the prevailing 

conditions e. g. nature of the oil phase, temperature, salt concentration etc. It is well 

known that nonionic surfactants can change their solution behaviour from promoting 

O/W microemulsion formation at low temperatures, to W/O aggregate formation at 

elevated temperatures. Such factors might also therefore be predicted to affect the type 

of macroemulsion produced. This arises since it is generally observed that the type of 

microemulsion formed in a two phase oil-water system is the same as the type of 

macroemulsion produced when the two phases are mixed, i. e. a Winsor I O/W 

microemulsion system will produce a corresponding O/W macroemulsion (82,83). This 

is shown schematically in Figure 1.13 below. 

Winsor I 

Emulsification 

0/W 
Emulsion 

Figure 1.13 

Microemulsion 
droplets 

In the macroemulsion produced, the emulsion drops coexist in conjunction with 

microemulsion droplets. Since the emulsion monolayers are effectively flat in 
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comparison with microemulsion droplets, the reason for this equivalence between the 

type of macroemulsion formed and the type of microemulsion produced at equilibrium 

is at present unresolved. Clearly however, factors which affect the microemulsion phase 

behaviour will also directly affect the type of macroemulsion produced. It is far more 

appropriate therefore, to consider an effective HLB for a surfactant in situ within the 

monolayer under the influence of the solution conditions. This is often referred to as the 

system HLB (80). 

If the system HLB in an oil + water + surfactant system is high, aggregates will 

form in the aqueous phase (and O/W macroemulsion formation will be promoted). 

Conversely, a low system HLB will favour water-in-oil aggregate formation (and W/O 

macroemulsion formation). The system HLB relates to microemulsion formation and 

therefore is only applicable to systems at surfactant concentrations in excess of the cµc. 

It is not related to the preference of the surfactant monomer for either the oil or water 

phases. This can be highlighted by the observation that monomers of the nonionic 

surfactant C12E5 at ambient temperature partition between water and heptane strongly in 

favour of the apolar phase, however, aggregate formation occurs in the water (42). The 

macroemulsion type follows the microemulsion type (not the monomer partitioning) and 

consequently an O/W emulsion is formed upon mixing the two phases. 

This section serves to illustrate, that the type of microemulsion formed and 

consequently the type of macroemulsion produced, cannot be determined simply by the 

surfactant structure alone as was originally thought in determining the HLB number 

concept. The surfactant molecule must be considered in situ at the interface under the 

influence of the solution conditions. In this way, the solution behaviour of surfactants is 

best interpreted in terms of changes in a system HLB. It should be remembered here, 

that although the type of emulsion produced may be predicted through an interpretation 

in terms of HLB, no indication of the kinetic stability of the emulsion is obtained. 
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1.3.2 Macroemulsion breakdown mechanisms. 

Macroemulsions are thermodynamically unstable and will eventually phase 

separate into two or more phases. Phase separation occurs by a variety of different 

processes as shown in Figure 1.14 and discussed below. 

(1). Flocculation. 

This is the process whereby individual droplets form clusters or flocs in the 

continuous phase of the emulsion. The initial droplet size however, is retained within 

the flocculated structure. If attractive interactions between droplets outweighs repulsive 

inter-droplet forces, flocculation may occur. Consequently, factors which effect the 

interactions between droplets will have a direct bearing upon the extent of flocculation 

observed. In the case of emulsions stabilised by polymers, flocculation may be induced 

if the polymer molecules adsorb to the surface of more than one droplet. This type of 

flocculation is known as bridging flocculation (84). Flocculation has also been observed 

to be induced by the presence of non-adsorbing polymer molecules (85) and micellar 

aggregates (86) in the continuous phase. This process is termed depletion flocculation 

(87,88) and arises due to the expulsion of polymer (or aggregates) from the thin films 

of continuous phase separating approaching emulsion droplets. This will be discussed 

further in Chapter seven. 

Since droplets within a floc retain their individuality they may be redispersed if a 

sufficient external force is applied. The process of flocculation is therefore reversible. 

(2) Creaming/Sedimentation. 

In general there exists a density difference between the two liquids constituting 

an emulsion. If the less dense liquid comprises the dispersed phase, then in time, 

droplets will accumulate at the top of the emulsion. This process is referred to as 

creaming and is commonly observed in oil-in-water emulsions. In the opposite case, in 

which the dispersed phase is the more dense liquid, the droplets will collect at the base 
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of the emulsion. This is termed sedimentation and is frequently observed in water-in-oil 

emulsions. Creaming or sedimentation of an emulsion produces a droplet concentration 

gradient within the emulsion. This increases with time until eventually the emulsion 

droplets are contained in a close-packed configuration at the top (or bottom) of the 

emulsion together with separated continuous solvent. 

The velocity v of an isolated, spherical, nondeformable emulsion droplet of 

radius a in a liquid of viscosity it is given by (89) 

v= (2 0p g a2)/(9 il) (1.15) 

where Op is the density difference between the two phases and g is the acceleration due 

to gravity. It can be seen that the sedimentation/creaming rate is dependent upon the 

emulsion droplet size and will be enhanced for systems in which droplet growth occurs. 

(3) Coalescence. 

This is the process whereby emulsion droplets fuse together to form larger 

droplets. It may proceed in a concentrated creamed emulsion, within a flocculated 

structure or upon collision of separate emulsion droplets. Clearly the emulsion droplet 

size distribution is not conserved and ultimately complete coalescence occurs to yield 

the two-bulk liquids. The region between two approaching emulsion droplets-contains a 

thin film of the continuous phase. It has been shown previously that the surfaces of a 

thin film (i. e. the emulsion droplet surfaces) are in a state of continual random 

fluctuation (90). If during a fluctuation, the change in the attractive force exceeds the 

change in the total repulsive force, then rupture of the film can occur. The characteristic 

thickness at which this occurs is known as the critical rupture thickness (91). Currently 

factors which may affect the critical rupture thickness are unclear, but are thought to 

include the interfacial tension, the monolayer bending rigidity and the interfacial 

rheology. 
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(4) Ostwald ripening. 

So far, oil and water mixtures have been treated as being completely immiscible. 

In all cases however, there will exist some mutual solubility between the two phases. 

This may be sufficient to give rise to a process known as Ostwald ripening. 

If the droplet size distribution within an emulsion is polydisperse, then there will 

exist an internal Laplace pressure difference between the small and large droplets. This 

will produce a thermodynamic driving force favouring the production of large droplets 

at the expense of smaller ones. This is described by equation 1.16 below (41) 

In (q1VCo. ) =2yV /(a R T) (1.16) 

where C(s) is the solubility of a droplet of radius a, C. is the solubility of the bulk liquid, 

V is the molar volume of the liquid and y is the interfacial tension. Molecules of the 

dispersed phase may then dissolve in the continuous phase and migrate from the small 

to the larger droplets. The rate at which Ostwald ripening occurs depends therefore on 

the solubility of the dispersed phase in the continuous solvent and the speed of diffusion 

of material dissolved in the continuous phase. An additional mechanism whereby 

material may exchange between emulsion droplets is through solubilisation into the 

interior of microemulsion aggregates- present in the continuous phase of the emulsion. 

Ultimately, an emulsion of polydisperse droplet size may attain a state in which 

complete resolution of the two phases has occurred through Ostwald ripening. 

In general, the four breakdown processes outlined above may occur 

simultaneously or in any order depicted in Figure 1.14. It is clearly evident that the rate 

at which each process proceeds is highly dependent upon the extent to which the other 

processes are operating. For example, the rate of creaming observed in an emulsion 

depends upon the degree of flocculation of the droplets and on their size, which is 
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dependent upon the rates of coalescence and Ostwald ripening within the emulsion. It is 

normally extremely difficult to resolve the rates at which these individual mechanisms 

occur within the overall emulsion breakdown process. 

1.33 Emulsion stabilisation. 

Stabilisation as applied to emulsion systems, refers to the resistance of an 

emulsion to the four breakdown mechanisms discussed above. Each of these processes 

may produce serious adverse effects in the desired properties of the emulsion. Some 

important factors which may directly influence the stability of an emulsion are 

discussed below. 

(1) Physical nature of the interfacial film. 

Since emulsion droplets are in a state of continual motion they may undergo 

frequent collisions. If the interfacial film surrounding two colliding droplets ruptures, 

coalescence will take place since this involves a decrease in the free energy of the 

system. The ability of the surfactant film to prevent rupture upon collision is therefore 

of prime importance in determining the stability of the emulsion. One physical property 

of. -a surfactant film which effects its resistance to rupture is its "mechanical strength". 

For maximum "mechanical strength", the surfactant interfacial film should be 

condensed, with strong lateral intermolecular forces. Pure surfactants often produce 

interfacial films that are not condensed and consequently exhibit poor "mechanical 

strength". For this reason a mixture of two or more surfactants are commonly employed 

(92). An example of this may be the anionic surfactant sodium dodecyl sulphate (SDS) 

and the addition of dodecanol. A mixed monolayer is produced in which the lateral 

interactions between adjacent SDS tails are increased through the presence of the long 

chain alcohol producing a more condensed film. In some cases, emulsion droplets may 
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be stabilised through the formation of liquid crystalline layers at the droplet surface 

(74). The film produced is highly viscous and exhibits a strong "mechanical stability" 

that may resist the coalescence of individual droplets. Additionally, the film provides a 

steric barrier (see later) that prevents the dispersed particles from approaching each 

other closely enough for van der Waals attractive forces to operate. 

A further requirement for the production of an effective stabilising film, is that it 

should exhibit a high elasticity. When emulsion droplets collide (either with themselves 

or with the vessel wall) deformation of the stabilising film may occur. If the surface 

concentration of surfactant is not maintained the local interfacial tension at that point in 

the interface will increase. The tension gradient now existing at the surface of the 

droplet resists further deformation thus stabilising the system. If surfactant can rapidly 

re-adsorb to the "bare" surface the tension gradient will be relaxed in which case the 

interface will exhibit a low elasticity. This is known as the Gibbs-Marangoni effect. If 

the stabilising film around the droplets does not show an appreciable elasticity, the 

emulsion may be unstable and breakdown rapidly. 

(2) Electrostatic stabilisation. 

The presence of a charged droplet surface may arise for O/W emulsions through 

the dissociation of a surfactant's charged ionic head group or through the surface 

adsorption of ions. In solution, the charged droplet will be surrounded by.. a, diffuse layer 

of ions of opposite charge to the surface such that electrical neutrality is conserved. This 

electrostatic arrangement is referred to as an electrical double layer (93). When two 

droplets approach each other in solution a certain separation is reached at which their 

electrical double layers start to overlap. If the double layer thickness is sufficiently 

large, closer approach will be prevented through repulsion and the droplets will be 

electrostatically stabilised. The thickness of the double layer is highly dependent upon 

the concentration of electrolyte in the system. If this is high, the double layer thickness 

is reduced and the emulsion droplets may approach sufficiently closely such that van der 
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Waals attraction between them dominates the overall interaction. In this case 

flocculation may be observed. The theory which describes particle stability in terms of 

electrical repulsion and van der Waals attraction is well characterised and is referred to 

as the DLVO theory after its pioneers Derjaguin and Landau (94) and Verwey and 

Overbeek (95). 

(3) Stabilisation by Polymers. 

If a polymeric material is sufficiently surface active it may adsorb at an emulsion 

droplet surface forming loops and tails which extend into the continuous phase. When 

two emulsion droplets approach sufficiently closely, the adsorbed material may start to 

interact. Generally the polymer-polymer interaction will be unfavourable since this 

results in a loss of configurational entropy of the polymer segments and consequently, 

repulsion between the two droplets will occur. This type of stabilisation is known as 

steric stabilisation (96). Due to the nature of the adsorbed polymeric film, it may also 

provide an appreciable "mechanical barrier" to droplet coalescence. 

Non-adsorbing polymer can also increase the stability of an emulsion through a 

process known as depletion stabilisation (97). This is typically observed when 

reasonably high concentrations of polymer are present in the continuous phase of an 

emulsion. For two droplets to approach each other sufficiently closely such that 

flocculation may. occur requires polymer molecules to be expelled from the intervening 

region between the droplets. If the continuous phase is a good solvent for the polymer 

then this will be energetically unfavourable since it will involve demixing of the 

polymer chains and solvent. This gives rise to an energy barrier to flocculation. At 

lower polymer concentrations however, this energy barrier is much reduced and 

flocculation may then become a thermodynamically favourable process. This is the 

origin of depletion flocculation which is discussed in detail in Chapter seven. 

Non-adsorbing polymeric species may also stabilise emulsions through their 

influence on the bulk rheology. This is discussed below. 
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(4) Viscosity of the continuous phase. 

An increase in the viscosity of the continuous phase will reduce the diffusion 

coefficient of the droplets and hence retard the rate of creaming/sedimentation (see 

equation 1.15), coalescence etc. This is a very simple but highly important factor in 

determining the overall emulsion stability. The viscosity of the continuous phase of an 

emulsion may be dramatically increased through the addition of polymers, 

e. g. polysaccharides. In some cases, a weak gel network may be formed producing a 

highly stable droplet dispersion. 

1.4 Presentation of Thesis. 

The aim of this thesis is to attempt to correlate equilibrium properties of 

microemulsion systems with the formation and stability of the corresponding 

macroemulsions. The work is mainly confined to the study of water-in-oil micro/macro- 

emulsions stabilised by nonionic surfactants. This thesis may be conveniently divided 

into two parts. The first part, Chapters three to six, is dedicated to a study of the 

equilibrium microemulsion- properties of various water + oil + surfactant systems and in 

the second part, Chapters six and seven, the macroemulsion behaviour of these systems 

is reported. 

Initially in Chapter two a description of the experimental techniques employed 

and the specification of the materials used throughout this work is given. In Chapter 

three, a brief study of the microemulsion phase behaviour of several commercial 

emulsifiers of the type used in foods is presented. Their behaviour is interpreted in terms 

of HLB ideas which are known to account for the behaviour of pure nonionic 

surfactants. In Chapter four, water-in-hydrocarbon microemulsions stabilised by C12E4 
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are characterised. These results are compared to those obtained with various 

concentrations of a medium chain length triglyceride as the oil phase in Chapter five. 

Chapter six addresses the possible relationship between the monolayer bending rigidity 

constant K, and the microemulsion exchange rate for three surfactant systems in which 

values for K have previously been reported. The latter part this chapter discusses the 

possible correlations between these findings and macroemulsion phase separation rates 

for the corresponding systems. In Chapter seven, macroemulsion phase separation rates 

of the surfactant systems described in Chapters four and five are presented. Two effects 

are described in detail. Firstly, the effect of added microemulsion droplets of differing 

size on macroemulsion stability. The results are interpreted in terms of a theoretical 

model of depletion flocculation. Secondly, the effect of the addition of triglyceride oils 

to the emulsions is investigated. The resultant changes in the emulsion stability are 

correlated with changes in the properties of the equilibrium microemulsion systems. 

Finally in Chapter eight, the main conclusions from this thesis are drawn together. 
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2. EXPERIMENTAL. 



CHAPTER 2. 

2.1. Methods. 

2.1.1 Microemulsion phase boundary determination. 

Two techniques were employed for determining the extent of the one phase 

microemulsion region. The first of these involved preparing a series of solutions 

containing different concentrations of surfactant in the continuous phase. These were 

thermostatted in the type of vessel shown in Figure 2.1. The vessels were designed so as 

to provide ease of addition of liquid with minimal loss of volatile solvents through 

evaporation. The silicone rubber septa showed no signs of swelling when immersed in 

the solvents under study for up to five hours and hence were assumed to be inert over 

the experimental time scale. To each vessel the required amount of dispersed phase was 

injected through the septum to produce a certain mole ratio of dispersed component to 

total surfactant, denoted R. 

R= [dispersed phasel (2.1) 
[surfactant] 

The sealed vessels were placed in a thermostat and continuously stirred by a magnetic 

bar. The temperature of the samples was gradually changed (typically less than 

0.1°C /min) and the temperatures corresponding to the two boundaries were detected 

visually as a transition from clear to cloudy or vice-versa. Boundary temperatures were 

observed to be independent of the direction from which they were approached 

(i. e. raising or lowering the temperature). The R value was then incremented by further 

addition of dispersed phase and the procedure repeated. 

The second method for boundary determination was that of a one phase turbidity 

titration. Initially, the surfactant solution was thermostatted as before in the titration 
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vessel. The dispersed phase was then added to the stirred solution through a microlitre 

syringe and the volume required to produce the first onset of turbidity was recorded. A 

known amount of concentrated surfactant solution was then injected until a one phase 

solution again resulted and the titration was repeated. In this way, a plot of the 

maximum solubilised volume versus surfactant concentration (at a single temperature) 

was obtained (98). The whole procedure had to be repeated at different temperatures to 

fully map out the position of the one phase microemulsion region. 

The precision of the phase boundary determinations was typically better than 

t 0.5°C. Results from the two methods were in reasonable agreement; e. g. the lower 

temperature phase boundary for heptane-in-water microemulsions stabilised by C12E4 

(R =15 ± 1) was found to occur at 6±0.5°C using both methods. 

The one phase turbidity titration technique was employed for protein-containing 

systems. Stock protein solutions were initially prepared in 50 mM buffer solution, 

stored on ice and used within six hours of preparation. 

2.1.2 Measurement of oil-water interracial tension by the spinning drop 

technique. 

The spinning drop technique for the measurement of interfacial tension was 

developed by Vonnegut (99). The technique is particularly suitable for the measurement 

of very low values of interfacial tension (5 - 10-4 mN m-1) where other techniques 

(e. g. Wilhelmy plate and drop volume techniques) fail (100). 

The technique involves injecting a drop of liquid (e. g. oil phase) into a spinning 

capillary containing a second, more dense liquid (e. g. aqueous phase) as shown 

schematically in Figure 2.2. The centripetal force on the drop acts to elongate it along 

the axis of rotation whereas the interfacial tension force opposes this by a tendency to 
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minimise the oil-water interfacial area favouring a spherical drop shape. At equilibrium, 

a cylindrical shaped drop is generally obtained whose diameter is a function of the 

angular velocity of the spinning capillary, the interfacial tension and density difference 

between the two liquids. The full expression relating the shape of the drop to the 

interfacial tension is complex (99). However, by suitable choice of the drop volume 

injected and rotation speed of the capillary, it is generally possible to obtain drops 

whose length to width ratio exceeds about four. Under these conditions, the drop shape 

may be approximated as a cylinder with hemispherical caps. If the effects of gravity are 

ignored, the simple relationship below can be used to obtain the interfacial tension 

(99,101). 

(d/2)3 c, )2 AP/4 (2.2) 

where d is the cylindrical drop diameter, co is the angular velocity of the capillary in 

radians per second and Ap is the density difference between the two liquids. 

The tensiometers were supplied by Kruss (models site 02 and site 04). The 

rotating capillary containing the more dense liquid was thermostatted by circulating oil 

from a Lauda thermostat. Accurate determination of the capillary temperature was 

achieved through the use. of an -incorporated thermocouple. Typically the temperature 

was constant to within ± 0.5°C and a temperature range of between 12 - 50°C was 

obtainable. Effective droplet illumination was achieved by using a stroboscope in phase 

with the rotation of the capillary. A continuous light source was also used occasionally, 
but this generally produced poorer droplet contrast. 

Operation of the tensiometer was fairly straight forward. The less dense oil 

phase was injected into one end of the rotating capillary through a septum and 

positioned in the field of view by inclination of the apparatus. The diameter of the drop 

was monitored until a stable equilibrium value was achieved. The time taken to 
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establish equilibrium was system dependent but generally ranged between 10 - 100 

minutes. 

The diameter of the drop was measured using a horizontally mounted 

microscope fitted with an eyepiece containing a graticule. The drop diameter was 

determined by aligning the upper edge of the drop with the zero graticule marking and 

coinciding the movable cross wires with the lower edge of the drop. The drop diameter 

was thus obtained in graticule scale units. Calibration factors for each eyepiece had 
f 

previously been obtained by measuring the product d3uo2 for a series of pre-equilibrated 

water-alcohol mixtures. Using reliable values of interfacial tensions and densities from 

the literature (102), the calibration factors were obtained from linear plots of 'y/Ep 

against d3w2 (103). These calibration factors were used in all calculations of tensions. 

As is evident from equation 2.2, any error in reading the droplet diameter will 

result in a threefold percentage error in y. For this reason the diameter was measured at 

a minimum of three positions" along the droplet length and an average value taken. The 

maximum uncertainty in y was estimated to be ± 10%. 

2.13 Photon correlation spectroscopy. 

Light scattering as a probe of colloidal dispersions has a long history with 

significant contributions from Tyndall, Maxwell, Rayleigh, Smoluchowski, Einstein and 

many others (104). However, it was not until the advent of the laser in 1961 that the 

technique of dynamic light scattering was developed. This technique exploits the 

coherence of the laser beam to yield information about the particles in a colloidal 

suspension (105). Over the past 15 years it has been extensively used for particle sizing 

and measurement of diffusion coefficients in microemulsion systems (106,107). 
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If a dispersion of static colloidal particles is considered as forming a 

3-dimensional array then, on illumination by a coherent light source, a characteristic, 

random diffraction or "speckle" pattern will be produced. Bright and dark areas will 

arise from constructive and destructive interference of the scattered light. In a real 

solution the particles are continually moving under Brownian motion and hence the 

diffraction pattern bright spots will move randomly. A detector positioned to register the 

intensity of a few of the bright spots will then yield a signal which fluctuates 

significantly about a mean value. (In conventional, static light scattering techniques, the 

detected area covers a large number of diffraction spots and the intensity fluctuations 

are of insignificant amplitude relative to the mean, time-averaged intensity and hence 

only the mean scattering intensity is obtained. ) The characteristic frequency of these 

random intensity fluctuations contains information on the particle motion and hence its 

size. Small, fast moving particles produce high frequency fluctuations whereas larger, 

slower moving particles give lower frequencies. For the microemulsion particles studied 

in this work, the intensity fluctuations generally occur on a millisecond to microsecond 

time scale. 

The apparatus, shown schematically in Figure 2.3, consists of the following 

components. The laser source illuminates the sample at the centre of a goniometer on 

which is mounted a sensitive photomultiplier. The signal from the photomultiplier is fed 

to a real-time, digital correlator which is, in turn, connected to a computer for 

subsequent particle size calculation The principles of this calculation are outlined 

below. 

The digital correlator calculates the intensity autocorrelation function G(ti). The 

correlator is organised into a number of channels of time interval At which is set to be 

small relative to the characteristic period of an intensity fluctuation. The function G(ti) 

is obtained as the intensity in channel j (I) multiplied by the intensity in channel j+n 

(II+n) where t= jOt and ti = nit. The function G(ti) (equivalent to G(n)) is collected and 
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averaged over a large number N of "starting channels" j until sufficient statistical 

accuracy is produced. 

N 
G(T) = lim (1/N) E Ij Ij+n 

N-ý ý=1 
(2.3) 

The fluctuating intensity signal and resultant autocorrelation function are shown 

schematically in Figure 2.4. The function G(tt) decays from an initial value of the time- 

averaged square of the intensity (<I2>) to a value equal to the square of the average 

intensity (<I>2). As explained previously, G(t) contains information on the particle size 

distribution. For the simplest case where the particles are non-interacting, monodisperse 

spheres, the autocorrelation function decays exponentially according to 

G(T) = <I2> exp(-2DQ2, t) + <I>2 (2.4) 

where D is the diffusion coefficient of the particle and Q is the magnitude of the 

scattering vector. 

Q= 47c n sin (0/2) (2.5) 

7. is the wavelength of the incident light, 0 is the angle at which the scattered light is 

detected and n is the refractive index of the continuous phase. It is then a simple matter 

to obtain the particle hydrodynamic radius from the Stokes-Einstein equation 

D= kB T (2.6) 
(6 7C 'n rx) 
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where kB is Boltzmann's constant, T is the absolute temperature, r) is the viscosity of the 

continuous solvent and r11 is the hydrodynamic radius of the particle. 

If the particle size distribution is polydisperse, a non-exponential correlation 

function results. In this case a more detailed analysis is required. The observed decay 

may be described by an expansion of the type given by Koppel (108), 

In G(ti) = (In <12> - Bt + (1/2! ) (Bti)2 + ... ) + In <I>2 (2.7) 
-jA B 

where B is the mean decay constant (25Q2) and µ/B2 is the normalised variance. 

Samples investigated in this work displayed low values of this normalised variance 

(typically < 0.1) indicating the presence of aggregates with a low degree of 

polydispersity. 

For the work described in this thesis, the experimental set-up was as follows. 

One phase microemulsion samples were contained in 1 cm path-length, stoppered 

fluorescence cuvettes (Hellma) and were positioned in a thermostatted, Malvern 

Instruments (PCS 100SM) goniometer. The temperature was regulated by a Malvern 

temperature controller (PCS 8) and an external' Grant water circulating thermostat. 

Fluctuations in temperature were typically less than ± 0.1°C. A Spectra-Physics 15 mW 

He-Ne laser (?. = 632 nm) was incident on the sample and scattering was collected at 

90° to the laser beam by a Malvern photomultiplier. Intensity variations were analysed 

by a Malvern digital correlator, model K7072 and the autocorrelation function displayed 

on the screen of the incorporated Commodore pet computer. The analysis of the 

autocorrelation function was performed using equation 2.7 and a hard copy of the 

results was obtained through the use of an online Commodore 4023 printer. 

The solubilisation phase boundaries for one phase "made-up" microemulsion 

samples used in the PCS studies were generally found to be in agreement (± 0.5°C) with 

those previously determined from phase studies. Samples were thermostatted for a 
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minimum of 15 minutes prior to measurement to allow equilibration to the pre-selected 

temperature. Since the presence of dust can seriously perturb the autocorrelation 

function producing meaningless results, a rejection algorithm was implemented. Data 

was collected in one second "bursts". For each "burst", the routine calculated the 

normalised, time-averaged value of the measured scattered intensity from the total count 

of the scattered photons collected in that "burst". This value was compared with the 

average value calculated from the intensity at very long times (compared to the period 

of the fluctuations) as determined through the use of four delay channels. If the 

maximum fractional difference between these two values was outside a set value, the 

data of that "burst" was rejected. Otherwise, the data was collected and averaged. 

Setting of this rejection factor was most effectively performed by observing the build-up 

of the trace with time. Typically a 0.5% rejection level ensured dust particles did not 

significantly perturb the measurements. 

Scattering was recorded until a smooth exponential decay was obtained without 

any irregularities. The samples were then checked for any signs of phase separation. 

Frequently, for very low intensity scattering solutions, a smooth decay trace could only 

be obtained after 2-3 days sampling. If any irregularities still remained the Malvern 

analysis software would only fit the first few channels up to the first aberration. This 

resulted in a high statistical uncertainty in the calculated radius. In these few cases the 

data were entered into a BBC curve fitting programme (109) and the best fit to a single 

exponential function calculated. This procedure was found to be more satisfactory for 

the case of very low scattering intensity samples. 
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2.1.4 Time-resolved fluorescence measurements. 

Since the development of time-resolved fluorimeters in the early seventies they 

have been used extensively through out all three branches of chemistry, physics and 

biology. Within the field of colloidal chemistry detailed information has been obtained 

on various aspects of micellar (110 - 113) and microemulsion (48,50,53,114,115) 

behaviour. The technique as applied to surfactant colloidal systems, measures the 

fluorescence decay of probe molecules solubilised in the interior of microemulsion 

droplets. In the absence of fluorescence quenching molecules, the intensity decays 

exponentially. If quencher molecules are also present solubilised in the aggregates, the 

fluorescent life time of the fluorescent probe is reduced and the decay is described by a 

multi-exponential function. This arises from the summation of intensity decays of 

different lifetimes resulting from droplets containing different numbers of quencher 

molecules. Analysis of the non-exponential decay yields the average number of 

quenchers per aggregate and hence the number of aggregates. Information on the 

dynamics of exchange of probe molecules between aggregates on the microsecond - 

nanosecond time scale can also be obtained. Several good reviews on time resolved 

fluorimetry as applied to surfactant colloidal systems have been presented in the 

literature (116 - 118). 

The apparatus is shown schematically in Figure 2.5. Thermostatted one phase 

microemulsion samples are excited with a very short pulse of light (-1 ns) from a spark 

gap lamp operating at a repetition rate of between 104 - 105 Hz. The excitation 

wavelength chosen is a compromise in an attempt to optimise the output intensity of the 

lamp and the maximum in the probes excitation spectrum. The fluorescent radiation is 

selected through use of optical filters and detected at 90° to the incident radiation by a 

sensitive photomultiplier. The pulse of light from the flashlamp is detected by the 

photomultiplier (P. M. 1) which provides a start pulse for the time-to-amplitude converter 
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(T. A. C. ). The first photon of fluorescence is subsequently detected by the 

photomultiplier (P. M. 2) which provides a stop pulse for the T. A. C. In this way the time 

taken between excitation and fluorescence emission is accurately measured. This 

process is repeated many-times and a trace of fluorescence intensity against time is 

continually built up on a multichannel analyser (M. C. A. ). This represents the time- 

resolved fluorescence intensity decay curve. Since the lamp pulse exists over a finite 

time the observed decay is distorted slightly by the width of this pulse. Similarly, the 

response time of the photomultiplier ("dead-time"), despite being only of the order of 

50 ps should also be accounted for on analysing the fluorescence decay. The instrument 

response profile is determined separately using a scattering solution for which the 

intensity decay characteristics are determined only by the instrument response. The 

fluorescence decay trace of the sample is then fitted to a convolution of the fitting 

function and the measured instrument response profile. 

The experimental apparatus used is displayed in Plate 1. Fluorescence intensity 

decay curves were recorded using an Edinburgh Instruments 199 photon counting 

instrument which employed a thyratron gated spark gap lamp. The lamp was typically 

operated at 500 Torr of nitrogen with an electrode gap of 0.5 ± 0.1 nun and a sparking 

frequency of 30,000 Hz. The magnitude of the potential applied to the lamp is critical 

for obtaining stable-running conditions. Insufficient voltage causes the lamp to misfire 

whereas excessive potentials produce an uncontrolled continual sparking of the lamp, 

termed free running. The status of the lamp, either misfiring or free running was 

electronically detected by the instrument. Typically a voltage of 3.3 kV was employed 

which just exceeded that at which the lamp would misfire. Reviews on the operation and 

optimisation of the instrument can be found in references (119) and (120). 

For all W/O systems investigated, ruthenium tris-bipyridyl (RB) was chosen as 

fluorophore and methyl viologen (MV) as quencher. These were selected on the basis of 

their high solubility in water and negligible solubility in the apolar media. Additionally 
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the fluorophore was chosen as it displays a long luminescence lifetime (0.58 µs at 25°C 

in water) (121). Samples were prepared by adding volumes of fluorescer and quencher 

from aqueous stock solutions to a solution of the oil containing the surfactant. The 

required volume of water was then added to give the desired final composition, 

Typically, samples containing an average of 0,1, and 2 quenchers per droplet were 

studied. Fluorophore concentrations were always less than 0.1 per droplet (on average). 

The one phase microemulsion sample was pipetted into the tubular arm of the 

fluorescence cuvette shown in Figure 2.6. Since oxygen is an efficient quencher of RB 

fluorescence (122), the samples were degassed via a minimum of 8 freeze-evacuate- 

thaw cycles using liquid nitrogen. The samples were then transferred into the quartz 

cuvettes through the use of the Youngs taps which allow transferral without the 

admission of air. Phase boundaries for each of the samples were determined and 

agreement was generally found to be within 1-2°C of previously determined boundary 

measurements. The degassed solutions were placed in the thermostatted spectrometer 

cell holder and allowed a minimum of 15 minutes to equilibrate to the pre-selected 

temperature which was controlled to within 0.2°C by an external water circulator. 

Excitation was performed at 356 nm and fluorescent emission was selected using 

two long pass filters, supplied by Schott, which absorb light at wavelengths below 

385 nm and 570 nm (Schott type GG 385, OG 570). Photon counting was started and 

continued until the peak channel registered approximately 10,000 counts. This typically 

took up to 30 minutes. The instrument response profile was then immediately 

determined by replacing the sample with a scattering solution containing colloidal silica 

(Ludox) and removing the emission filters. Sampling was again performed until 10,000 

counts registered in the peak channel (typically <2 minutes). 

The fluorescence intensity decay curves were then computer fitted to a 

convolution of the theoretical function with the experimentally determined instrument 

response profile. The data analysis is described in more detail in Chapter 4. 
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Figure 2.6 
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.15 Emulsion experimentation 

Since emulsion reproducibility is of paramount importance for obtaining good 

reliable data, a consistent method of emulsion preparation must be employed. The 

following procedure was adopted for all W/O systems investigated in this work. 

The aqueous phase and oil phase containing the surfactant were thermostatted 

separately for a minimum of 20 minutes prior to homogenisation. Each of the resolution 

tubes and the homogenisation vessel were also equilibrated at this temperature in the 

thermostat bath. The two solutions were then added to the vessel and allowed two 

minutes to again attain thermal equilibrium. Homogenisation was performed in the 

thermostat bath using a Janke and Kunkel ultra turrax T25 homogeniser operating at 

8000 r. p. m. for two minutes. 

Two types of resolution experiment were performed which involved different 

preparations of batches of emulsion. The first type involved homogenising 12 cm3 of an 

equal volume ratio mixture of oil and water containing a fixed total concentration of 

surfactant initially present in the oil phase. Emulsion preparation was carried out as 

outlined above, homogenisation being performed in a vessel with a mean internal 

diameter of 23 mm. The emulsion was then transferred into a thermostatted, flat 

bottomed, graduated tube and tightly stoppered. The tube had a mean internal diameter 

of 15 mm and had previously been calibrated so that the volumes of separated oil and 

water phases could be read directly. Resolution of the phases was determined by 

monitoring the positions of the interfaces as a function of time after emulsion 

preparation. For emulsions which exhibited very fast phase resolution (complete 

resolution within a few minutes), emulsion breakdown was monitored in the 

homogenisation vessel after removal of the homogeniser. Phase volumes were recorded 

by clamping a 30 cm ruler alongside the vessel and observing the position of the 
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interfaces with time. Subsequently these readings were converted into volumes of the 

resolved phases. 

The second type of resolution experiment performed involved adding small 

volumes of equilibrium microemulsion to portions of a stock emulsion. Initially 2 cm3 

samples of microemulsion of a fixed size but containing differing volume fractions of 

droplets were prepared and thermostatted at the experimental temperature. This 

temperature corresponded to the solubilisation boundary of the microemulsion samples. 

A large volume of a stock emulsion was prepared with a water to on ratio of 3: 2. 

Aliquots of this stock emulsion were then used to investigate the effect of added 

microemulsion droplets. The volume of added microemulsion was chosen such that an 

approximately equal phase volume ratio was maintained in each emulsion sample after 

addition of the microemulsion droplet solution. The mixing of the microemulsion with 

the emulsion was performed in the following way. Firstly, two separate 5 cm3 portions 

of the emulsion were added to each tube. Secondly, the 2 cm3 portions of 

microemulsion solution were then added to each tube in turn, stoppered, and given six 

inversions before immediately returning to the thermostat. This procedure was designed 

to allow complete mixing of the microemulsion sample with the emulsion such that the 

average emulsion droplet size was unchanged. Phase resolution was monitored as 

described above. 

For emulsion resolution experiments performed in the presence of protein the 

latter technique described above was adopted. The aqueous phase in this case contained 

the protein in a 50 mM buffer solution. Following emulsification, 2 cm3 of equilibrium 

microemulsion containing dispersed protein was added to each tube and resolution 

monitored. 

Estimation of emulsion droplet sizes was performed at various stages during the 

resolution experiments. The technique used was that of optical microscopy. Small 

samples (< 0.2 cm3) were carefully extracted from the middle of the emulsion with a 
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Pasteur pipette and spotted onto a clean microscope slide. A raised coverslip was 

positioned over the sample being bridged at either end by coverslip spacers 

(approximately 0.2 mm clearance). This prevented the droplets being compressed which 

could give rise to a possible erroneous size distribution. The slide was mounted on a 

Linkam (model C060) temperature controlled microscope stage and the droplets were 

viewed at 100 x magnification through a Nikon Labophot microscope. Photographs 

were taken with a top mounting Pentax 35mm S. L. R. camera operating in automatic 

mode. After comparison with a' calibration graticule (National Physical Laboratory, 

model 034) viewed under the same conditions, a very approximate determination of the 

average emulsion drop size was possible. 

2.1.6 Density measurements. 

Absolute values of sample density were determined using a Paar DMA 55 

densimeter thermostatted using a Haake F3 thermostat. Density values were obtained to 

± 0.00001 g cm-3 over a range of temperatures. Calibration was performed at each 

temperature using values for the density of water and air taken from reference (123). 

2.1.7 Viscosity measurements 

Kinematic viscosities were determined for the various alkanes and 

alkane/surfactant solutions using a selection of Ubbelohde viscometers of different 

capillary diameters. These were suspended vertically in a stirred, thermostatted water 

bath, the temperature of which was controlled to within O. M. Each viscometer was 

calibrated by measuring the outflow times for pure water at each temperature. The 
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appropriate viscometer was chosen so as to give an outflow time for each sample in 

excess of 150 seconds. The uncertainty in the final viscosity was typically < 0.3%. 

Viscosities were obtained from the kinematic viscosities using measured density values 

or values from reference (123). 

2.1.8 Measurement of refractive index. 

Refractive index was determined as a function of temperature through the use of 

a thermostatted Abbe refractometer and sodium lamp. The precision of refractive index 

values (at X= 589 nm, Sodium D line) determined in this way was estimated to be 

± 0.0001. 

2 
. 1.9 Measurement of the conductivity of emulsions. 

Conductivities of emulsions were measured with a Jenway PCM 3 conductivity 

meter. Samples were thermostatted in a water bath and continuously stirred using a 

magnetic bar. Since the purpose of this measurement was to determine the nature of the 

emulsion formed (i. e. W/O or O/W), conductivity values to within ± 30% were 

acceptable. 

2.1.10 Analysis for water. 

Water contents in one phase W/O microemulsion samples were determined by 

Karl Fischer titrations (124) using a Baird and Tatlock AF3 auto-titrator. Calibration of 
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the titrator using known volumes of water was performed immediately prior to use as 

the Karl Fischer reagent (B. D. H. improved) degraded slowly with time. For W/O 

microemulsion phase analysis, known volumes of the oil were injected rapidly into the 

titration vessel and a digital readout of the water content (in mg) was produced at the 

end of the titration. A minimum of three separate determinations were performed for 

each solution. Reproducibility between duplicate determinations was generally better 

than t 2% or ± 0.2 mg water which ever was the greater. The calibration was 

re-checked at the end of a series of measurements. 

2.1.11 Preparation of glassware. 

All glassware was intially rinsed with tap water before immersing in 

concentrated chromic acid for a minimum of four hours. On removal, it was thoroughly 

washed in hot water followed by two final rinses in pure water. Drying was achieved 

using a laboratory oven operating at 65°C. 
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2.2 Materials. 

2.2.1 Su! factants. 

Table 2.1 lists the surfactants used in this study with their respective supplier 

and reported purity. Span 20, Tween 20 and Triodan 20 were commercial samples 

containing mixtures of several homologues. They were used as received. The 

predominant component of each sample is shown in Figure 2.7. It has been shown by 

high pressure liquid chromatography that Span 20 and Tween 20 samples typically 

contain only approximately 50% of the monoester shown with significant proportions of 

the di- and tri- esters (125). 

The general structure of the pure polyoxyethylene alkyl ethers used in this work 

is also shown in Figure 2.7. Gas-liquid chromatographic analysis of the samples showed 

only a single peak in each case and measured cloud points were found to be in good 

agreement (within 0.2°C) with the best literature values as shown in Table 2.2. For these 

reasons the surfactants were used as received. 

2.2.2 Hydrocarbons. 

The series of hydrocarbons used in this work is shown in Table 2.3. Purities 

were generally in excess of 99% and an additional purification was achieved by passing 

each through a chromatographic alumina column (B. D. H., Brockmann grade 1) to 

remove traces of polar impurities. The long chain length triglyceride oil (LCT) 

investigated contained tri-cis-cis-linolein as the predominant species (126). It was 

marketed as a "pure" sunflower oil, containing no added preservatives or antioxidants. 

Samples were twice passed through alumina columns prior to use. The medium chain 

length triglyceride oil (MCT) was provided by Unilever (Colworth). It was stated as 
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containing esterified octanoic and decanoic acid in an approximate ratio 3: 2. It 

contained no added antioxidants, preservatives or colourings and was also columned 

twice before use. Compositional analysis has previously been performed for this oil by 

Andrangui et al. (127). The following compositional results were found. 

Chain length Content /% 

Hexanoic 3 max 

Octanoic 50 - 65 

Decanoic 30 - 45 

Dodecanoic 5 max 

2.23 Inorganic salts. 

A list of inorganic salts used in this work is given in Table 2.4 along with the 

manufacturers specified purity. All were used as received. 

2.2.4 Proteins. 

The three proteins investigated are listed in Table 2.5 along with their purity and 

supplier. All three were used in 50 mM buffer solutions and these are listed in Table 2.6 

along with their corresponding pH values. Also tabulated are the isoelectric point, 

relative molecular mass and tertiary structure of each protein. 
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2.25 Water. 

Water used throughout this work was distilled, passed through an Elgastat ion- 

exchange column and finally passed through a Milli-Q reagent water system. 

Conductivity of the water was determined to be < 0.6 nS m-1. The measured value of the 

air-water surface tension at 25°C of 71.9 ± 0.1 mN m-1 was in agreement with the best 

reported literature values (123,128). This demonstrated the absence of surface active 

species which is of prime importance in this work. 
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Table 2.1 

Name 

Span 20 

Tween 20 

Triodan 20 

C8E3 

C10E4 

C12E4 

C12E5 

Purity % 

unspecified 

unspecified 

unspecified 

>98.0 

>98.0 

>98.0 

>98.0 

Supplier 

Sigma Chem. Co. 

Sigma Chem. Co. 

Grindsted 

Bachem Co. 

Nikko Chem. Co. 

Nikko Chem. Co. 

Nikko Chem. Co. 

Table 2.2 

Surfactant 

C8E3 

C10E4 

C12E4 

11 

Ci2Es 

Conc /wt% C. P. (expt) /°C 

1.0 11.6 

1.0 20.3 

0.5 6.8 

1.0 6.6 

1.0 31.8 

C. P. (lit) /°C (ref) 

11.8 (129) 

20.5 (129) 

7.0 (40) 

6.6 (129) 

32.0 (129) 
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Table 2.3 

Name Puri % Sup limier 

Hexane >99.5 Fluka 

Heptane >95.0 Fisons 

Octane >99.5 Fluka 

Decane >99.0 Fluka 

MCT unspecified Dynamit Nobel 

(miglyol 812) 

LCT unspecified Flora 

(sunflower oil) 

Table 2.4 

Name Purity % Supplier 

NaCl 99.9 B. D. H. 

NaH2PO4 >99.0 B. D. H. 

Na2HPO4 >99.0 B. D. H. 

Glycine >99.0 Sigma Chem. Co. 

Methyl viologen -98 Sigma Chem. Co. 

Ru(bipy)3 -98 Sigma Chem. Co. 
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Table 2.5 

Name Purijy /% Supplier 

a-chymotrypsin 85-90 Sigma Chem. Co. 

(Bovine pancreas type II) 

Bovine serum albumin 96-99 Sigma Chem. Co. 

(Fraction V) 

Sodium caseinate unspecified Unilever (Colworth) 

Table 2.6 

a-chymotrypsin B. S. A. Na caseinate 

Type Globular Globular Disordered 

R. M. M. 24,800 67,000 -24,000 

pI (ref) 8.2 (130) 4.7 (131) -5.0 (132) 

Buffer Glycine HPO42-/H2PO4- HP042-/H2P04- 

pH 9.0 7.0 7.0 
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CHAPTER 3. 

3.1 Introduction. 

Emulsion formation and subsequent stability is strongly dependent upon the type 

of emulsifier that is employed. Ideally, emulsifiers should lower the interfacial tension 

between the two phases facilitating emulsion formation, and the adsorbed interfacial 

layer should inhibit the breakdown mechanisms previously discussed in Chapter 1. In 

the food industry, commonly used emulsifiers include proteins, polysaccharides and low 

molar mass nonionic surfactants such as monoglycerides and sorbitan esters (60). The 

low molar mass surfactants are used typically as complex mixtures of several 

homologues. Usually combinations of different types of emulsifiers are employed to 

obtain the desired degree of stability / instability in the final product. 

As mentioned earlier, surfactants with low HLB values are effective in 

stabilising W/O emulsions whereas O/W emulsions are stabilised by surfactants with 

high HLB values. However, the type of emulsion produced has also been shown to be 

dramatically influenced by the nature of the solution conditions (133). For example, the 

nature of the oil phase, temperature, salt concentration, addition of cosurfactant and 

phase volume ratio can all individually or collectively alter the type of emulsion 

produced. This was interpreted in terms of a system HLB for the surfactant in situ 

within the total oil/water mixture. Changes in this system HLB value have been 

correlated with changes in microemulsion formation which, in turn, are related to 

changes in the spontaneous curvature of the surfactant monolayer as previously 

discussed in section 1.3.1 (134 - 137). Pure nonionic surfactants with low HLB values, 

have been shown to form small, W/O microemulsion aggregates of high negative 

spontaneous curvature. Similarly, those with high HLB values, form small, O/W 

aggregates of high positive spontaneous curvature. Combining two surfactants of 

contrasting HLB values enables microemulsion droplet size and hence solubilisation to 
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be maximised by varying the surfactant composition (138,139). Similar results can also 

be achieved through varying the salinity of the aqueous phase, a maximum 

solubilisation being attained at a particular salt concentration (140,141). 

The objective of this study was to investigate whether the solubilisation 

behaviour of W/O microemulsions formed with commercial, low molar mass, nonionic 

surfactants of known HLB values, was consistent with that known for pure nonionic 

surfactant systems. To this end, the effect of mixing surfactants with low and high HLB 

values has been investigated, together with the effect of changing the salinity of the 

dispersed phase. The three commercial surfactants investigated are listed below with 

their corresponding HLB values (142). 

Table 3.1 

Surfactant ILB 

Triodan 20 7.1 

Span 20 8.6 

Tween 20 16.7 

3.2 Effect of Hydrophilic - Lipophilic Surfactant Mole Ratio on the 

Solubilisation of Water in Heptane. 

. 2.1 E ect o Tween 20 on the excess watersolubili 

with Span 20 and Triodan 20 

au0 Da un chary rormea 

As was shown by Boyd et al. (92), mixtures of Spans and Tweens form mixed 

monolayers at the oil-water interface. Vincent and coworkers later extended these 

findings and demonstrated the formation of W/O microemulsions with an equimolar 
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mixture of Span 80 and Tween 80 in cyclohexane (143). The subsequent stability of the 

corresponding W/O macroemulsions was found to exceed that of those formed with 

either Span 80 or Tween 80 alone. 

The effect of Span 20 : Tween 20 mole ratio on the position of maximum water 

solubilisation (i. e. the excess water solubilisation phase boundary) at 25°C in heptane is 

shown in Figure 3.1. The assumed molecular weights of Span 20 and Tween 20 are 346 

and 1210 respectively which correspond to the predominant components of each 

surfactant mixture. Rwa r is defined here as the mole ratio of dispersed water to total 

surfactant in the system. As can be seen, Span 20 alone solubilises little water under 

these conditions, however, upon addition of Tween 20 into the system solubilisation is 

much enhanced. This effect is consistent with that expected for pure nonionic 

surfactants. Span 20 (a low HLB surfactant) solubilises little water which is consistent 

with the formation of small, highly negatively curved, W/O aggregates. Upon addition 

of Tween 20 to the system, the surfactant coadsorbs at the interface producing a mixed 

monolayer. The increase in solubilisation is consistent with the notion that the larger 

effective head group area of the Tween molecule produces a decrease in the preferred 

curvature of the monolayer and hence a larger microemulsion droplet size. 

At the solubilisation boundary, if a significant fraction of the total surfactant 

concentration remains in the oil phase as monomers the RW, tcr value will be expected to 

change with surfactant concentration. In such instances, if the total surfactant 

concentration is low the RW�. 
., value would be expected to be small. Since this is not 

observed in Figure 3.1 it can be presumed that the concentration of non-adsorbed 

lipophilic surfactant is probably less than approximately 50 mM. 

Increasing the Tween content beyond that necessary for microemulsion 

formation produces a viscous, birefringent mixture which contains some separated 

liquid crystalline phase. Since the addition of Tween promotes a shift towards zero 

monolayer curvature, it appears likely that this phase is lamellar in structure. 
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Figure 3.1. 

Effect of Tween 20 on the excess water solubilisation boundary for different 

initial Span 20 concentrations in heptane at 25.0°C. 
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Figure 3.2 shows the similar solubilisation profile with Triodan 20 replacing 

Span 20. The assumed molecular weight of the lipophilic surfactant is 506. Changing 

the nature of the lipophilic surfactant has had little effect on the solubilisation curve. It 

is tempting to interpret this behaviour as indicating that the effective head group areas 

of both Span 20 and Triodan 20 are similar. However, since both surfactants are 

complex mixtures of mono-, di- and tri-esters the overall geometrical situation is likely 

to be more complicated. 

3.2.2 Effect of SDS on the excess water solubilisation boundary formed with 

Span 20 and Triodan 20. 

Figures 3.3 and 3.4 show the effects of SDS (a high HLB surfactant) on the 

solubilisation profile formed with the low HLB surfactants Span 20 and Triodan 20 

respectively. It can be seen that for both systems the addition of SDS enhances 

solubilisation. Again, this is consistent with the SDS molecule coadsorbing at the 

interface forming a mixed monolayer as in the case of Tween 20. However, it is clear 

that a greater mole fraction of SDS is required to bring about an equivalent amount of 

solubilisation as that produced by Tween 20. This is consistent with the Tween 

molecule having either a larger effective head group area or a smaller effective tail 

group area than the SDS molecule. 

A similar study was performed by Johnson and Shah (144) with Span 20 and the 

twin tailed, anionic surfactant di-ethylhexyl sodium sulphosuccinate (AOT). They found 

that stable one phase microemulsion regions could be produced in hexadecane with this 

surfactant system. A maximum water to total surfactant mole ratio of 50 could be 

obtained with a Span 20 mole fraction of 0.56. It appears therefore, that SDS in heptane 

and AOT in hexadecane have similar effects on the curvature of monolayers of Span 20. 
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Figure 3.2. 

Effect of Tween 20 on the excess water solubilisation boundary for two initial 

Triodan 20 concentrations in heptane at 25.0°C. 
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Figure 3.3. 

Effect of Tween 20 and SDS on the excess water solubilisation phase boundary for 

0.4 M Span 20 in heptane at 25.0°C. 
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Figure 3.4. 

Effect of Tween 20 and SDS on the excess water solubilisation boundary for 

0.05 M Triodan 20 in heptane at 25.0°C. 
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aueous boaium unionae on ine 

Span 20 / Tween 20 Mixtures in Heptane at 25 C. 

Pro 

Determination of the phase boundary with 2M sodium chloride as the aqueous 

phase dramatically shifts the solubilisation profile as can be seen in Figure 3.5. Span 20 

alone solubilises negligible amounts of the aqueous phase and, to produce an equivalent 

solubilisation to that of pure wa 
er, large quantities of Tween 20 must be added in the 

case of the 2M salt solution. 

A shift in the solubilisation boundary to higher Tween contents for an increase in 

salt concentration, is consistent with the salt reducing the effective surfactant head 

group area or increasing the area occupied per surfactant tail at the interface. As 

discussed in the Introduction, salt addition is expected to reduce the effective head 

group area producing a shift towards more negative spontaneous curvature. This 

interpretation is consistent with larger concentrations of Tween 20 being required to 

bring about solubilisation. 

3.4 Conclusions 

It is clear from this brief study of commercial nonionic surfactants that these 

complex mixtures behave similarly, (at least with regard to water solubilisation) to pure 

nonionic surfactants described in the literature (138,141,145). However, commercial 

surfactant mixtures have severe disadvantages as systems for fundamental surfactant 

studies. Firstly, they are complex, poorly characterised mixtures. Secondly, equilibrium 

phase resolution of oil and water from emulsions containing these surfactant mixtures 

was extremely slow (typically taking longer than several weeks). Since these initial 

solubilisation studies did not indicate the behaviour of these mixtures to be peculiar or 
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Figure 3.5. 

Effect of Tween 20 on the excess water solubilisation boundary, in the presence of 

2.0 M NaCl solution for 0.4 M Span 20 in heptane at 25.0°C. 
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specific, it was decided to use the more amenable, pure nonionic surfactants of the type 

CnE� for all subsequent studies described in this thesis. 
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4. CHARACTERISATION OF 

MICROEMULS ION SYSTEMS 

CONTAINING C 12E4 + ALKANE + 

WATER. 



CHAPTER 4. 

4.1 Introduction. 

There is continuing interest in the relationship between equilibrium 

microemulsion formation and macroemulsion stability (146). As discussed, factors 

which govern microemulsion properties may be expected to affect macroemulsion type 

and stability. The present approach of studying microemulsion phases allows the 

measurement of equilibrium properties of surfactant monolayers which are likely to be 

important in determining emulsion stability. Importantly, the surfactant is not 

considered in isolation; rather, the properties of the surfactant monolayer in situ at the 

interface between the relevant oil and water phases are determined. 

In this chapter, the phase boundaries for microemulsions formed with the pure 

nonionic surfactant tetra-oxyethylene mono-n-dodecyl ether, C12E4 are presented. The 

effects of temperature, oil chain length and salt concentration are considered. An 

account of the solubilisation of protein into the dispersed aqueous phase of water-in-oil 

microemulsions is also presented. Subsequently, interfacial tensions and microemulsion 

droplet sizes are given from which an approximate estimation of the monolayer rigidity 

is made. The implications of this value are considered and results of a study of 

microemulsion dynamics are presented. 

4,2 Microemulsion Phase Behaviour for 02E4 + Alkane + Water Systems as a 

Function of Temperature. 

The phase behaviour of nonionic surfactants has previously been extensively 

investigated by various authors and it represents the fundamental starting point for most 

microemulsion studies (31,34,147). 
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Figures 4.1 and 4.2 show the extent of the single phase oil-in-water (O/W) and 

water-in-oil (W/O) microemulsion regions with respect to temperature for heptane as 

the oil phase. The amount of solubilised oil or water is expressed as the molar ratio of 

dispersed component to total surfactant. 

Ro; l = [alkane] / [surfactant] for O/W 

RWaur = [water] / [surfactant] for W/O 

Single phase O/W microemulsion regions formed with nonionic surfactant, are 

bound at low temperatures by the solubilisation boundary at which separation of an 

excess oil phase occurs, and at higher temperatures by the cloud point curve at which a 

surfactant-rich phase separates. For W/O microemulsion regions, the solubilisation 

boundary forms the upper temperature boundary and corresponds to the separation of an 

excess aqueous phase, and the so-called "haze-point" curve marks the lower temperature 

boundary at which a surfactant-rich phase separates. The solubilisation curves are 

thought to be determined primarily by the spontaneous curvature of the surfactant 

monolayer (134), and the observed changes correspond to an increased tendency 

towards more negative curvature with increasing temperature. This result has been 

noted previously for other homologues in the C� Em series and is consistent with an 

interpretation in terms of a dehydration of the ethylene oxide head group or an increase 

in solvent penetration into the surfactant tail region on increasing temperature (29,31, 

148). The cloud and haze point boundaries are thought to be determined by increasing 

attractive interactions between microemulsion droplets on moving away from the 

solubilisation phase boundary (29,134). 

The position of the phase boundaries has been determined at different surfactant 

concentrations. For O/W microemulsions, the position of the excess oil solubilisation 
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Figure 4.1. 

One phase O/W microemulsion stability region for C12E4 + heptane + water as a 

function of surfactant concentration in the aqueous phase. 
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Figure 4.2. 

One phase W/O microemulsion stability region for C12E4 + heptane + water as a 

function of surfactant concentration in the oil phase. 
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boundary appears to be independent of surfactant concentration (Figure 4.1). However, 

this is not the case for the corresponding W/O system (Figure 4.2). This arises from an 

appreciable concentration of the surfactant remaining in the oil as monomers not 

adsorbed at the microemulsion droplet surface (29,98). Replotting the data as the 

maximum amount of solubilised dispersed phase as a function of surfactant 

concentration for a fixed temperature, highlights this phenomenon. Figures 4.3a and 

4.3b show that, for both heptane and tetradecane as the continuous oil phase, a 

minimum concentration of surfactant in the oil is required before any significant amount 

of water is solubilised to form a W/O microemulsion. This minimum surfactant 

concentration (determined by the intercept on the abscissa) has previously been 

designated the critical microemulsion concentration (cµc) (29). The corresponding plots 

for the O/W microemulsions, Figures 4.4a and 4.4b, pass close to the origin as expected, 

since the critical micelle concentration in water (which is expected to be of a similar 

magnitude to the cµc in water) is known to be of the order of 10.3 wt% (9). 

The slopes of these plots yield the molar ratio of dispersed component to 

surfactant within the microemulsion droplets (R'). For W/O microemulsions, 

R'water = [water] / ([surfactant] - cµc). 

For O/W microemulsions, 

R'. il = [alkane] / ([surfactant] - cµc). 

The latter is effectively equal to Rw since the cµc is very low in this case. 

Figures 4.5 and 4.6 show the variation of R' with temperature for O/W and W/O 

microemulsion systems with heptane as the oil. Similarly, the equivalent plots for 

tetradecane as the oil are shown in Figures 4.7 and 4.8. The advantage of this type of 
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Figure 4.3a. 

Variation of the maximum extent of water solubilisation with C12E4 concentration 

in oil. Oil is heptane. 
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Figure 4.4a. 

Variation of the maximum extent of oil solubilisation with aqueous C12E4 

concentration. Oil is heptane. 
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Figure 4.5. 

One phase O/W microemulsion stability region for C12E4 + heptane + water. Filled 

points denote the excess oil solubilisation boundary, open points the cloud 

point boundary. 
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Figure 4.6. 

One phase W/O microemulsion stability region for C12E4 + heptane + water. Filled 

points denote the excess water solubilisation boundary, open points the haze 

point boundary. 

80 

10 20 30 
Temperature /°C 

40 

water 

60 

40 

20 

0 
0 

92 



Figure 4.7. 

One phase O/W microemulsion stability region for C12E4 + tetradecane + water. 

Filled points denote excess oil solubilisation boundary, open points the cloud 

point boundary. 
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Figure 4.8. 

One phase W/O microemulsion stability region for C12E4 + tetradecane + water. 

Filled points denote the excess water solubilisation boundary, open points the 

haze point boundary. 
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representation over that shown in Figures 4.1 and 4.2 is that the microemulsion droplet 

radius is proportional to R' (see equation 1.6) and so changes in the film curvature at the 

phase boundaries can be observed more clearly. 

Substitution of heptane for tetradecane is seen to shift the temperature required 

for microemulsion formation to higher values. This is likely to be a consequence of a 

decreased penetration (i. e. reduced solvation) of the alkyl tail region of the surfactant 

monolayer by the longer chain alkane (149,150). 

The microemulsion aggregate type changes from O/W to W/O (or vice-versa) 

via a three phase region (Winsor III system). The extent of this three phase region is 

tabulated below in Table 4.1 for heptane and tetradecane as the oil phase. The values are 

seen to be in good agreement with previously determined results. The mid-point of this 

temperature range corresponds to the phase inversion temperature (PIT) of the 

corresponding macroemulsion (138). This is the temperature at which the emulsion type 

changes from O/W to W/O or vice-versa. 

Table 4.1 

Oil Winsor III Lit. Winsor III (ref. ) I' 

Heptane 10 -12 10 -12 (34) 

Tetradecane 25 - 27 24 - 27 (34) 

Values of the critical microemulsion concentration as a function of temperature 

are presented in Figure 4.9 and Table 4.2 for heptane and tetradecane as the oil phase. 

For heptane as the oil, the cµc was also determined by interfacial tension measurements. 

This value is plotted in Figure 4.9 and is seen to be in good agreement with those 

determined by the solubilisation plots. 
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Figure 4.9. 

Critical microemulsion concentration versus temperature for W/O microemulsions 

formed with C12E4 in heptane and tetradecane. Half filled point determined by 

interfacial tension measurement for heptane as the oil phase. 
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Table 4.2 

Oil is heptane. 

Temperature 1°C cc /wt% 

15 1.3 ± 0.3 

20 2.0±0.3 

25 3.0±0.4 

30 3.5 ± 0.4 

40 5.4±0.8 

Oil is tetradecanc. 

Temperature 1°C cllc /wt% 

30 0.5 ± 0.5 

32 1.4±0.3 

34 2.1 ±0.4 

38 2.7 ±0.4 

40 2.9 ± 0.6 

For both W/O systems it can be clearly seen that the cµc increases with 

increasing temperature, corresponding to the formation of lower R'wua values and hence 

smaller droplet sizes. This presumably arises from dehydration of the ethylene oxide 

head groups on increasing temperature. Another way of plotting the temperature 

variation of the cµc is shown in Figure 4.10. From the gradient, a value for the enthalpy 

of transfer of one mole of surfactant from the monomeric state in the oil, to the 

aggregated state may be calculated. Since aggregates of different sizes form at different 

temperatures, this enthalpy change is for transfer of surfactant monomer from oil to the 

temperature dependent, "preferred" curvature monolayer observed at the solubilisation 

phase boundary. The hydrophilic head group is transferred from an apolar environment 

to the preferred curvature monolayer where it is expected to be hydrated. 

The calculated value for the enthalpy of transfer of a mole of monomers from 

heptane to the preferred curvature is -42 t 10 kJ mol-1. The corresponding value for 

tetradecane as oil phase is -52 ± 25 kJ mol-1. Shinoda et al. have measured c tc values 

as a function of temperature for a range of nonionic surfactants in decane-water systems 

(151). Analysis of their data for C12E4 yields a value for the enthalpy of transfer of 

-37 ±2 kJ mol-1. They observed that the enthalpy change became more negative upon 
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Figure 4.10. 

Variation of the critical microemulsion concentration of C12E4 in heptane and 

tetradecane with temperature. 
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increasing the number of ethylene oxide units in the head group whereas variation of the 

alkyl chain length of the surfactant had little effect. The results here suggest that the 

enthalpy change becomes more negative with an increase in oil chain length. However, 

the experimental uncertainties in the values here are large and more accurate data is 

required to verify this. 

4.3 Microemulsion Phase Behaviour for Ct2E4 + Alkane + Water Systems as . _a 
Function of Salt Concentration. 

Figures 4.11a and 4.11b show the equivalent types of plot to those previously 

shown in Figures 4.3a and 4.3b for W/O microemulsions stabilised by C12E4. Maximum 

solubilisation of water is plotted as a function of surfactant concentration for different 

dispersed phase salt concentrations at a fixed temperature. It is clear that for both alkane 

systems, increasing the dispersed phase salt concentration reduces the maximum 

solubilisation capacity and increases the system cgc. The results for the two oils are 

summarised below in Table 4.3. 

Table 4.3 

Oil is heptane, T =10.0°C. Oil is tetradccanc, T= 25.0°C. 

rNaCII /M R'wacer CRC w [NaCll /M Rwuer c w° 

1.0 40 1.9±0.3 1.0 52 1.7±0.3 

1.5 22 2.0±0.4 1.5 28 2.8±0.3 

2.0 14 3.2±0.4 2.0 18 4.1±0.4 

Addition of salt to the microemulsion system results in a shift towards more 

negative curvature of the surfactant film. As previously discussed this is thought to 

occur through a "salting-out" mechanism leading to a reduced effective head group area. 
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Figure 4. lla. 

Variation of the maximum extent of water solubilisation at 10.0°C with C12E4 

concentration in heptane, for various dispersed phase salt concentrations. 
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Variation of the maximum extent of water solubilisation at 25.0°C with C12E4 
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The effect of increasing salt concentration therefore parallels that of an increase in 

temperature. 

Maximum water solubilisation values (R'wa r) and critical microemulsion 

concentrations (cµc), have now been determined for W/O microemulsions stabilised by 

C12E4 in heptane and tetradecane, as a function of temperature and dispersed phase salt 

concentration. These variables act so as to modify the effective surfactant geometry. If 

the cµc is a function only of the droplet size (proportional to a correlation 

between experimentally determined values of R'w, «r and cµc for each variable might be 

predicted. Figure 4.12 shows the variation of the cµc with R'water (determined by 

temperature or salt variation) for microemulsions stabilised by C12E4 in heptane and 

tetradecane. It can be seen that the cµc values corresponding to a particular R'watr value 

are approximately the same, independent of how they were achieved. It appears 

therefore that the cµc is a function of the spontaneous curvature of the surfactant film 

and is independent of how the curvature is changed. 

4.4 Effect of Solubilised Protein on the Excess Water Solubilisation Phase 

Boundary Formed with Ci2E4 + Heptane + Water. 

The vast majority of food emulsions contain proteins which play a role in their 

stabilisation through adsorption at the oil-water interface. The interactions between 

adsorbed protein and low molar mass surfactant within the interface are paramount in 

determining the stability of the emulsion produced. For this reason extensive studies 

have previously been performed on the adsorption behaviour of proteins at oil-water and 

air-water interfaces in the presence and absence of low molar mass surfactants 

(152 -154). 

From W/O microemulsion studies, the effect of protein on the composition of 

the interfacial monolayer may be estimated through changes in the spontaneous 
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Figure 4.12. 

Variation of the critical microemulsion concentration with the degree of 

solubilisation, R'w, j or W/O microemulsions formed with C12E4 in heptane 

and tetradecane. 
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curvature of the surfactant film. Such changes may occur since solubilised proteins can 

occupy different locations within the microemulsion depending upon their interactions 

with the surfactant monolayer and the dispersed phase (62). 

4.4.1 Solubilisation of a-chvmotrypsin and BSA in the reversed micellar phase 

formed with Ci2E4 + heptane + water. 

a-Chymotrypsin and BSA are both globular proteins which exhibit high 

solubility in water, forming clear, colourless solutions. Both proteins were used in 

50 mM buffer solutions. a-Chymotrypsin was buffered in aqueous glycine at pH 9.0, 

and BSA in a sodium phosphate buffer at pH 7.0. Under these conditions both proteins 

exhibit a net negative charge (see Table 2.6). The size of the a-chymotrypsin molecule 

has previously been measured by X-ray crystallography to be 51 x 40 x 40 A (155). The 

actual effective size in solution most surely exceeds this value due to solvation of its 

highly charged surface. The size of BSA in aqueous solution was found by electrical 

birefringence to be 140.9 x 41.6 x 41.6 A (156). 

The effect of each protein on the position of the solubilisation phase boundary 

for W/O microemulsions stabilised by C12E4 in heptane is shown in Figures 4.13a and 

4.13b. Each data point has been derived from a plot of the type shown in Figure 4.3. . It 

can be seen that solubilisation is little affected by incorporation of either protein into the 

dispersed phase. On increasing the protein concentration, solubilisation appears to 

decrease slightly compared to that of the aqueous buffer solution alone i. e. the 

solubilisation boundary is shifted to lower temperatures. This is consistent with the 

proteins having an effect similar to that of high concentrations of salt as previously 

discussed. 

The calculated average number of protein molecules per microemulsion droplet 

(N) has been estimated using calculated values of the microemulsion core radius (r). 
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Figure 4.13a. 

Effect of a chymotrypsin concentration on the excess water solubilisation phase 

boundary formed with C12E4 in heptane. The protein is buffered at pH 9.0 in 

50 mM glycine. 
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Effect of BSA concentration on the excess water solubilisation boundary. The 

protein is buffered at pH 7.0 in 50 mM sodium phosphate solution. 
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These are tabulated below in Table 4.4. This is not the maximum number of protein 

molecules that can be solubilised, merely the highest concentration investigated here. 

The protein concentrations in Table 4.4 are expressed in mg/ml. 

Table 4.4 

a-Chymotrypsin. BSA. 

R9 water fa-CTI rc nm N R'water BSA c nm 

61 30 17.0 15 52 50 14.6 5.8 

52 30 14.6 11 28 50 7.8 0.9 

30 0 8.4 0 22 50 6.1 0.5 

19 0 5.3 0 

For both proteins a specific microemulsion composition is reached at which 

solubilisation of the lowest protein concentration tested is not possible. This occurs for 

a-chymotrypsin at 20°C which corresponds to R'W�er = 30 for empty droplets formed by 

the buffer solution alone. At this point, solubilisation of a5 mg/ml of protein solution 

was not possible. Similarly for BSA, solubilisation of a 10 mg/ml protein solution could 

not be achieved at 21.5°C which corresponds to R'w,, ier = 19 in the "empty" system. 

Speculatively, these observations might be interpreted as indicating that the proteins 

occupy a position within the central core of "free" water in the microemulsion. The 

microemulsion size at which protein cannot be solubilised into the droplet presumably 

corresponds to the point at which the hydration requirements of both the protein and the 

surfactant hydrophilic head groups cannot be met by the small volume of dispersed 

water in the microemulsion core. 

The effect of protein solubilisation on the critical microemulsion concentration 

is shown in Figures 4.14a and 4.14b for a-chymotrypsin and BSA respectively. It 

appears that both proteins have a negligible effect on the citc. The deviations observed 
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Figure 4.14a. 

Effect of a. chymotrypsin concentration on the critical microemulsion concentration 

of C12E4 in heptane. 
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Figure 4.14b. 

Effect of BSA concentration on the critical microemulsion concentration. 

cµc /wt% 

15 20 25 30 
Temperature /°C 

106 



are within the experimental uncertainty for these systems. If the proteins exhibited an 

affinity for the surfactant monolayer the cµc might be expected to decrease. Since this is 

not observed, these results may indicate that the proteins are located within the water 

core of the aggregates. 

4.42 Solubilisation of sodium caseinate. 

Casein in milk occurs as a mixture of four main casein components, ccst, ß, a2 

and x in the approximate proportions 4: 4: 1: 1. These are held together in the form of 

polydisperse, proteinaceous colloidal particles called "casein micelles" (157). The size 

of these aggregates typically range between 50 and 300 nm. The widely used 

commercial emulsifier sodium caseinate is less aggregated than milk casein, but it has 

the same overall protein composition. Its exceptional emulsifying properties are 

attributed to a molecular structure which is highly disordered and substantially 

hydrophobic. A consequence of this hydrophobicity is its limited solubility in water 

(-2 mM at 20°C, measured). Aqueous solutions of sodium caseinate were prepared in 

50 mM phosphate buffer at pH 7.0 by either continuously stirring the mixture for 

periods of up to two hours or by sonication. Phase boundary determinations for 

solutions prepared by either method were identical. Under the conditions employed the 

protein exhibits a net negative charge. 

The effect of sodium caseinate on the position of the one phase upper 

temperature boundary for W/O microemulsions stabilised by C12E4 in heptane, is shown 

in Figure 4.15a. It appears that for all protein concentrations and temperatures 

investigated, the R'w, at, r value remains approximately constant between 20 and 30 even 

when solubilisation of the buffer solution containing no protein reaches an R'wat r value 

of 62. Solubilisation of 10 mg/ml sodium caseinate solution was not possible at a 
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Figure 4.15a. 

Effect of sodium caseinate concentration on the excess water solubilisation phase 

boundary formed with C12E4 in heptane. The protein is buffered at pH 7.0 in 50 mm 

sodium phosphate solution. 
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temperature of 21.5°C where the R'W,., value for the "empty" droplet falls below about 

20. 

This interesting solubilisation behaviour may be due to the sodium caseinate in 

aqueous solution aggregating to form submicellar particles in equilibrium with free 

caseinate molecules as reported by Creamer and Berry (158). These aggregates may 

then be retained in the dispersed phase, forming microemulsion droplets around 

themselves which are only stable at water : surfactant ratios of 20 - 30. Since caseinate 

is not solubilised at lower R'w.,, values it appears that the presence of a water content in 

the microemulsion either greater or less than that required to solvate both the surfactant 

and the protein aggregate makes the system unstable. 

The effect of sodium caseinate concentration on the critical microemulsion 

concentration is shown in Figure 4.15b. As was observed with the two previous 

proteins, no systematic variation with protein concentration is observed and the values 

are constant within the experimental error for this system. 

4.5 Measurement of Microemulsion Droplet Sizes by Photon Correlation 

Spectroscopy. 

4.5.1 WIO microemulsion droplets stabilised by CnE4_inhentane 

Photon correlation spectroscopy was used to determine the diffusion coefficients 

of microemulsion droplets. As described in section 2.1.3, the droplet hydrodynamic 

radius is calculated from the diffusion coefficient using equation 2.6. This value 

includes a contribution from any entrained solvent. Determination of the diffusion 

coefficient of a particle at a finite concentration, is an apparent value which is subject to 

the effects of inter-particle interactions. Measurements must therefore be extrapolated to 

109 



infinite dilution, where interactions can be neglected, in order to obtain the true 

diffusion coefficient (Do) and consequently the true radius. It is important that such a 

dilution of the microemulsion samples is made in a way that the droplet composition 

does not change, i. e. W/O microemulsions must be diluted with oil containing the cµc 

of the surfactant. 

As shown in Figure 4.16, the apparent diffusion coefficient (D) decreases upon 

moving away from the solubilisation phase boundary at 14.0°C. This may be due to 

either (i) an increase in microemulsion droplet size, (ii) an increase in attractive 

interaction between droplets, or (iii) both (i) and (ii). It will be shown later in section 

4.7.2 that the droplet size is effectively constant as the one phase region is traversed in 

agreement with previously reported results (55). The effect on the apparent diffusion 

coefficient appears therefore to be one of increased droplet attraction as one moves 

away from the solubilisation boundary. 

Microemulsion droplet sizes were determined for a range of R', Va,, r values as a 

function of dispersed phase volume fraction at temperatures close to the solubilisation 

phase boundaries where interactions are expected to be weakest. Phase boundaries 

observed for these one phase "made up" microemulsion samples were found to be in 

agreement (± 0.5°C) with those previously determined. The results are shown in 

Figure 4.17 as the variation of apparent diffusion coefficient with droplet volume 

fraction. For all samples investigated a low degree of polydispersity was observed as 

evidenced by values of the normalised variance less than 0.1. 

Cazabat and Langevin have shown that for small dispersed phase volume 

fractions the apparent diffusion coefficient varies with volume fraction (4) according to 

(106). 

D= Do (1+ao) (4,1) 
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Figure 4.16. 

Variation of the apparent diffusion coefficient upon moving away from the excess 

water solubilisation phase boundary, for W/O microemulsions formed with 

5.0 wt% C12E4 in heptane. R'. �, = 65, cµc =1.3 wt%. 
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Figure 4.17. 

Variation of the apparent diffusion coefficient with dispersed phase volume 

fraction, for water-in-heptane microemulsions stabilised by C12E4 at 

concentrations in excess of the cµc. 
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The constant a is the first virial coefficient of the diffusion coefficient. A value for a of 

1.45 has been calculated for hard spheres (159) and negative values are expected for 

attractive interactions. The above equation has been applied to the results shown in 

Figure 4.17 and the values of a (together with the uncertainties) for various droplet 

compositions are given below in Table 4.5. Also tabulated are values for the true 

hydrodynamic radii calculated from the Stokes-Einstein relationship, using values of the 

diffusion coefficient extrapolated to infinite dilution. This corresponds to a surfactant 

concentration equal to the system cgc. 

Table 4.5 

R'water cc r nm 

90 -0.5 ± 1.5 26.5 ± 2.0 

65 -1.4±2.0 19.1± 1.5 

50 -0.3±1.5 17.0±1.5 

25 0±7 8.1±1.5 

11 0± 12 6.6 ± 1.5 

For all microemulsion droplet sizes investigated the concentration dependence of 

the diffusion coefficient is. small at % temperatures close to-the solubilisation phase 

boundaries. Calculated values of a all appear to be the same within the error of their 

determination which indicates that the droplet interactions are approximately 

independent of the aggregate size. With the estimated uncertainties, this behaviour is 

consistent with that expected for dispersions of "ideal", non-interacting particles for 

which a=0. 

As described previously in section 1.2.1, if the microemulsion droplets are 

assumed to be spherical and monodisperse, a linear relationship exists between the 
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microemulsion droplet hydrodynamic radius (r11) and R'W, ter This is given below for 

W/O microemulsion droplets. 

tg =3 R'water Vmolec + c5 (4.2) 
A. 

A, is the area occupied by a single molecule of surfactant at the interface between the 

droplet core and the surfactant monolayer and vmaer is the molecular volume of the 

dispersed aqueous phase. The length 8 is the thickness of the surfactant monolayer and 

contains a contribution from any entrapped solvent. It can be seen from Figure 4.18 that 

this geometrical relationship is consistent with the experimental results. The point at 

R'water = 15 is derived from time-resolved fluorescence data assuming that two 

molecules of heptane solvate each surfactant tail group. The fitted data conforms to the 

empirical relationship 

rH /nm = 0.274 R'..,, +2 

which corresponds to an area occupied by the surfactant molecule of 0.32 ± 0.06 nm2 

and a surfactant film thickness of 2±2 nm. The area A, for W/O microemulsions is 

expected to be related to the surfactant hydrophilic head group area. A similar study on 

water-in-heptane microemulsions stabilised by the larger head group surfactant C12E5 

gave a slightly larger value of A, of 0.35 ± 0.06 nm2 (29). 

45.2. W/O microemulsion droplets stabilised by Ct2E4 in tetradecane. 

As before, microemulsion droplet sizes were determined for a range of R'w,, ur 

values at temperatures close to the excess water solubilisation phase boundary. The 

results are shown in Figure 4.19 as the variation of apparent diffusion coefficient with 
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Figure 4.18. 

Hydrodynamic radii measured close to the solubilisation boundary versus R'a,, t 

for W/O microemulsions formed with C12E4 + heptane + water. Open point refers 

to a value derived from TRF data assuming two molecules of heptane per C12E4 

solvation. 
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Figure 4.19. 

Variation of the apparent diffusion coefficient with dispersed phase volume 

fraction, for water-in-tetradecane microemulsions stabilised by C12E4 at 

concentrations in excess of the cµc. 
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dispersed phase volume fraction. Table 4.6 shows the values of a together with the 

corresponding hydrodynamic radii for aggregates measured at infinite dilution. 

Table 4.6 

R'water ar ncir 

49 -4±4 21.2±3.0 

40 0±3 17.4±2.0 

32 -3±3 12.8±1.5 

26 -4± 4 10.1 ±1.5 

16 -3±10 8.3±1.5 

As for heptane as the oil, the diffusion coefficients show little sensitivity to the effects 

of droplet concentration and this is reflected in the small values of a. Again, the 

behaviour at these low droplet concentrations approximates to that expected for "ideal" 

particles. 

The variation of the droplet size with R'w,., , is shown in Figure 4.20. The data is 

described by the following relationship. 

rH /nm = 0.345 R'ý,, w + 2.5 

The area occupied per surfactant molecule at the interface between the droplet core and 

the surfactant monolayer is calculated to be 0.26 ± 0.06 nm2 and the surfactant 

interfacial thickness to be 2.5 ±2 nm. The estimated head group area for C12E4 within 

the curved W/O interface formed in tetradecane is slightly lower than for heptane 

although the difference between the values is of the same order of magnitude as the 

estimated uncertainties. 
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Figure 4.20. 

Hydrodynamic radii measured close to the solubilisation boundary versus R'w, 

for W/O microemulsions formed with C12E4 + tetradecane + water. 
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1 

45.3 Effective surfactant head and tail areas within curved monolayers. 

The variation of the maximum solubilisation for W/O aggregates with 

temperature has so far been rationalised in terms of variations in the effective areas of 

the surfactant head and tail groups. However, the light scattering results presented above 

show the dependence of the hydrodynamic radius on the droplet composition to be 

linear. Consequently, the effective area per surfactant head group remains constant in 

droplets of different sizes. If this is the case, then the observed changes in 

microemulsion solubilisation behaviour with temperature cannot be rationalised through 

variations in the effective head group area. Two extreme models may be used to 

interpret the solubilisation behaviour. The first of these is a model in which the effective 

surfactant head group area and the monolayer thickness remain constant and changes in 

the solubilisation behaviour arise from changes in the effective tail group area (model I). 

Alternatively, both the effective head and tail group areas may remain constant and 

changes in the monolayer thickness may result in changes in the degree of solubilisation 

(model II). These two models will be considered in turn. 

Model I. Effective surfactant geometry within a curved monolayer - constant 

head group area and monolayer thickness. 
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Using simple geometry, an expression can be derived relating the hydrodynamic 

radius to the effective head and tail areas. If the droplet is assumed to be spherical of 

radius rH and interfacial thickness S, then for a W/O droplet the head and tail group 

areas are given by 

Ah =4 7r(rH-8)2 
Nagt 

A, =1n rH2 
Nagg 

From equation 4.3 the radius of the core is given by 

(rH-S) = (Ah Nagg/4 it)1I2 

Substituting Nags = (41t rH2/A) from equation 4.4 gives 

(4.3) 

(4.4) 

(4.5) 

(rH-S) = ri{ (Ah/A) 1R (4.6) 

which reduces to 

rH =S (1- (At, /AJIR1 
(4.7) 

Values for the effective tail group area have been calculated from this equation 

assuming Ah and S remain constant at the values determined by light scattering 

measurements. Figures 4.22a and 4.22b show the variation of Ah and A, with 
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Figure 4.22a. 

Variation of the calculated effective tail group area with respect to temperature, 

for water-in-heptane microemulsion droplets stabilised by C12E4 . The dashed line 

represents the variation of the measured head group area from PCS. 
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Figure 4.22b. 

Water-in-tetradecane microemulsion droplets stabilised by C12E4 . 
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temperature for W/O microemulsion droplets at the solubilisation phase boundary for 

heptane and tetradecane as the oil phase. The data are tabulated below in Table 4.7. 

Table 4.7 

Oil is heptane. Oil is tetradecane. 

Ah = 0.32 nm2,8 =2 nm Ah=0.26nm2,8=2.5nm 

Temp C rH nm At nm2 Temp rii nr tn2 

15 18.9 0.39 32 19.3 0.34 

20 10.7 0.46 36 13.9 0.38 

25 7.6 0.55 40 10.0 0.45 

30 5.1 0.76 44 7.6 0.55 

35 4.5 0.89 48 6.0 0.72 

40 3.7 1.21 52 5.4 0.84 

From this model it is evident that the effective tail area must vary extensively to 

produce the required droplet size if it is assumed (from the linearity of the r1( v R'µatcr 

plots) that the head group area is constant. As expected, the ratio of the two effective 

areas tends to unity as the temperature corresponding to the start of the Winsor III 

region is approached. This corresponds to a situation in which the preferred net 

monolayer curvature is close to zero (37). From comparison of the plots for heptane and 

tetradecane as the oil phase it is clear that, at a constant temperature, the effective area 

per surfactant tail in heptane exceeds that in tetradecane. This is consistent with the 

notion that the shorter chain length alkane penetrates the surfactant tail region to a 

greater extent producing an increase in negative spontaneous curvature. 

The second "limiting" model is one in which both the effective head and tail 

areas remain constant and the changes in the droplet size (i. e. the preferred monolayer 
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curvature) result from changes in the thickness of the monolayer. This possibility is 

illustrated below in Figure 4.23. 

Model II. Effective surfactant geometry within a curved monolayer - constant 

head and tail group areas. 
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A decrease in the monolayer thickness produces a shift towards more negative curvature 

i. e. smaller aggregates. The extent to which 8 has to vary to produce the required range 

of droplet sizes is shown in Figures 4.24a, 4.24b and in Table 4.8 below for heptane and 

tetradecane as the oil phase. 
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Low negative curvature 

Table 4.8 

Oil is heptane. Oil is tetradecane. 

Ah = 0.32 nm2, A, = 0.46 nm2 Ah = 0.26 nm2, A, = 0.37 nm2 

Temp C rH nm S nm Temp r nm 8 /nm 

15 18.9 3.14 32 19.3 3.12 

20 10.7 1.78 36 13.9 2.25 

25 7.6 1.26 40 10.0 1.62 

30 5.1 0.85 44 7.6 1.23 

35 4.5 0.75 48 6.0 0.97 

40 3.7 0.61 52 5.4 0.87 
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Figure 4.24a. 

Variation of the calculated interfacial thickness S, with temperature, assuming 

Ah and At remain constant. For water-in-heptane microemulsion droplets 

stabilised by C12E4 
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Figure 4.24b. 

Water-in-tetradecane microemulsion droplets stabilised by C12E4 . 
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For heptane At was chosen to be 0.46 nm2 and for tetradecane A, = 0.37 nm2. These 

estimates produced realistic values of 3 for which the volume of the truncated pyramid 

did not fall below the unsolvated molecular volume of the surfactant molecule. 

Additionally, in both cases the monolayer thickness was always less than the all trans- 

length of the surfactant molecule (3.2 nm). 

The actual process whereby the surfactant monolayer curvature changes with 

temperature may be intermediate between these two extreme models. The extent to 

which each may be occurring may be investigated by'measuring the variation of S with 

droplet size. This could be performed by small angle neutron scattering with selective 

deuteration. 

4.5.4 Effect of solubilised a-chymotryosin and BSA on the sizes of WIO 

microemulsions stabilised by C12E4 in heptane.. 

The effect of solubilised a-chymotrypsin and BSA on the excess water 

solubilisation boundary has previously been reported in section 4.4.1. With this 

information, microemulsion droplet sizes were measured for samples containing a 

dispersed phase protein concentration of 30 mg/ml. As in the phase boundary study, 

BSA was used in a 50 mM phosphate buffer solution at pH 7.0 and cx-chymotrypsin in a 

50 mM glycine solution at pH 9.0. The solubilisation boundaries for one phase "made- 

up" microemulsion samples were found to be in agreement (± 1.0°C) with those 

previously determined by the titration method. 

Figures 4.25a and 4.25b show the variation of the apparent diffusion coefficient 

with dispersed phase volume fraction for droplets containing a-chymotrypsin and BSA 

respectively. For both systems, the apparent diffusion coefficient shows little sensitivity 
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Figure 4.25a. 

Variation of the apparent diffusion coefficient with dispersed phase volume 

fraction, for water-in-heptane microemulsions stabilised by C12E4. The dispersed 

phase contains 30 mg/ml a-chymotrypsin in 50 mM glycine at pH 9.0. 
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The dispersed phase contains 30 mg/ml BSA in 50 mM phosphate buffer at pH 7.0. 
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to the effect of droplet concentration and a values are zero within the errors as shown in 

Table 4.9. 

Table 4.9 

30 mg/ml a-Chymotrypsin. 30 mg/ml BSA. 

R' water oc rýt nm N R',,,,,, cc _rLLnm IN 

61 0±2 20.7±2.0 15 55 0±2 19.7±1.5 4.0 

52 -0.5±2 16.8±1.5 11 32 -1±3 13.8±1.5 0.9 

25 -5±10 6.5 ± 1.5 0.4 

For these low protein concentrations, it appears that incorporation of the protein into the 

aggregate has no significant effect on the interactions between droplets. The aggregates 

again appear to behave "ideally". Also tabulated above are the true hydrodynamic radii 

of the droplets determined by extrapolation to infinite dilution and the calculated 

average number of proteins per droplet (N). Figure 4.26 compares values of the 

hydrodynamic radius for protein-containing aggregates with those formed with water 

alone as the dispersed phase. 

Incorporation of a-chymotrypsin and BSA molecules into the microemulsion 

aggregates-at these levels of occupancy has little effect on the droplet size. This. is 

consistent with the proteins residing in the microemulsion droplets replacing their same 

volume of water. This is in agreement with the results of the phase boundary 

determinations in which it was observed that the position of the excess water 

solubilisation boundary was little effected by the incorporation of a-chymotrypsin and 

BSA into the dispersed phase. 
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Figure 4.26. 

Hydrodynamic radii measured close to the solubilisation phase boundary versus 

R'water for water-in-heptane microemulsions stabilised by C12E4. The composition 

of the dispersed phase is shown in the legend. 
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4.5S Effect of solubilised sodium caseinate on the sizes of WIO 

microemulsions stabilised by C12E4 in heptane. 

As mentioned earlier, aqueous solutions of sodium caseinate contain protein 

aggregates which are typically in the size range of 50 - 300 nm. This was confirmed by 

the observation that a1 mg/ml sodium caseinate solution indicated the presence of 

aggregates in this range with an approximate value for the normalised variance of 0.3. 

The aim of this study was to observe whether these protein aggregates were preserved 

when solubilised into the dispersed aqueous phase of W/O microemulsions. 

One phase microemulsion samples containing different concentrations of sodium 

caseinate were prepared at various temperatures corresponding to positions on the 

excess water solubilisation boundary previously determined. Results from light 

scattering experiments on these samples indicated the presence of large aggregates in 

the range of 100 - 300 nm with a value for the normalised variance of 0.4. The samples 

showed no signs of phase separation during measurement. It seems likely therefore, that 

caseinate aggregates are retained solubilised in the aqueous cores of the microemulsion 

droplets. The large value for the variance indicates the polydisperse nature of these 

multiple aggregates. 

4.6 Measurement of Interfacial Tensions Between Oil and Water Phases in the 

Presence of C12E4. 

4.6.1 Post-cµc interfacial tension tyc) as a function of temperature. 

It has been shown in the Introduction that the post-cµc interfacial tension can 

pass through a minimum value upon changing one of the solution variables 
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e. g. temperature, salt concentration etc. Interfacial tensions between the upper and lower 

phases of Winsor I, II and III systems have been measured as a function of temperature 

by the spinning drop technique for heptane and tetradecane as the oil phase. 

For surfactant concentrations greater than the cµc in the oil, the interfacial 

tensions were observed to be independent of the surfactant concentration. Temperatures 

below about 12°C could not be achieved with the thermostat employed. Consequently 

interfacial tensions for heptane-in-water microemulsions, which form in this 

temperature range, could not be determined by this method. For tetradecane as the oil 

phase, the interfacial tensions corresponding to O/W microemulsion formation were 

observed to oscillate about mean values. This has previously been observed and 

discussed by Aveyard et al. (160). The values reported in Figure 4.27 consequently are 

mean values. 

For the case of tetradecane as the oil phase it can be seen that, as the temperature 

is increased the tension falls to an ultralow value (--10-3 mN m'1) and then rises. The 

left and right hand limbs of the tension minimum correspond to Winsor I and Winsor II 

systems in which the two phase compositions correspond to the solubilisation phase 

boundaries previously given (Figures 4.7 and 4.8). At temperatures close to the tension 

minimum a surfactant phase separates and the three phases coexist in equilibrium. This 

corresponds to the three phase Winsor III region. Separation of this surfactant phase 

allows the measurement of the tension between the excess oil and water phases and the 

minimum value is obtained at a temperature T* (40). This temperature corresponds to 

the phase inversion temperature (PIT) of the corresponding macroemulsion (138). In 

this region the ratio of the effective head and tail group areas tends to unity and the net 

preferred curvature tends to zero. For tetradecane as the oil phase, T* is shifted to higher 

temperatures as previously observed by phase boundary determinations. The depth of 

the tension minimum is also reduced in the case of tetradecane, consistent with the 

findings of previous authors (40,161). 
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Figure 4.27. 

Oil-water interfacial tension as a function of temperature for C12E4 in heptane 

and tetradecane at concentrations in excess of the cµc. 
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4.62 Correlation ofyy with droplet size - Estimation of the monolauer rigidity. 

As discussed in section 1.2.5, the post-cµc interfacial tension should scale with 

the droplet radius-2. If the bending energy is assumed to dominate the free energy 

difference between the planar and curved interfaces, the constant of proportionality for 

this relationship can be shown to be (2K+K). K is the monolayer rigidity constant, 

which is twice the energy required to bend a unit area of the film by a unit amount of 

curvature away from the spontaneous curvature, and R is the Gaussian curvature elastic 

modulus. This result is derived on the assumption that the film thickness is negligible in 

comparison with the radius. This condition is satisfied only for the larger microemulsion 

droplets studied here (of the order r11 z 55). When the radius is taken as the droplet core 

radius plus half the thickness of the surfactant film, the experimental tension values 

scale very approximately with the droplet radius-2 for both heptane and tetradecane as 

the oil phase. This is shown in Figures 4.28a and 4.28b. The error bars indicate the 

estimated maximum errors in the droplet radii which arise from uncertainties in the 

temperatures of the solubilisation boundaries and from droplet size determinations. The 

deviations from the expected slope are of the same order of magnitude as the errors. 

This analysis gives values of (K+K/2) of 1.0 ± 0.6 kT for heptane as the oil and 

-=0.7 ± 0.7 kT for the tetradecane, -system. The two values are the same within the large 

errors of their determination and are both of the order of kT. This method clearly only 

provides a very approximate estimation of the monolayer rigidity since the errors 

associated with the values are of the same order of magnitude as the values themselves. 

Previously, Aveyard et al. estimated values of (K+K/2) from this tension-size 

relationship for microemulsions stabilised by C12E5 (29). They obtained a value of 

1.1 ± 0.5 kT for droplets produced with heptane as the oil phase, which was independent 

of the type of aggregate formed. For water-in-tetradecane microemulsions, they reported 

a value of 2.3 ± 0.9 kT. The difference between these two values is greater than for the 
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Figure 4.28a. 

Variation of log tension with log radii for water-in-heptane microemulsions stabilised 

by C12E4. The solid line indicates the behaviour expected from equation (1.10). 
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Water-in-tetradecane microemulsions stabilised by C12E4. 
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corresponding C12E4 systems. However, the values are again the same within their large 

reported errors. 

Several methods have been developed for measuring directly monolayer 

rigidities. These include ellipsometry for the determination of flat monolayer rigidities 

(162), and electro-optical Kerr effect measurements (163) and neutron spin-echo 

determinations (164) for curved monolayers. These techniques provide a measure of K 

alone. To date they have mainly been applied to the study of ionic surfactant systems 

(46,163,165). One such study has been performed recently by Binks et al. (166). They 

have investigated the effect of changing the alkane chain length on K, as determined 

directly by ellipsometry, for the quaternary system AOT + alkane + water + salt at 

20°C. They observed that for alkanes between heptane and tetradecane, K decreased 

with increasing alkane chain length. Lee et al. have also recently measured values of K 

by ellipsometry (167). They studied planar monolayers at oil-water interfaces formed 

with C8E3 + decane + water and C10E4 + octane + water. For C8E3 and C10E8 surfactant 

films they determined values of K of 0.35 kT and 0.76 kT respectively. These latter 

values were renormalised to a length scale of 7.5 A by a procedure described in 

reference (168). These results are considered further in Chapter 6. 

Caution must be exercised in comparing rigidities for different surfactant 

monolayers. Firstly, for the majority of the systems investigated to date, the 

uncertainties in the values of K are of the same order as the differences between 

different systems. Secondly, rigidities measured using different methods are not 

generally directly comparable since K is dependent upon the length scale of the 

observation used in the technique (169,170). Thirdly, the rigidity values calculated 

from the tension-size relationship, contain contributions from both K and K, whereas 

the more direct methods previously mentioned yield estimates of K alone. As yet, values 

for K have not been reported. 
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4.7 Time-Resolved Fluorescence Results for W/O Microemulsions Stabilised by 

C12E4 in Heptane. 

4.7.1 Analysis of time-resolved fluorescence data. 

The fluorescence intensity decay of a surfactant aggregate solution containing 

solubilised fluorescer (F) and quencher (OJ probe molecules is given by the following 

equation (171,172) 

It = 10 exp (-A2t - A3 [1 - exp (-A4t)]) (4.8) 

where I, and Io are the intensities at time t and zero, respectively. The three parameters 

A2 - A4 together with lo, are obtained by computer fitting the experimental data to a 

convolution of equation 4.8 with the measured instrument response profile. If it is 

assumed that (i) the fluorescer and quencher probes are confined entirely within the 

surfactant aggregates, (ii) they are distributed randomly amongst the aggregates, and 

(iii) re-distribution of the probes between aggregates does not occur on the experimental 

time scale, then the three parameters A2 - A4 are given by 

A2 = ka (4.9) 

A3 = [Q]/[aggregates] (4.10) 

A4 = kq (4.11) 

where the rate constant kq is the first order quenching rate constant for an aggregate 

containing a single quencher molecule. The rate constant ko is the fluorescence decay 

rate constant in the absence of quencher. This is obtained separately by measuring the 
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fluorescence intensity decay trace of the probe in a microemulsion sample containing no 

quencher. This trace is then fitted to a single exponential of the form 

It = lo exp (-kot) (4.12) 

The number of surfactant molecules per aggregate (N, gg) may be obtained from 

equation 4.13 below which takes account of the concentration of surfactant not involved 

in aggregate formation. 

N, gg = ([surfactant] - cµc)/[aggregates] (4.13) 

For systems where migration of the probes between aggregates occurs on the 

experimental time scale, the experimental intensity decay curves are still described by 

equation 4.8. However, equations 4.9 - 4.11 are now not valid. This situation is clearly 

indicated by the observation that A2 is larger than ka. For this case a particular 

mechanism of transfer must be assumed in order to determine the appropriate exchange 

rate constant from the parameters A2 - A4 (173). 

For the W/O microemulsions studied here, ruthenium tris-bipyridyl (RB) and 

methyl viologen (MV) were used as fluorescer. and -quencher molecules respectively. 

Both species are positively charged and hence highly insoluble in the apolar medium. It 

is assumed therefore, that they are confined entirely within the W/O droplets. The 

assumed mechanism of inter-droplet exchange of these species is through a process 

involving the temporary coalescence of droplets followed by reseparation with a 

consequent "scrambling" of the components between the droplets (so called "fusion- 

fission" mechanism) (173). This process was illustrated previously in Figure 1.12. An 

alternative mechanism whereby a fragment of the aggregate breaks away and acts as a 

"carrier" for the probe is thought less likely. This would be associated with 
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nonspherical, polydisperse aggregates, whereas the microemulsion droplets formed with 

C12E4 in heptane have previously been shown to be consistent with monodisperse, 

spherical droplet formation. Quenching of RB fluorescence by a quencher in an adjacent 

but non-coalesced droplet (i. e. through the surfactant bilayer separating the two 

aggregates) is thought unlikely to occur at any significant rate. The quenching of RB 

fluorescence by MV in aqueous solution has previously been shown to occur by an 

electron-transfer mechanism (174). For quenching to occur through two non-coalesced 

droplets would involve the transfer of an electron through a surfactant bilayer of 

approximately 6 nm thickness which is considered unlikely. 

It must be emphasised that the process of droplet exchange via a "fusion-fission" 

mechanism is purely an assumed possible pathway to interpret droplet dynamics. The 

real mechanism operating in solution may well be far more complicated than this simple 

picture. Recently, Johannsson et al., investigating W/O microemulsions stabilised by 

AOT, observed that clusters of aggregates were produced at a temperature close to the 

haze point boundary and that exchange of probes occurred within these structures (175). 

They concluded that they could not confirm (on the basis of their measurements) that 

the process of exchange within a cluster was one of "fusion-fission" or whether some 

other exchange process was operative. 

For the general case where the probe molecules exchange during the 

experimental time scale, Almgren et al. have shown the parameters A2 - A4 are given to 

a reasonable approximation, by the following expressions (173), 

A2 = ky [x], + ka (4.14) 

A3 =n(1- [x], /n )2 (4.15) 

A4 = kq/( 1- [x], /n ) (4.16) 

17: 
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where n is the average number of quenchers per droplet and [x], is the average number 

of quenchers in aggregates containing excited fluorescent probes in the steady-state 

phase of the decay. Equations 4.14,4.15,4.16 above are solved to yield the three 

unknowns n, kq and [x],. The concentration of aggregates can be determined from the 

value of n since 

[aggregates] = [quencher]/ n (4.17) 

which allows calculation of the droplet aggregation number using equation 4.13. The 

first order rate constant for droplet exchange via the "fusion-fission" mechanism, k1, is 

obtained by calculating [x], /n for the sample and determining the corresponding value 

of k, / kq from Figure 4.29a, reference (173). 

Good fits to the data were obtained using equation 4.8 with the reduced chi- 

squared (x2) being of the order of 1.5 or better. A typical fitted intensity curve is shown 

in Figure 4.29b with its corresponding residuals plot. For high surfactant concentrations 

(20 - 30 wt%) a slight aberration was often observed in the first few channels of the 

decay trace. This was found to be due to a small amount of a fluorescent impurity in the 

sample of C12E4. Different batches of the surfactant all contained this impurity. Fitting 

of intensity decay traces for these high surfactant concentration samples typically 

produced poor values of x2 (> 2.0). To overcome this problem, the intensity decay of a 

"blank microemulsion" was recorded, which apart from containing no fluorescer, was 

identical to the sample investigated. The blank was recorded under identical conditions 

to the sample. Its trace was then subtracted from the sample before fitting. In this way 

the fitting of the decay trace was much improved with x2 values of -1.5. In some cases 

where the impurity peak was very slight, the sample decay trace was fitted starting two 

channels past the peak value. The parameters obtained through either method were the 

same within the error of their determination (-10%). 
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Figure 4.29a. 
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Typically samples containing an average of 0,1 and 2 quenchers per droplet 

were studied at surfactant concentrations between 10 and 30 wt%. The incorporation of 

probe molecules into the dispersed phase of the droplets was found to shift the position 

of the phase boundaries by no more than 1- 2°C. This indicated that the system was not 

perturbed to any large extent by the presence of the probes. A slight increase in 

temperature of 1- 2°C for the position of the one phase microemulsion region was 

observed on increasing the surfactant concentration to 30 wt%. 

4.7.2 Results for WIO microemulsions stabilised by C2E4 in heptane. 

Microemulsion droplets of composition R'w�,, r =15 were studied as a function of 

temperature across the one phase stability region. The upper temperature limit, the 

excess water solubilisation boundary, occurs at approximately 28°C whereas the low 

temperature haze boundary is observed at 17°C. The critical microemulsion 

concentration for the system was previously determined at the solubilisation boundary 

to be 3.2 ± 0.4 wt%. At temperatures close to the solubilisation boundary, it has been 

shown by PCS that the droplets are close to spherical and interact only weakly. As the 

haze boundary is approached however, the apparent hydrodynamic radius increases. 

This was previously shown , 
in:. Figure 4.16 as a decrease in: 'the apparent diffusion 

coefficient. 

Microemulsion droplet radii were calculated from the aggregation numbers 

determined by TRF according to the equation (55) 

r= [(3/47[) Nasa(Vsurf + R'water Vwater)] 1/3 (4.18) 

where v,,, f and vwater are the molecular volumes of the surfactant and dispersed water 

respectively. Radii calculated from this equation for the different surfactant 
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concentrations are shown in Figure 4.30 for temperatures across the one phase region. It 

can be seen that the droplet size remains constant on traversing the one phase region and 

that the measured size is independent of the droplet concentration. The average radius is 

seen to be 5.3 ± 0.4 nm which corresponds to an average aggregation number of 

590 ± 120. This compares well with the value of 6f2 nm for the hydrodynamic radius 

determined previously by PCS. Since the values derived from TRF data do not take into 

account solvation of the surfactant tail region they might be expected to be smaller than 

those determined by light scattering measurements. However, no significant difference 

is observed between the two values due to the large uncertainty in the PCS determined 

values caused by the low scattering intensity of these systems. As previously mentioned, 

TRF results are independent of assumptions concerning inter-droplet interactions. The 

increase in the apparent hydrodynamic radius observed by PCS on moving towards the 

haze curve, therefore, is not due to an increase in droplet size and must be a 

consequence of an increasing attraction between aggregates. 

The quenching rate of RB by MV in bulk aqueous solution is close to the 

diffusion controlled limit expected for species of the same type of charge (174). The 

first order quenching rate constant (kq) for quenching within a microemulsion aggregate 

is therefore a measure of the time taken for the fluorescer and quencher probes to 

diffuse together within the aggregate. If it-is assumed that the probes do not interact 

with the surfactant monolayer and display normal diffusion behaviour, the following 

relationship between kq and the microviscosity experienced by the probe molecules in 

the droplet, Tim, has previously been derived (48). 

kq =8RT (4.19) 
(3 11m V NA) 

The microemulsion droplet volume V, is the volume which is accessible to the probe 

molecules and is taken to be equal to (N, gg R'W, cr vw, tr), where vwuer as before is the 
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Figure 4.30. 

Variation of microemulsion droplet radii (unsolvated) across the one phase 

stability region for R'w, wr = 15 W/O microemulsion droplets stabilised by C12E4 

in heptane. 
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molecular volume of water. NA is Avogadro's constant, and R and T have their usual 

significance. Values of (kq Nam R'WBU) , predicted by equation 4.19 to be proportional to 

1/Tlm, are shown in Figure 4.31 as an Arrhenius type plot. The dashed line shows the 

expected. behaviour if rlm is equated with the bulk viscosity of water. The experimental 

points are seen to be about 10 times lower than the calculated values. This indicates that 

the apparent microviscosity experienced by the probes within the water droplets is about 

10 times that of bulk water (i. e. approximately 10 cP). 

Variation of the first order unquenched fluorescence decay rate constant k0 with 

temperature is shown in Figure 4.32. The values are effectively independent of the 

surfactant concentration and increase with increasing temperature. The data are seen to 

be indistinguishable from the results obtained in bulk water. The photophysical 

behaviour of RB has a complex dependence on solvent properties (176). However, 

results consistent with those obtained in bulk water presumably indicate that the probe 

experiences a "water-like" microenvironment. 

Values of the first order rate constant kt for exchange of probe molecules 

between microemulsion droplets via a "fusion-fission" mechanism, are shown in 

Figure 4.33 as a function of droplet concentration. The values are seen to be 

approximately proportional to the droplet concentration within the estimated 

uncertainties of their measurement. The second order exchange rate constants (lcý) 

corresponding to different temperatures within the one phase region are obtained from 

the slopes. These are displayed in Figure 4.34 in an Arrhenius type plot. 

It is clear that the exchange rate constant increases with decreasing temperature, 

i. e. droplet coalescence is slowest at the high temperature excess water solubilisation 

phase boundary. This unusual behaviour implies that the energy barrier to coalescence 

decreases as the haze boundary is approached. A similar observation has been made for 

W/O microemulsions stabilised by C12E5 in heptane and tetradecane (55). For ionic 

surfactant systems, W/O microemulsion regions are bound at low temperatures by the 
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Figure 4.31. 

Log (kq Nagg R'water) versus 1/temperature for R'ýarer = 15 W/O microemulsion 

droplets stabilised by C12E4 in heptane. The dashed line indicates the values 

calculated for a microviscosity equal to that of bulk water. 
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Figure 4.32. 

Variation of the unquenched fluorescence decay rate constant k, for RB in 

R'wecer = 15 W/O microemulsion droplets stabilised by C12E4 in heptane. The 

dashed line indicates the behaviour in water (121). 
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Figure 4.33. 

First order exchange rate constant (kJ versus droplet concentration for R'w,, w = 15 

water-in-heptane microemulsions stabilised by C12E4.. The temperatures 

correspond to positions within the one phase stability region. 
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Figure 4.34. 

Arrhenius plot of the second order exchange rate constant versus temperature for 

R'W., M = 15 W/O microemulsion droplets stabilised by C12E4 in heptane. The 

dashed line indicates the behaviour expected for a diffusion-controlled rate 

constant. 
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excess water solubilisation boundary with the haze curve now forming the upper 

temperature boundary. Exchange rates previously measured for these systems indicate 

that the slowest rate is again obtained at the solubilisation boundary which this time 

occurs at low temperatures (52,54). It appears therefore that the exchange rate is always 

slowest at the solubilisation phase boundary irrespective of whether this forms the upper 

or lower temperature limit. 

The dashed line indicates the variation of the diffusion controlled rate constant 

kd, predicted for equal-sized spheres having no energy barrier to coalescence. This is 

calculated from the Smoluchowski equation (47) 

kdc = BRT (4.20) 
3il 

where 11 is the viscosity of the continuous solvent. The exchange rate constant tends to 

the diffusion controlled value at temperatures close to the haze curve phase boundary. 

4.73 Some possible factors affecting the microemulsion exchange rate. 

According to the "fusion-fission" mechanism, the exchange rate constant kQ 

should become larger for factors which increase the "stickiness" between the droplets 

upon collision, thereby enhancing the formation of encounter pairs. It has been shown 

earlier that the inter-droplet interactions are weakest at the solubilisation boundary and 

become progressively more attractive as the haze curve is approached. These changing 

interactions may well be one of the important factors which give rise to the observed 

temperature dependence. The exchange is also accelerated by factors which reduce the 

energy cost of forming the transition state. In order to postulate what these factors may 

be, it is necessary to assume a transition state for the exchange process. One possibility 

is that the transition state occurs between the non-coalesced encounter pair and the 
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transient droplet dimer and has an "hour glass" shape as previously shown in Figure 

1.12. This involves the formation of regions of highly curved surfactant monolayer. The 

formation of this transition state may therefore be expected to be dependent upon the 

rigidity of the surfactant monolayer. Recently, Safinya et al. predicted the rigidity 

constant K to increase in proportion to the cube of the monolayer thickness (177). This 

increase might be expected to produce a decrease in the exchange rate. In Chapter 6 the 

effect of the length of the surfactant molecule on the exchange rate is considered for 

three surfactant systems where K has been determined directly by ellipsometry. An 

additional parameter which might be important in determining the energy barrier to 

coalescence is the system cµc (55). As discussed previously in section 1.2.6, formation 

of the transient droplet dimer involves a reduction in the area available to the surfactant 

molecule. This may be accommodated by desorption of surfactant from the droplet 

surface. Desorption of surfactant and consequently exchange via the "fusion-fission" 

mechanism, may therefore be expected to be facilitated when the cµc is high. 

From the limited data reported in the literature, it is of interest to compare values 

of the exchange rate constant for different W/O microemulsion systems with their 

corresponding rigidity parameters and cµc values. The problem arises however, of how 

to compare exchange rate constants between different systems. Several methods of 

comparison are possible. Here (and in all subsequent comparisons in this thesis), the rate 

constants have been compared at the same R',,, «, value at temperatures close to the 

solubilisation phase boundaries. This appears to be the best method of comparing 

different systems since the exchange rates are maximally sensitive to system changes at 

this phase boundary. Additionally, attraction between droplets is a minimum at the 

solubilisation phase boundary and consequently the degree of clustering is also a 

minimum. The exchange of probes may then be best represented by the "fusion-fission" 

mechanism. Table 4.10 tabulates the exchange rate constants at the solubilisation phase 

boundary, rigidity parameters and cµc values for three different W/O microemulsion 
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systems. The values are compared to those obtained for water-in-heptane 

microemulsions stabilised by C12E4. The droplet sizes in all cases are within the range 

5.5 t 0.5 nm. 

Table 4.10 

Surfactant system Log (kdc/kc) (K+K/2) /kT c tc /mol dm-3 

DTAC + Cyclohexane 0.48 (52) 0.1 - 0.8 (52) 0.3 - 1.0 (52) 

+ Butanol 

C12E5 + Heptane 1.30 (55) 1.1 ± 0.5 (29) -0.08(29) 

C12E4 + Heptane 1.60 ± 0.3 1.0 ± 0.6 0.06 ± 0.01 

AOT + Heptane 4.30* (50) 1.4 ± 0.3 (52) -10-3-10-4 (178) 

* result from stopped flow data 

The second order exchange rate constant k,, is expressed as a ratio to the diffusion 

controlled rate constant to allow comparison of systems of different viscosities. The 

values of (K+I{/2) quoted were all obtained through the tension-size relationship. 

Values of the rigidity parameter for the DTAC /cyclohexane system were dependent 

upon the concentration of butanol present in the interface. Low values of (K+L'2) were 

observed for high butanol to DTAC mole ratios (between 5 and 10). From this limited 

data, it appears as though the lower rigidity system gives the fastest exchange rate at the 

solubilisation phase boundary. It should be remembered however, that the 

approximations and uncertainties in the calculated rigidity parameters are of comparable 

magnitudes to the differences between the systems. Also the magnitude and sign of the 

Gaussian curvature elastic modulus, K, is unknown in each of these systems. 

The exchange rate constants appear to also correlate with the measured values of 

the surfactant cµc in the oil. As predicted, the exchange rate is faster when the free 

energy required to desorb a molecule of surfactant from the interface is low, i. e. cµc is 
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high. For the DTAC /cyclohexane system, the oil phase contains high concentrations 

(between 0.3 and 1.0 mol dm-3) of non-adsorbed butanol. The corresponding free 

energy required to desorb a molecule of butanol from the interface is therefore very low. 

4.8 Conclusions. 

From this study of the equilibrium properties of microemulsions stabilised by the 

nonionic surfactant C12E4, the main conclusions are listed below. 

(1). The critical microemulsion concentration increases with temperature. For 

heptane and tetradecane as the oil phase, the enthalpies of transfer of one mole of 

monomers to the aggregated state are -42 ± 10 kJ mol-1 and -52 ± 25 kJ mol-1. The cµc 

also increases with increasing salt concentration and an approximate correlation is seen 

to exist between R',,., and the cgc. 

(2). Incorporation of a-chymotrypsin and BSA into the dispersed aqueous 

phase of W/O microemulsions has little effect on the position of the solubilisation phase 

boundary, the cµc or the droplet size. Sodium caseinate however, appears to be 

solubilised as proteinaceous aggregates which are only stable at water : surfactant mole 

ratios of between 20 and 30. These multiple aggregates are polydisperse, with sizes in 

the range of 100 - 300 nm. 

(3). Water-in-oil aggregates at temperatures close to the solubilisation phase 

boundary behave ideally and the droplet size, extrapolated to infinite dilution, is directly 

proportional to R',,. er. The area per surfactant head group at the droplet surface is 

effectively constant with increasing droplet size at 0.32 ± 0.06 nm2 and 0.26 ± 0.06 nm2 

for heptane and tetradecane respectively. Changes in the monolayer curvature with 

temperature are consistent with two models in which either, (i) the effective head group 

area and the surfactant monolayer thickness remain constant and the effective area per 
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surfactant tail changes, or, (ii) both the effective head and tail group areas remain 

constant and the surfactant monolayer thickness changes. 

(4). The post-cµc interfacial tensions pass through minimum values at 

temperatures which coincide with maximum dispersed phase solubilisation. The tension 

scales approximately with the radius-2 which enables a very approximate estimation of 

the monolayer rigidity parameter (K+K/2) to be made. For both heptane and tetradecane 

as the oil phase this value is of the order of kT. 

(5). Using a technique of time-resolved fluorimetry it is shown that for a 

constant R'Waýr value, the microemulsion droplet size remains constant as the one phase 

microemulsion region is traversed. The viscosity of the dispersed aqueous phase appears 

to be of the order of ten times that of bulk water i. e. -10 cP. The rate of exchange of 

fluorescer and quencher probes between microemulsion droplets is slowest at the high 

temperature, solubilisation phase boundary. Comparison of the exchange rates for 

different systems appear to suggest that the rate is enhanced for systems exhibiting a 

high cµc and a low monolayer rigidity. 
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5. CHARACTERISATION OF W/O 

MICROEMULSIONS FORMED WITH 

C12E4 + TRIGLYCERIDE / ALKANE + 

WATER. 



CHAPTER 5. 

5.1 Introduction to Triglycerides. 

Triglycerides or triacyl glycerols, are the final esterified products of the reaction 

between glycerol and a carboxylic acid. 
CH20H i 2000R I Esterification 
CHOH +3 RCOOH CHCOOR +3 H2O 
I Hydrolysis I 

CH2OH CH2COOR 

They are the basic constituents of all animal and vegetable fats and are therefore of 

major industrial importance. For example, in the food industry, triglycerides are the 

principal components of the oil phase in emulsions and oil based foods. In the field of 

detergency they make up more than 30% of common laundry soils, and in the cosmetics 

industry they are used extensively in product formulation. 

Their physical properties are highly dependent upon the length and degree of 

unsaturation of the esterified group. Short chain length triglycerides, e. g. triacetin and 

tripropionin, are soluble in water and form aggregates above a certain concentration 

(179). However, upon increasing the chain length the solubility is dramatically reduced 

e. g. tricaproin, solubility = 1.17 x 10-6 moles dm-3 (180), and aggregate formation is 

prevented. 

To date, only a limited amount of information has been accumulated relating to 

the role of triglyceride oils in microemulsion (181 - 184) and macroemulsion (127,185) 

systems. Mori et al. investigated the O/W microemulsion phase boundaries for a series 

of pure nonionic surfactants with an oil phase consisting of the pure triglyceride triolein 

(183). In relation to detergency, they observed a maximum in the solubilisation of the 

oil from polyester-cotton fabrics at temperatures corresponding to the phase inversion 

temperatures for each system. Similar solubilisation experiments with 

triolein/hexadecane mixtures showed that the mixtures were solubilised to a greater 
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extent than the pure triolein alone. Also, a degree of preferential solubilisation of the 

hydrocarbon from the mixture was noted. A very narrow four phase region was also 

seen to exist for these mixed oil systems which consisted of water, oil and two different 

surfactant-rich phases (D and D'). Kunieda et at. observed a similar four phase region 

for systems containing C12E4, water and mixtures of hexadecane and a short chain 

triglyceride (181,182). This was thought to be a consequence of the overlapping of the 

two, three phase regions separately formed in the three component mixtures where 

hexadecane and triglyceride alone form the oil phase. The D phase was thought to be 

bicontinuous in structure whereas the D' phase was postulated to be associated with 

large disc-like micelles. 

In the study reported here, the effects of medium and long chain length 

triglycerides on the phase behaviour of W/O microemulsions stabilised by C12E4 are 

presented. Interfacial tensions and microemulsion droplet sizes are reported and 

compared with the values for heptane alone as the oil phase. Finally, the results from a 

study of microemulsion dynamics are presented and discussed in terms of factors which 

may affect the exchange rate. 

5.2 W/O Microemulsion Phase Boundaries for C12E4 + Triglyceride / Heptane + 

Water Systems. 

The positions of the excess water solubilisation phase boundaries were 

determined by the method of a single phase titration (previously described in section 

2.1.1). The maximum amount of solubilised water is shown as a function of surfactant 

concentration in Figure 5.1a. The oil phase contains 50% v/v MCT in heptane. (In this 

thesis all oil phase compositions of the heptane/triglyceride mixtures are specified as 

percentages by volume of triglyceride in the total oil phase volumes). Figure 5.1b shows 
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Figure 5.1a. 

Variation of the maximum extent of water solubilisation with C12E4 concentration 

in 50% MCT as a function of temperature. 
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Solubilisation data for oil phases containing different concentrations of MCT. 
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the effect of increasing the concentration of MCT in the oil phase on the maximum 

solubilisation of water at a constant temperature. Deviations from linearity are observed 

at low water uptakes for systems containing 50% or more MCT at temperatures in 

excess of 30°C. These deviations cannot be accounted for by the solubility of water in 

the triglyceride since this was found to be negligible (-0.04 wt% at 30°C, in agreement 

with related systems previously reported (186)). It is possible that water is associated 

with pre-cµc aggregates which are precursors of "true" microemulsion droplets. 

Alternatively, the deviations may be due to hydrolysis of the triglyceride. The 

carboxylic acid produced may act as a cosurfactant producing mixed aggregates with 

the C12E4 molecules. Hydrolysis is expected to be accelerated at higher temperatures 

and this may explain why this effect is more apparent at elevated temperatures. 

As before, the mole ratio of water to surfactant within each aggregate (R'W,.., ) is 

obtained from the gradients of these plots and the critical microemulsion concentration 

from the intercepts on the abscissa. For the triglyceride systems displaying deviations 

from linearity, the cµc was determined by extrapolating the linear portion of the data to 

the abscissa. Figure 5.2 shows the variation of R'w,,. t with temperature for different 

concentrations of MCT in the oil phase. As the MCT concentration increases to 50 and 

75%, the maximum degree of solubilisation dramatically decreases and the one phase 

region is shifted to higher temperatures. The position of the excess water solubilisation 

boundary for MCT alone as the oil phase is presumably shifted to higher temperatures 

and the maximum water solubilisation reduced. Temperatures greater than 40°C were 

not investigated to minimise possible degradation of the surfactant and triglyceride. 

It is interesting to observe from Figure 5.2, that when the oil phase contains 25% 

MCT the excess water solubilisation boundary appears to be depressed slightly to lower 

temperatures. This was investigated further by determining the maximum water 

solubilisation at a fixed temperature, 14°C, as a function of MCT concentration in the 

oil phase. The results are shown in Figure 5.3a. In the absence of triglyceride, an R'wuu 
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Figure 5.2. 

Variation of the excess water solubilisation boundary with temperature for W/O 

microemulsions formed with C12E4 in heptane containing various MCT volume 

fractions. The horizontal lines denote maximum solubilisation. 
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Figure 5.3a. 

Variation of the maximum extent of water solubilisation at 14.0°C with volume 

fraction of MCT in heptane, for W/O microemulsions stabilised by C12E4 . 
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value of 82 ±7 is obtained. Upon addition of only 5% MCT to the oil phase the R'w, ur 

value drops to 58 ± 7. Further addition of MCT up to 25% has little effect on the degree 

of maximum solubilisation. It appears therefore, that for concentrations of MCT in the 

oil phase between 5 and 25%, a constant, preferred monolayer curvature is adopted. As 

seen in Figure 5.2 increasing the triglyceride concentration beyond 25% results in the 

shifting of the solubilisation phase boundary to higher temperatures. Low concentration 

of MCI' (< 25%) therefore produce a shift towards more negative spontaneous 

curvature. This may indicate a preference of the triglyceride for the tail region of the 

surfactant monolayer producing an increase in the effective area per surfactant tail 

group. At higher MCT concentrations the opposite effect is observed and a shift towards 

more positive spontaneous curvature occurs. This is consistent with a reduced 

penetration of the triglyceride into the surfactant tail region. The reason for this 

changing behaviour with MCT concentration is at present unclear. Kunieda et al. 

observed similar behaviour upon varying the concentration of the short chain length 

triglyceride 1,2,3, -propanetriyl Iris (2-ethylhexanoate) (TEH) in hexadecane (181). 

However, Mori et al. observed that the phase inversion temperatures of emulsions 

prepared with triolein/decane and triolein/hexadecane as the oil phase were relatively 

independent of triglyceride concentration up to 20 and 25% respectively (183). This 

may be a consequence of the bulkier long chain length triglyceride molecule being 

unable to penetrate into the alkyl tail region of the surfactant monolayer. Higher 

concentrations were observed to produce an increase in the PIT consistent with the 

findings of this work and that of Kunieda et al. From this study it appears that medium 

chain length triglycerides are one of the few variables that can change the monolayer 

curvature in opposite directions depending upon their concentration. 

Figure 5.3b shows the variation of the critical microemulsion concentration with 

MCT concentration in the oil. This will be discussed later (p. 160). 
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The stability region for W/O microemulsions formed in 50% MCT is compared 

with that for aggregates formed in 50% of a commercial long chain triglyceride 

(sunflower oil), LCT, in Figure 5.4. The maximum degree of solubilisation is greatly 

reduced and the stability region shifted to higher temperatures in the case of the longer 

chain length triglyceride. 

Several of the critical microemulsion concentrations determined from the 

solubilisation data for concentrations of triglyceride between 0 and 75% were also 

checked by interfacial tension measurements. These are shown in Figures 5.5a-d. 

Variation of the cµc with temperature for various concentrations of triglyceride in the 

oil phase is shown in Figure 5.6. It can be seen that the values determined from 

interfacial tension measurements are in reasonable agreement with those determined 

from the solubilisation plots. The cµc is seen to increase dramatically with increasing 

concentration of triglyceride. This is also demonstrated in Figure 5.3b, in which the 

temperature is held constant at 14.0°C. Concentrations in excess of 20 wt% non- 

adsorbed surfactant may be present in some systems containing high volume fractions 

of the polar oil. Previously, high solubilities of C12E4 in mixed triglyceride / alkane oils 

have been observed by Kunieda (182). However, quantitative measurements of cµc 

values were not performed. 

The enthalpy of transfer of a mole of surfactant monomers from the oil phase 

containing 50% MCT to the aggregated state has been calculated from Figure 5.7 to be 

-26 ±5 kJ mol-1. This is significantly less than the value of -42 ± 10 kJ mol-1 

determined for heptane alone as the oil phase and presumably reflects the increased 

affinity of the surfactant for the oil. The transfer enthalpies for 25% and 75% MCT 

(-26 ±6 and -19 ±8 kJ mol-1 respectively) suggest there is a slight trend to lower values 

with increasing MCT concentration i. e. as the oil mixture becomes more polar. The 

value for, 50% LCT (-29 ±7 kJ mol-1) is higher than for the corresponding MCT 

mixture, consistent with the more apolar character of the LCT. 
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Figure 5.4. 

One phase W/O stability regions for microemulsions formed with C12E4 in heptane 

in the presence of 50% by volume of the stated triglyceride. 
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Figure 5.5. 

Critical microemulsion concentration determinations by interfacial tension 

measurements, for C12E4 in heptane containing different volume fractions of 

MCT and LCD. 
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Figure 5.6. 

Variation of the critical microemulsion concentration with temperature for W/O 

microemulsions stabilised by C12E4 in heptane at various volume fractions of 

triglyceride. The crosses were determined by interfacial tension measurements. 
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Figure 5.7. 

Variation of the critical microemulsion concentration of C12E4 in 50% MCI' with 

temperature. 
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The progression of microemulsion phases observed as a function of temperature 

was investigated for an oil phase containing 50% MCT. The procedure adopted was as 

follows. Stoppered tubes containing surfactant and an equal phase volume ratio of oil 

and water were shaken and thermostatted at different temperatures. The surfactant 

concentration was fixed and in excess of the cgc corresponding to the highest 

temperature investigated. Once equilibrium had been attained the phases present were 

determined visually. 

For all temperatures greater than 20°C a Winsor II system was produced at 

equilibrium. Similarly, temperatures below 18°C yielded the corresponding Winsor I 

system. Between these two temperatures a three phase Winsor Ill system was observed. 

The expected equivalence between this microemulsion phase inversion region and the 

macroemulsion phase inversion temperature was investigated by measuring the 

conductivity of the corresponding emulsion as a function of temperature. To produce a 

significant change in the conductivity, 0.05 M sodium chloride was used as the aqueous 

phase. Since nonionics are relatively insensitive to low concentrations of salt (40), the 

presence of this small concentration was assumed to have a negligible effect on the 

phase inversion temperature. The variation of the emulsion conductivity with 

temperature is shown in Figure 5.8a. The temperature at which the conductivity changes 

abruptly corresponds to the phase inversion temperature of the macroemulsion. This 

occurs around 20°C and is in reasonable agreement with the temperature range for 

inversion of the corresponding microemulsion system. Figure 5.8b shows the PIT 

determination for an emulsion prepared with heptane alone as the oil phase. The phase 

inversion temperature is in reasonable agreement with the microemulsion results 

tabulated in Table 4.1. 
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Figure 5.8a. 

Conductivity as a function of temperature for emulsions prepared with C12E4 in 

50% MCT. The aqueous phase contains 0.05 M NaCl. 
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Figure 5.8b. 

Conductivity as a function of temperature for emulsions prepared with C12E4 in 

heptane. The aqueous phase contains 0.05 M NaCl. 
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5 .3 Measurement of Microemulsion Droplet Sizes by Photon Correlation 

Spectroscopy for 50% MCT in the Oil Phase. 

One phase microemulsion samples were prepared with 50% MCT as the oil 

phase. Phase boundaries for these "made-up" microemulsions were in agreement 

(± 1°C) with the results determined from the solubilisation data. The variation of the 

apparent diffusion coefficient with volume fraction of the dispersed phase is shown in 

Figure 5.9 for temperatures close to the solubilisation phase boundaries. The plots are 

similar to those previously presented for heptane alone as the oil phase (Figure 4.17). 

Values for the coefficient a (see equation 4.1) (106) and hydrodynamic radii obtained 

by extrapolation to infinite dilution, are tabulated below in Table 5.1. 

Table 5.1 

R'water a rIL(nm 

43 -1±3 13.3±1.5 

29 -6± 6 8.5 ± 1.0 

18 -8±8 6.7±1.5 

15 -10±10 4.3±1.5 

Values for the normalised variance of the hydrodynamic radius were typically 

less than about 0.1 indicating a low degree of polydispersity in the samples. 

The apparent diffusion coefficient of microemulsion droplets investigated at 

temperatures close to their solubilisation phase boundaries appears to be only slightly 

dependent upon the droplet concentration. Moving away from this boundary towards the 

haze curve however, causes the diffusion coefficient to dramatically decrease as was 

observed for the case of heptane alone as the oil phase. This has previously been shown 

to be a consequence of increasing attraction between the microemulsion droplets 
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Figure 5.9. 

Variation of the apparent diffusion coefficient with dispersed phase volume 

fraction, for W/O microemulsions stabilised by C12E4. The oil is 50% MCT. 
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(section 4.7.2). The calculated values of a at the solubilisation phase boundary, despite 

the large errors, are slightly negative indicating the presence of attractive interactions 

between the droplets. 

The hydrodynamic radius as a function of R'w,. a is compared with that obtained 

for heptane as the oil phase in Figure 5.10. The point at = 15 was derived from 

time-resolved fluorescence data assuming that a molecule of MCT and heptane solvate 

each surfactant tail group. Aggregates formed in the presence of 50% MCT appear to be 

consistently slightly smaller than those formed in heptane alone. However, the small 

differences between the two sets of data are of the order of the errors in their 

determination. The data conforms to the following empirical relationship. 

iH /nm = 0.270 R'w, ter + 1.5 

The intercept corresponds to a surfactant film thickness of 1.5 ±2 nm. The value of the 

area occupied by the surfactant molecule at the interface between the droplet core and 

the surfactant monolayer is calculated to be 0.33 ± 0.05 nm2. This value is virtually 

equal to that determined for heptane alone as the oil phase (0.32 ± 0.06 nm2). It appears 

therefore, that the incorporation of 50% MCT into the oil phase has a negligible effect 

: ýon the head group region of the surfactant monolayer. This suggests that the observed 

solubilisation differences between the two oils is may be due to a decreased penetration 

into the alkyl tail region of the surfactant monolayer by the bulky triglyceride molecule. 
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Figure 5.10. 

Hydrodynamic radii measured close to the solubilisation boundary versus R'n, ua 
for W/O microemulsions stabilised by C12E4 in 50% MCT. Open point refers to a 

value derived from TRF data and the dashed line represents results for heptane. 
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5.4 Measurement of the Post-cµc Interfacial Tension Between Water and 

Tri glyceride / Heptane Mixtures as a Function of Temperature. 

Interfacial tension measurements were made using the spinning drop technique 

as described previously in section 2.1.2. The time taken for the oil droplets to reach 

equilibrium was dependent upon the concentration of MCT in the oil phase. Generally 

longer equilibration times (30 - 60 minutes) were required for high MCT concentrations. 

This is consistent with the findings of Mori et a!. who investigated oil-water interfacial 

tensions for a mixed oil containing triolein / hexadecane in the presence of C12E4 (183). 

Figure 5.11 shows the variation of the oil-water interfacial tension with 

temperature for various MCI' concentrations. The interfacial tensions for the low 

temperature side of the minimum (corresponding to the formation of oil-in-water 

aggregates) for 50% and 75% MCT, were thought to be unreliable since the drops were 

observed to slowly contract over a period of 1-2 hours. Consequently, these tension 

values have not been reported. This may be due to the preferential solubilisation of 

heptane into the interior of the aggregates formed in the aqueous phase. The oil drop in 

the capillary would then become more concentrated with the triglyceride resulting in an 

increase in the cµc. If significant concentrations of heptane are solubilised, the cµc may 

reach a value that exceeds the concentration of surfactant present in the oil phase. 

Saturation coverage of the interface may then not be maintained and the drop would 

contract. Mori et a!. have observed a preferential solubilisation of the hydrocarbons 

decane and hexadecane over the triglyceride triolein in their studies of oil removal from 

fabrics (183). For 50% and 75% MCT the vertical lines denote the points at which the 

drops became coated with a surfactant phase. The three phases coexisted in equilibrium 

which corresponds to the start of the Winsor III regions. The minimum tension 

determined for each system corresponds to the point at which the drops break up. From 
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Figure 5.11. 

Oil-water interfacial tension as a function of temperature for C12E4 in heptane 

containing various MCT volume fractions, at concentrations in excess of the cµc. 

The vertical lines denote the approximate start of the 3 phase regions. 

Log tension / 

mN/m 

30 
Temperature /°C 

40 

172 



comparison of Figure 5.11 with Figure 5.2 it is evident that an inverse relationship 

exists between the interfacial tension and 

Using the tension-size relationship previously discussed in section 1.2.5, the 

monolayer rigidity parameter (K+K/2) has been estimated for the 50% MCT system. 

From Figure 5.12 it can be seen that the droplet size scales approximately with radius-2 

as expected from equation 1.10 and the results are similar to those obtained with 

heptane as the oil phase. The calculated values of (K+K/2) for 50% MCT (0.9 t 0.6 kT) 

and heptane alone (1.0 t 0.6 kT) are both of the order of kT. 

5.5 Time-Resolved Fluorescence Results for W/O Microemulsions Stabilised by 

C12E4 in 50% MCT. 

As discussed previously, a correlation may be expected to exist between the 

microemulsion exchange rate, the monolayer rigidity and the ease of surfactant 

desorption as reflected by the cµc. Increasing the monolayer rigidity or decreasing the 

cµc is expected to reduce the exchange rate. From microemulsion phase studies in 50% 

MCT it has been shown that, at a fixed droplet composition, the cµc exceeds that of the 

corresponding heptane system. Approximate estimates for the monolayer rigidities for 

the two systems were seen to be very similar within their large determined errors. The 

exchange rates at the solubilisation phase boundary might be predicted therefore, to be 

influenced primarily by the differences in the ease of desorption of surfactant monomer 

from the droplet surface. 

Microemulsion droplets of composition R', �,, ý =15 were studied as a function of 

temperature across the one phase stability region. The excess water solubilisation 

boundary, which forms the upper temperature limit, occurred at approximately 32°C 

and the lower temperature haze boundary at 20°C. The critical microemulsion 
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Figure 5.12. 

Variation of log tension with log radii for W/O microemulsions formed with C12E4 

in 50% MCT and in 100% heptane. The solid line indicates the behaviour expected 

from equation (1.10) in the text with (K+K/2) equal to 1 kT. 
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concentration for this system was determined to be 13 ±1 wt%. As in the previous 

study, ruthenium tris-bipyridyl (RB) and methyl viologen (MV) were chosen as 

fluorescer and quencher respectively. These were assumed to be completely located 

within the water pool of the microemulsion. Samples were studied at surfactant 

concentrations between 20 and 40 wt% at average quencher concentrations of between 0 

and 2 per droplet. The temperature of the one phase stability region was shifted by 

2- 3°C to higher temperatures upon increasing the surfactant concentration from 

20 - 40 wt%. This is presumably due to an increased interaction between aggregates at 

these higher concentrations. As previously reported, the surfactant was observed to 

contain a small amount of a fluorescent impurity. A further fluorescent impurity was 

also seen to exist in the batch of triglyceride oil. These perturbed the first few channels 

of the decay trace producing poor values of the fitting parameter x2 (> 2.5). As before, 

this was overcome by recording the trace of a "blank microemulsion" and subtracting 

this from the sample decay profile before fitting. In this way the fitting was much 

improved as evidenced by x2 values of -1.5. The experimental technique and analysis is 

described in more detail in sections 2.1.4 and 4.7.1. 

Figure 5.13 shows the variation of the microemulsion radii, as calculated from 

equation 4.18 (assuming no solvation), with temperature across the one phase stability 

region. For 30 and 40 wt% C12E4 the size is seen to remain approximately constant and 

independent of the droplet concentration. In the case of 20 wt% C12E4 however, a slight 

decrease in radius is apparent as the haze boundary is approached. This may indicate 

that the cµc decreases significantly from its value of 13 wt% at the solubilisation 

boundary as the haze boundary is approached. Changes in the cµc are expected to be 

detected most sensitively when the cµc is high and the concentration of microemulsified 

surfactant is low. Recent results appear to suggest that the cµc may well be substantially 

lower at the haze boundary (187). The average value for the radius is 4.8 ± 0.5 nm 

which corresponds to an aggregation number of 440 ± 120. Previously determined 
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Figure 5.13. 

Variation of microemulsion droplet radii (unsolvated) across the one phase 

stability region for R'a,.,, = 15 W/O microemulsion droplets stabilised by C12E4 

in 50% MCT. 
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values for the droplet radius and aggregation number of R'waMr = 15 aggregates formed 

in heptane alone as the oil phase are 5.3 ± 0.4 nm and 590 ± 120 respectively. It appears 

therefore that the aggregate size in the presence of 50% MCT is slightly lower than that 

in heptane. This is consistent with the findings from PCS for these systems. 

It has been shown previously in section 4.7.2 (equation 4.19) that if the probes 

are assumed to show no interaction with the surfactant monolayer and to display normal 

diffusion behaviour, then the product (kq Nagg R'water) is expected to be proportional to 

1/Clm. Nagg is the aggregation number of the droplet, kq is the first order quenching rate 

constant and rlm is the microviscosity experienced by the probe. The variation of 

(kq Nagg R'wawr) with temperature is shown in an Arrhenius type plot in Figure 5.14. The 

dashed line indicates the behaviour expected if rlm is equated with the bulk viscosity of 

water. The results are similar to those previously presented for heptane and indicate an 

apparent microviscosity about ten times that of bulk water. 

Variation of the first order unquenched fluorescence decay rate constant ko with 

temperature across the one phase region is shown in Figure 5.15. The values are seen to 

be only slightly different from those obtained in bulk water (121) and are similar to 

previous observations for heptane as the oil phase. This suggests that the probe is 

located within a "water-like" micro-environment within the droplet. 

Values of the first order exchange rate constant k1 calculated assuming a 

mechanism of "fusion-fission", are shown in Figure 5.16 as a function of droplet 

concentration. The values are seen to be approximately proportional to the droplet 

concentration within their estimated uncertainties. The scatter of the points is increased 

compared to the results previously presented for heptane. This may be a consequence of 

the increased fluorescent impurities for these microemulsion samples arising from the 

additional impurity in the triglyceride. The second order exchange rate constants k', 

corresponding to the different temperatures within the one phase region are obtained 

from the slopes. These are displayed in Figure 5.17 in an Arrhenius type plot. 
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Figure 5.14. 

Log (kq Nagg R'wa, r) versus 1/temperature for R',,..,, = 15 W/O microemulsion 

droplets stabilised by C12E4 in 50% MCT. The dashed line indicates the values 

calculated for a microviscosity equal to that of bulk water. 
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Figure 5.15. 

Variation of the unquenched fluorescence decay rate constant ko for RB in 

R"wata = 15 W/O microemulsion droplets stabilised by C12E4 in 50% MCT. The 

dashed line indicates the behaviour in water (121). 
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Figure 5.16. 

First order exchange rate constant (k, ) versus droplet concentration for R'w,,,. r = 15 

water-in-50% MCT microemulsions stabilised by C12E4. The temperatures 

correspond to positions within the one phase stability region. 
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Figure 5.17. 

Arrhenius plot of the second order exchange rate constant versus temperature for 

R'watar = 15 W/O microemulsion droplets stabilised by C12E4 in 50% MCI'. The 

dashed line indicates the behaviour expected for a diffusion-controlled rate 

constant. 
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As for heptane as the oil phase, the exchange rate is slowest at the high 

temperature, solubilisation phase boundary. The dashed line indicates the variation of 

the diffusion controlled rate constant kdC, predicted for spheres having no energy barrier 

to coalescence. This value is approached at temperatures close to the haze curve phase 

boundary. 

Table 5.2 below, shows the calculated second order diffusion controlled rate 

constant and also its ratio with the exchange rate constant at the solubilisation phase 

boundary for both 50% MCT and heptane as the oil phase. Expressing the rate constants 

in this way accounts for the different bulk viscosities and allows direct comparison 

between the two systems. Also tabulated are the cµc values measured at the 

solubilisation phase boundaries and the approximate estimates for the monolayer 

rigidities. 

Table 5.2 

Oil Phase kdc/109 M-11-1 log (kdc/kc) (K+K/2) /kT CUC /M 

50%MCT 3.9 1.45±0.3 0.9±0.6 0.29±0.02 

Heptane 16.9 1.60±0.3 1.0±0.6 0.06±0.01 

The exchange rates with respect to the diffusion controlled limit, are 

approximately the same for the two systems. Clark et al. investigating water-in-heptane 

microemulsions (R'W... 
ýr = 16) stabilised by C12E5, reported a value for log (kdjkr) of 

1.30 (55). The critical microemulsion concentration had previously been determined to 

be -0.08 M and (K+K/2), from the tension-size relationship, was estimated to be 

1.1 ± 0.5 kT (29). These are of comparable magnitude to those determined for C12E4 in 

heptane. The enhanced rate postulated for systems with high critical microemulsion 

concentrations is therefore not observed. It may be that larger cpc variations are 

required to achieve significant differences in kd k. Furthermore, since the errors 
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associated with the parameters (K+K/2) are large, differences between the two systems 

due to the cµc, may be partially offset by changes in the rigidity parameters. Ideally, 

direct measurements of K and K separately, are required before reliable correlations 

may be performed with the exchange rates. 

5.6 Conclusions. 

From this study of the equilibrium properties of microemulsions formed in 

triglyceride / alkane oil mixtures, a number of important observations have been made. 

(1). Upon increasing the concentration of triglyceride in the oil phase the 

minimum concentration of surfactant required for the formation of aggregates 

dramatically increases. The calculated molar enthalpy of transfer of one mole of 

surfactant from oil to the preferred microemulsion monolayer curvature decreases from 

-42 ± 10 kJ mol-l in heptane to -26 ±5 kJ mol-1 in 50% MCT and -19 ±8 kJ mol-l in 

75% MCT. 

(2). The degree of maximum water solubilisation is reduced and the one 

phase microemulsion stability region is shifted to higher temperatures upon increasing 

the concentration of MCT above 25%. This is consistent with a reduced solvation of the 

surfactant tails by the bulkier triglyceride molecule. For triglyceride contents less than 

or equal to 25%, the one phase region is shifted to slightly lower temperatures 

suggesting penetration of the MCT into the alkyl tail region of the surfactant for this 

concentration range. 

(3). The value of the rigidity parameter (K+K/2) estimated from tension-size 

relationship for 50% MCT is of the order of kT. This is of similar magnitude to values 

reported previously for other systems using this treatment. 
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(4). The microemulsion exchange rate relative to the diffusion controlled 

limit is found to be little affected by the presence of 50% MCT in the oil phase. The 

enhanced rate expected for this system due to the high concentration of non-adsorbed 

surfactant in the continuous phase is not observed. 
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6. POSSIBLE CORRELATIONS 

BETWEEN MONOLAYER BENDING 

RIGIDITIES, MICROEMULSION 

EXCHANGE RATES AND 

MACROEMULSION STABILITY. 



CHAPTER 6. 

6.1 Introduction: the Work of Lee et at, 

In the previous chapters, attempts have been made to correlate properties of 

microemulsion systems with factors which may have a direct bearing on the formation 

and stability of the corresponding macroemulsions. The rate of exchange of probe 

molecules between microemulsion aggregates has been measured by time-resolved 

fluorescence and the relevance of the cµc and the monolayer rigidity to the magnitude 

of the exchange rate constant discussed. For the majority of systems studied by TRF to 

date, only approximate estimates of the parameter (K+K/2) have been reported from a 

tension-size relationship. The relative contributions of both K and K within these 

parameters is unknown. Additionally, the experimental errors in the values of (K+K/2) 

are typically of the same order of magnitude as the values themselves. 

Recently, Lee et al. (167) used an ellipsometry technique to determine values of 

the rigidity constant K for planar monolayers of three nonionic surfactants. The 

measurements were performed on oil-water interfaces produced by combining the 

excess oil and water phases of Winsor III systems. In order to maintain the temperature 

range of the Winsor III regions within suitable experimental operating conditions 

(i. e. 15 - 30°C), the alkyl chain length and degree of ethoxylation of the surfactant and 

the chain length of the oil had to be varied. The three systems investigated were 

C12E5/hexane, C10E4/octane and C8E3/decane. The experimental values of K were 

renormalised to the same length scale (7.5 A) so that they could be directly compared. 

They observed that for C8E3 and C10E4, K increased with the length of the surfactant 

molecule as predicted previously by Safinya et al. (177). Problems with obtaining 

"clean" interfaces however, (interfaces devoid of unresolved emulsion particulates) 

restricted the measurements with the C12E5 system and only limited data was obtained. 

These indicated a larger value of K for this system than obtained for either of the other 

185 



two. Indeed, we may speculate here that the problem of obtaining a "clean" interface in 

this case may be a consequence of the higher monolayer rigidity. A quantitative value of 

K for C12E5 monolayers was not reported. Table 6.1 below tabulates the three systems 

investigated and their reported renormalised rigidity constants. 

Table 6.1 

System K AT 

C12E5/hexane - 

C1aE4/octane 0.76 

CgE3/decane 0.35 

If it is assumed that the bending energy dominates the microemulsion 

coalescence process, then it may be predicted that the microemulsion exchange rate at 

the solubilisation phase boundary should follow the order C8E3 > CtoE4 > C12E5. 

Similarly, macroemulsion stability with respect to coalescence might also be predicted 

to follow this order when compared at the same system HLB. 

In this chapter, the extent of the one phase W/O microemulsion regions are 

presented for the surfactant systems C12Es/hexane, C10E4/octane and CSE3/decane. 

Variation of the microemulsion droplet size with R'w,, ter is reported and the area per 

surfactant molecule at the droplet surface calculated. Interfacial tensions are presented 

and exchange rates are determined for each system at the solubilisation phase boundary 

for microemulsion droplets of R'w�,, ý = 8. The results are interpreted in terms of 

differences in monolayer rigidities as determined by Lee et al. Finally, the possible 

correlation between microemulsion exchange rate and macroemulsion coalescence is 

investigated for the three surfactant systems. 
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6.2 W/O Microemulsion Phase Boundaries for Three Nonionic Surfactant + 

Alkane + Water Systems. 

One phase W/O microemulsion stability regions for the three surfactant systems 

C12E5/hexane, CioE4/octane and CgE3/decane are shown in Figures 6.1,6.2 and 6.3. It is 

clearly evident that the degree of maximum solubilisation increases in the order 

CsE3/decane < CioE4/octane < C12E5 /hexane. For each system the temperature 

corresponding to maximum solubilisation is approximately 30°C. 

Critical microemulsion concentrations for each system as a function of 

temperature are shown in Figure 6.4. At a fixed temperature it is clear that the cµc 

increases in the order C12E5 < C1oE4 < CgE3. The enthalpies of transfer of one mole of 

each surfactant from the monomeric state in the oil to the "preferred" monolayer 

curvature at the solubilisation phase boundary have been calculated from Figure 6.5. 

The results are tabulated below in Table 6.2. 

Table 6.2 

System OHmiauc/kJ mol-1 

C12E5/hexane -35 t6 

CIaE4/octane -30 t 15 

CBE3/decane -30 t5 

The results of Shinoda et al. show that the enthalpy change for a series of 

dodecyl tail group surfactants in decane, decreases (i. e. become more negative) by 

approximately 2W mol-1 per additional ethoxy group (151). Changing the surfactant 

chain length at a constant number of ethoxy units was shown to have negligible effect. 

For the systems investigated here, the alkane and the length of the surfactant alkyl tail 

change in addition to the number of ethoxy groups. The observed change in the transfer 
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Figure 6.1. 

One phase water-in-hexane stability region for microemulsions stabilised by C12Es . 
The open points denote the haze boundary and the filled points the solubilisation 

boundary. 
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Figure 6.2. 

One phase water-in-octane stability region for microemulsions stabilised by C1oE4 . 
The open points denote the haze boundary and the filled points the solubilisation 

boundary. 
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Figure 6.3. 

One phase water-in-decane stability region for microemulsions stabilised by CSE3 
. 

The open points denote the haze boundary and the filled points the solubilisation 

boundary. 
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Figure 6.4. 

Variation of the critical microemulsion concentration with temperature for the 

three surfactant systems shown in the legend. 
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Figure 6.5. 

Variation of log cµc with 1/temperature for the three surfactant systems shown 

in the legend. 
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enthalpy, from -30 ±5 kJ mol-l for CgE3/decane to -35 ±6 kJ mol-l for C12E5/hexane, is 

consistent with that expected for two additional ethoxy units. 

6.3 Measurement of Microemulsion Droplet Sizes by Photon Correlation 

Spectroscopy, 

As before, microemulsion droplet sizes were measured at temperatures very 

close to the excess water solubilisation phase boundaries where inter-droplet 

interactions are minimum. Variation of the apparent diffusion coefficient with dispersed 

phase volume fraction is shown for each system in Figures 6.6a-c. The dependence of 

the diffusion coefficient on volume fraction is small and the aggregates mostly appear to 

behave "ideally". For microemulsions stabilised by C8E3, only aggregates of 

composition R'w,, e ,r= 
12 were large enough to be measured and the hydrodynamic 

radius was found to be 6.0 ± 1.5 nm. 

The hydrodynamic radii (obtained from extrapolation of the apparent diffusion 

coefficients to infinite dilution) are shown as a function of R'w, t. ý in Figures 6.7 and 6.8 

for C12E5 and C10E4 respectively. An approximate linear relationship between r11 and 

R'w, ter is seen to hold for both systems in accordance with the geometrical expression 

previously presented (equation 4.2). In Figure 6.8, the point at R'w�a = 41 appears to 

deviate significantly from the linear dependence. This presumably arises from the larger 

error in the cµc values for this system (Figure 6.5) and the large dependence of 

on the temperature at 30°C (Figure 6.2). For C12E5 the data conforms to the following 

empirical relationship. 

rH /nm = 0.217 R'W�ýý +2 
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Figure 6.6a. 

Variation of the apparent diffusion coefficient with dispersed phase volume 

fraction, for water-in-hexane microemulsions stabilised by C12E5. 
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Figure 6.7. 

Hydrodynamic radii measured close to the solubilisation boundary versus R'Wa, M 
for water-in-hexane microemulsions stabilised by C12Es . Open point is derived 

from TRF data assuming two molecules of hexane per C12Es solvation. 
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Figure 6.8. 

Hydrodynamic radii measured close to the solubilisation boundary versus R'wa « 
for water-in-octane microemulsions stabilised by Cif . Open points are values 

derived from TRF data assuming two molecules of octane per CtOE4 solvation. 
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The area per surfactant molecule at the interface between the droplet core and the 

surfactant monolayer is calculated to be 0.41 ± 0.06 nm2. This is slightly larger than the 

value of 0.35 ± 0.06 nm2 reported for C12E5 in heptane (29). The interfacial thickness is 

estimated from the intercept to be 2±2 nm. For aggregates stabilised by C10E4 in octane 

the following relationship approximately describes the data. 

rH /nm = 0.345 R'M,,, r +2 

This corresponds to an area per surfactant molecule of 0.26 ± 0.07 nm2 and an 

interfacial thickness of 2±2 nm. This area is similar to values of 0.32 ± 0.06 nm2 and 

0.26 ± 0.06 nm2 determined for C12E4 in heptane and tetradecane respectively. For the 

W/O systems investigated here, the area is primarily dependent on the number of ethoxy 

units in the head group and is less dependent on the chain length of the alkyl tail and on 

the nature of the oil phase. 

6.4 Post-cp. c Oil-Water Interfacial Tension as a Function of Temperature. 

Figure 6.9 shows the variation of the interfacial tension between the upper and 

lower phases of Winsor I, If, and III systems for the three surfactant systems shown in 

the legend. The values of the minimum tension increase in the order 

C12E5 < C10E4 < C8E3. Kunieda and Shinoda have correlated the depth of the tension 

minima with the temperature range over which the three phase region exists (161). For 

the three systems of interest here, Table 6.3 demonstrates this correlation. 
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Figure 6.9. 

Oil-water interfacial tension as a function of temperature for the three nonionic 

surfactant systems shown in the legend. 
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Table 6.3 

System ATm (lit. )/°C 1'Ymin T*EQ 

C12E5/hexane 27 - 29 (34) -3.30 28.0 

C1aE4/octane 23 - 28 (34) -2.85 26.0 

CSE3/decane 16 - 28 (34) -1.55 23.0 

It can be seen that the lowest oil-water interfacial tensions are attained when the 

temperature range of the three phase region is smallest. Also tabulated are the 

temperatures at which the tension minima are observed, T*. These values are seen to 

coincide approximately with the midpoints of the three phase temperature intervals as 

has been previously observed (40,188). 

The values of the oil-water interfacial tension as determined here by the spinning 

drop technique, are in good agreement with those determined with surface laser light 

scattering by Lee et al. (167). Similar agreements between these two techniques have 

previously been reported in the literature (189,190). 

The values of (K+K/2) may be estimated using the approximate relationship 

between the interfacial tension and the droplet size given in section 1.2.5. Despite 

having values of K for the three systems measured directly by ellipsometry, it is 

interesting to see how the parameter (K+K/2) relates to these values. The relationship 

between the interfacial tension and the droplet size is shown in Figure 6.10 for C12ES 

and C10E4. Values for aggregates stabilised by C8E3 are not shown since the 

microemulsion sizes were too small to be determined. In the case of C12Es, the data is 

seen to approximately fit the radius-2 dependence expected from the theory. However, 

for aggregates stabilised by C10E4, the fit is poor and the data appears to conform to a 

radius-33 dependence. The calculated values for (K+K/2) are both approximately kT 

(within 1 kT or so) and hence are of a similar magnitude to K. 
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Figure 6.10. 

Variation of log tension with log radii forW/O microemulsions formed with CIOE4 

in octane and C12E5 in hexane. The lines are the best fits to the data assuming 

a gradient of -2. 
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6.5 Time-Resolved Fluorescence Results For W/O Microemulsions Formed with 

Ci2E5/Hexane. C1oE4/Octane and C8E3/Decane. 

Microemulsion dynamics were investigated using a time-resolved fluorescence 

technique for R', w, tcr =8 droplets of each of the three systems. The one phase stability 

regions, critical microemulsion concentrations and interfacial tensions corresponding to 

R',,, tcr =8 for each system are tabulated below in Table 6.4. 

Table 6.4 

System 'y mN m-1 AT Ccc 1-2M 

C12E5/hexane 2.00* 10 - 60* 8.4 ± 0.8* 

C10EWoctane 0.66 22 - 48* 7.9 ± 1.0* 

CaE3/decane 0.18 26 - 37 15.0 ± 1.0 

* Estimated by extrapolation. 

Samples were investigated at surfactant concentrations between 10 and 30 wt% 

and ruthenium tris-bipyridyl and methyl viologen were used as fluorescer and quencher 

probes respectively. In the case of all three surfactants, a fluorescent impurity was 

observed to slightly perturb the first few channels of the decay trace. However, as for 

C12E4, the intensity decay curves were corrected by subtracting the trace of a "blank" 

microemulsion sample before fitting. Generally, x2 values were better than about 1.5. 

Plots showing the variation of the microemulsion droplet size with temperature 

across the one phase stability region (R'w,, t., = 8) are displayed in Figures 6.11a-c. The 

radii are calculated using equation 4.18. The sizes are seen to be independent of 

temperature and show little dependence on the droplet concentration. The results are 

tabulated below. 
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Figure 6.1 la. 

Variation of microemulsion droplet radii (unsolvated) across the one phase 

stability region, for R'watcr =8 water-in-hexane droplets stabilised by C12Es. 
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Table 6.5 

System r nm N-ss. 

C12E5/hexane 3.4±0.3 180 t 50 

C10E4/octane 4.0 ±0.2 330 t 50 

C8E3/decane 3.9 ± 0.3 370 t 60 

The smaller aggregation number in the case of C12Es presumably reflects the 

larger area per surfactant head group expected for this molecule. Table 6.6 below 

compares values for the area occupied by the surfactant molecule at the interface 

between the droplet core and the surfactant monolayer calculated from the above 

aggregation numbers with those obtained through PCS measurements. 

Table 6.6 

System Ah(TRF)/nm2 Ah(PCS)/nm2 

C12E5/hexane 0.33 ±0.04 0.41±0.06 

C1aE4/octane 0.27 ±0.02 0.26± 0.07 

CgE3/decane 0.26 ±0.02 - 

Good agreement is seen for C10E4, however a difference is observed for CIA. The 

value obtained by TRF is however, in agreement with a value of 0.35 ± 0.06 nm2 

reported by Aveyard et al. for C12E5 in heptane (29). It appears therefore that the value 

calculated from PCS may be slightly too large. 

Figure 6.12 shows the variation of log (ky N1 R',,. a) (predicted by equation 

4.19 to be inversely proportional to the microviscosity) with temperature for the three 

surfactant systems. The R'water =8 droplets show a similar microviscosity to the 

R'water = 15 systems shown in Figures 4.31 and 5.14. The values are all of the order of 

10 cP. 
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Figure 6.12. 

Log (kq N, gg R', �. e) versus 1/temperature for the W/O microemulsion systems 

shown in the legend. The dashed line indicates the values calculated for a 

microviscosity equal to that of bulk water. 
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The first order fluorescence decay rate constant ko is shown in Figure 6.13 as a 

function of temperature for the three surfactant systems discussed here and those 

discussed previously in Chapters four and five. There appears to be a slight dependence 

on R'wacer with a higher rate constant being observed for larger values of R'W1 .A 

similar result has been observed by Jada et al. for aggregates stabilised by cationic 

surfactants (54). This dependence on R'water indicates that the micro-environment 

experienced by the probe (e. g. polarity, hydration etc. ) changes with droplet size. At 

large droplet sizes, k, tends towards the value observed in bulk water (176). 

Calculated values of the first order exchange rate constant k1, assuming a 

"fusion-fission" mechanism, are shown in Figures 6.14a-c as a function of droplet 

concentration. As in previous studies, an approximate linear dependence is observed. 

The second order exchange rate constants k,, corresponding to the different 

temperatures within the one phase region are obtained from the slopes. These are 

displayed in Figures 6.15a-c. The dashed lines indicate the variation of the diffusion 

controlled rate constant calculated from equation 4.20. As in the previous studies, the 

slowest exchange rate for each system is observed at the high temperature solubilisation 

phase boundary. In the case of C12E5, the rate constant could not be determined directly 

at the solubilisation boundary since this occurred at a temperature outside the operating 

conditions of the instrument. This was however estimated by linear extrapolation. 

Table 6.7 below tabulates the exchange rate constants at the solubilisation 

boundary for each system as a ratio with the diffusion controlled rate constant. This 

ratio allows direct comparison of systems exhibiting different continuous phase 

viscosities. The diffusion controlled rate constant alone is also tabulated along with the 

renormalised bending rigidity constants as reported by Lee et al. (167), cµc values and 

the all-trans length of each surfactant molecule (ML) as measured from molecular 

models. 
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Figure 6.13. 

Variation of the unquenched fluorescence decay rate constant 10, for RB in the 

W/O microemulsion systems shown in the legend. The dashed line indicates the 

behaviour in water (121). 
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Figure 6.14a. 

First order exchange rate constant k1, versus droplet concentration, for 

R'water =8 water-in-hexane microemulsions stabilised by C12E5. 
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Figure 6.15a 

Log k. versus 1/temperature for R'wazer =8 water-in-hexane microemulsions 

stabilised by C12E5. The dashed line indicates diffusion-controlled behaviour. 
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Table 6.7 

System kac109M"ls-1 Log ac/kc K AT cµc /10-2M ML /nm 

C12E5/hexane 33.6 2.20±0.2 - 8.4±0.8 3.6 

C10E4/octane 17.7 1.06±0.2 0.76 7.9 ± 1.0 3.0 

C$E3/decane 9.7 0.36±0.1 0.35 15.0± 1.0 2.4 

It is clear from this table that the exchange rate at the solubilisation phase 

boundary dramatically increases in the order C12E5 < C10E4 < CgE3. For C10E4 and C8E3 

this order parallels the increase in rigidity for these two systems. The faster rate in the 

case of C$E3 may also be facilitated by a cµc that is approximately twice that of C1oE4" 

As mentioned, Lee et al. could not determine a reliable value for the rigidity constant 

for the C12E5 system due to the presence of unresolved emulsion particulates perturbing 

the interface. Safinya et al. have recently predicted that the rigidity should scale with the 

cube of the surfactant length (177), i. e. 

K /kT =B (surfactant length /nm)3 (6.1) 

where B is a proportionality constant. From the data for C10E4 and C8E3 an average 

value of 0.0267 kT nm-3 can be calculated for B. This corresponds to values for K of 

0.72 kT and 0.37 kT, assuming all-trans surfactant lengths of 3.0 and 2.4 nm for C10E4 

and C8E3 respectively. An estimate of the rigidity of the C12ES monolayer can then be 

made with this equation taking the length of the surfactant molecule to be 3.6 nm. This 

corresponds to a value for K of 1.25 kT. Since the c pc values for both C12ES and C1AE4 

are approximately 0.08 M it appears therefore, that increasing the monolayer rigidity 

dramatically reduces the microemulsion exchange rate for these systems. 

The only other system for which monolayer rigidities and microemulsion 

exchange rates have been measured directly is the AOT/heptane system. Binks et al. 
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have recently determined the renormalised monolayer rigidity to be 1.65 kT which is the 

highest value reported to date for surfactant monolayers (191). The rate of exchange of 

probe molecules has been measured for this system and the ratio k" is found to be of 

the order of 100 times slower than that measured here for C12E5 (50). The results are 

therefore consistent with the expectation that systems with high monolayer rigidities 

exhibit slow microemulsion exchange rates. However, a direct comparison of the AOT 

system with the three nonionic surfactant systems reported here is difficult to perform 

for the following reasons. 

(1). The exchange rate for the AOT system has only been measured at the 

solubilisation phase boundary using a stopped flow technique. As previously discussed 

in the Introduction, exchange rates measured by time-resolved fluorescence and stopped 

flow using different probe molecules are not directly comparable. The measured rates 

for AOT have been found to be faster when measured by TRF which might indicate that 

the probes used in the TRF experiment are exchanging through mechanisms other than 

"fusion-fission". 

(2). The value of the cµc for AOT in heptane (-10-3 M) is much lower than 

those reported here for the three nonionic surfactant systems. This might also contribute 

to the slower rate observed overall. 

(3). . Upon coalescence of two microemulsion droplets, repulsive electrostatic 
interactions between surfactant head groups on the inner surface of the droplet may 
disfavour the formation of the "hour glass" shaped transition state. Consequently the 

exchange rate may be reduced with respect to nonionic surfactant systems. 

210 



6.6 Correlation Between Microemulsion Exchange Rate. Monolayer Rigidity 

and Macroemulsion Stabili for Systems Containing Cl2E5/Hexane. CIOE4/Octane 

and CsE3/Decane. 

In the previous section it was shown that systems with large monolayer rigidities 

exhibit slow microemulsion droplet exchange rates at the solubilisation phase boundary. 

The rates were seen to follow the order C8E3 > C10E4 > C12E5. As mentioned in the 

Introduction, the type of macroemulsion formed when a microemulsion and excess 

dispersed phase is shaken is generally the same as the type of microemulsion initially 

present. It is of interest to explore whether a correlation exists between the 

microemulsion exchange rate and the stability of the corresponding macroemulsion. For 

the three surfactant systems, the rates of oil and water phase resolution are reported for 

W/O macroemulsions prepared from Winsor II systems at temperatures in which the 

R'., a... value was 8 in each case. The three systems were therefore at "corresponding" 

system HLB values. The oil-water interfacial tensions of these systems are tabulated in 

Table 6.5. The emulsions were prepared for each system with a surfactant concentration 

of 6 wt% above the c tc in the oil. The significance of a constant concentration of post- 

cµc surfactant will be discussed in Chapter 7. The droplet sizes of emulsions prepared 

with C12E5 and C10E4 were estimated using optical microscopy to be of the order of 

1 µm. Phase resolution of emulsions prepared with C8E3 was too rapid for an estimation 

of the size to be performed. As far as possible therefore, the three systems were 

investigated at approximately the same emulsion conditions. 

In Figure 6.16 the resolution of the water-in-hexane emulsion stabilised by C12E5 

is shown. The results from two identical experiments are presented and the agreement 

between them is reasonable. It can be seen from Figure 6.16a that initially (0 - 10 hours) 

the water droplets undergo sedimentation with concomitant oil resolution. This produces 

a concentrated emulsion which after -10 hours starts to undergo coalescence and water 
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Figure 6.16a. 

Oil resolution for the W/O emulsion prepared with 11.40 wt% C12Es in hexane 

at 59.7°C, Ra�,,:, = 8. The results from two identical experiments are presented. 
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Figure 6.16b. 

Water resolution for the W/O emulsions outlined above. 
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is resolved as shown in Figure 6.16b. Similarly, Figures 6.17a and 6.17b show the 

corresponding results for the W/O emulsion prepared with C1oE4 in octane. In this case 

both sedimentation and coalescence occur simultaneously and complete resolution of 

both phases occurs within 10 hours. Resolution of the emulsion stabilised by C&E3 is 

shown in Figures 6.18a and 6.18b. Once again the oil and water phases resolve 

simultaneously. However in this case, complete resolution of both phases is observed 

within about 2 minutes. It is interesting to observe that for each system studied, there 

appears to be an induction period before the maximum oil or water resolution rate is 

obtained. 

The water concentration in the upper oil phase was checked for each system by 

Karl Fischer titration at the end of the monitoring period. By assuming that all the 

surfactant resided in the oil phase (which is reasonable since W/O aggregates are 

formed and the cµc in water is very low) the R'W,,, r value for each oil phase was 

calculated. These were all found to be within the range 7- 10 in reasonable agreement 

with the value of 8 expected from the phase studies. 

In Table 6.8 below, the water resolution rate of each emulsion has been 

compared by measuring the time taken for 20% of the aqueous phase to resolve 020%)- 

This is compared with the values for the microemulsion exchange rate at the 

solubilisation phase boundary and the reported monolayer rigidity constant. 

Table 6.8 

System tao /hours kdc/kc K AT 

C12E5/hexane 40± 10 160 1.25* 

C10E4/octane 1.8 ± 0.5 11.5 0.76 

C8E3/decane 0.013± 0.01 2.3 0.35 

* Estimated from K AT = 0.0267 (surfactant length /nm) 3 
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Figure 6.17a. 

Oil resolution for the W/O emulsion prepared with 9.90 wt% C10E4 in octane 

at 49.0°C, R'water = 8. 
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Figure 6.17b. 

Water resolution for the W/O emulsion outlined above. 
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Figure 6.18a. 

Oil resolution for the W/O emulsion prepared with 11.40 wt% C8E3 in decane 

at 37.0°C, R'w, = 8. 

% Oil 

100 

80 
Resolution 

60 

40 

20 

0 
0 0.5 1 1.5 

Time /minutes 

Figure 6.18b. 

Water resolution for the W/O emulsion outlined above. 
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For these systems, a correlation exists between the macroemulsion water resolution rate, 

the monolayer bending rigidity and the microemulsion exchange rate. Water resolution 

is seen to be vastly accelerated for systems which exhibit low monolayer bending 

rigidities. 

6.7 Conclusions. 

From this study, the following conclusions may be made. 

(1). For the three systems investigated, the microemulsion exchange rates at 

the solubilisation phase boundaries correlate with monolayer rigidity values reported by 

Lee et al. The following order of increasing exchange rate (and decreasing rigidity) is 

observed C12E5 < C10E4 < CSE3. 

(2). For the corresponding macroemulsions compared at similar system HLB 

values, a similar order is observed. The fastest water phase resolution rates occur for the 

systems with the lowest monolayer rigidities. 
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7. INVESTIGATION INTO THE 

STABILITY OF W/O 

MACROEMULSIONS FORMED WITH 

OII. + WATER +C 12E4- 



CHAPTER 7. 

7.1 Introduction. 

Emulsions are of considerable industrial importance and consequently have been 

studied extensively over many years. As already discussed, they are thermodynamically 

unstable but may exhibit considerable kinetic stability. Breakdown can occur through 

several processes as previously outlined in section 1.3.2 e. g. coalescence, 

creaming/sedimentation, Ostwald ripening, flocculation. In general, the overall 
breakdown of an emulsion may involve a combination of several if not all of these 

mechanisms operating to a greater or lesser extent. Consequently, quantitative 

determination of emulsion stability is highly difficult to perform. For this reason, 

despite the large volume of literature dedicated to emulsion behaviour, many aspects of 

their stability still remain poorly understood (192,193). 

In the previous chapter, it was observed that the order of emulsion water 

resolution for three different surfactant systems, paralleled that observed for the 

microemulsion exchange rates at the solubilisation phase boundaries. This was seen to 

correlate with values for the monolayer bending rigidities, faster coalescence rates being 

observed for systems with low rigidity constants. To date however, only a limited 

number of studies have been reported focussing on the relationship between 

microemulsion behaviour and macroemulsion stability. Shinoda (136) and Salager et al. 
(146) have shown that the type of emulsion formed when a microemulsion plus excess 
dispersed phase is emulsified, is generally the same as the initial type of microemulsion 

present. The continuous phase of the emulsion therefore contains microemulsion 

aggregates. They also observed that emulsion stability was a minimum at conditions 

corresponding to the formation of a Winsor III microemulsion system. 

In this study, oil and water phase resolution rates have been determined for W/O 

emulsions stabilised by C12E4 in heptane and heptane / MCT mixtures. These emulsions 
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were prepared by emulsifying Winsor II systems of water plus W/O microemulsion 

phases. Thus the continuous phase of the emulsion contained W/O microemulsion 

droplets. For emulsions containing an equal phase volume ratio of water : oil the effects 

of changing the concentration and size of the microemulsion droplets in the continuous 

phase has been determined. The results are seen to be reasonably consistent with 

predictions from a theoretical model. Correlations between the cµc and emulsion 

stability are also presented. 

7.2 Stability of W/O Emulsions Prepared with Water + Heptane + CI2E4. 

The major breakdown process for water-in-heptane emulsions prepared with 

C12E4 at concentrations in excess of the cµc, was that of droplet sedimentation. The rate 

of oil phase resolution observed was determined as previously described in Chapter two 

and interpreted as providing a measure of the sedimentation rate. For emulsions 

prepared with heptane as the oil phase, resolution of the dispersed aqueous phase was 

not observed (for surfactant concentrations > cµc) indicating that the rate of coalescence 

in these systems was minimal. A typical profile for oil resolution is shown in Figure 7.1. 

There is an induction period before the maximum resolution rate is achieved and at 

longer times the resolution asymtotically approaches -100%. The system then consists 

of a separated W/O microemulsion phase and a highly concentrated emulsion. The 

composition of this emulsion is similar to that of the high internal phase emulsion gels 

described in a series of papers by Solans et al. (194 - 196). Indeed, these sedimcnted 

systems have been shown recently to form such gels when shaken with glass beads 

(197). 

The effect of increasing the surfactant concentration on the stability of water"in- 
heptane emulsions at 26°C was investigated. The' emulsions were prepared separately 
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Figure 7.1. 

Typical oil resolution profile for W/O emulsions prepared with C12E4 + heptane 

+ water. The oil contains 3.2 wt% C12E4, temperature = 26.0'C 
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with different surfactant concentrations in the oil phase. This will be referred to as 

method I. The average emulsion drop size was estimated using optical microscopy to be 

of the order of 1 µm and independent of surfactant concentration above the cµc. Below 

the cµc the emulsion drops were polydisperse in the range of 10 - 30 µm. The resolution 

of oil phase with time for emulsions prepared with different surfactant concentrations is 

shown in Figure 7.2. For surfactant concentrations below the critical microcmulsion 

concentration, resolution of both water and oil phases was observed In these cases, the 

stabilising surfactant monolayer surrounding the droplets presumably is not saturated 

and therefore might be expected to offer low resistance to droplet coalescence. For all 

surfactant concentrations in excess of the cµc, resolution of water is not evident over the 

timescale of the observations (-7 days) and the emulsion breaks down through 

sedimentation of the dispersed droplets. A convenient parameter for comparing the 

effect of surfactant concentration on the rate of oil phase resolution is the time for 15% 

of the oil phase to resolve (t15%). This is plotted in Figure 7.3 as a function of surfactant 

concentration. It is clear that maximum emulsion stability occurs around a surfactant 

concentration of 3 wt% which coincides with the cµc for this system. Increasing the 

surfactant concentration beyond the cµc dramatically destabilises the emulsion. 

A fraction of the additional surfactant in - excess of the cµc, is present as 

monolayer coating the emulsion droplets. This concentration of surfactant, which is 

required to completely saturate the emulsion droplets, can be estimated if the droplet 

diameter is taken to be 1 µm and the area per surfactant molecule at the droplet surface 
is assumed to be 0.6 nm2 (equal to the measured area at the planar oil-water interface) 

(38). For emulsions considered here where the dispersed phase volume fraction is 50%, 

this concentration is estimated to be 0.85 wt% in the oil. This value is highly dependent 

upon the value taken for the emulsion drop size e. g. for drops of diameter 4 µm a 

concentration of only 0.21 wt% is required. Thus, the majority of the additional 

surfactant in excess of the cµc is present in the form of W/O microemulsions in the 
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Figure 7.2. 

Oil resolution curves for W/O emulsions prepared with - C12E. 4 + heptane + water 

at 26.0°C (R'q,,,, f = 18) for different surfactant concentrations in the oil. 
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Figure 7.3. 

Variation of t(1S%o) with surfactant concentration in heptane. The emulsions were 

prepared by method I at 26.0°C, R',,, t r= 18, cµc = 3.0 wt%. 
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continuous phase of the emulsion. It appears therefore, that the accelerated oil phase 

separation observed for emulsions prepared with high surfactant concentrations, may be 

due to the presence of microemulsions in the continuous phase. 

A similar effect has been found by Aronson et al. for the creaming of oil-in. 

water emulsions stabilised by a series of nonionic surfactants (86,198). The effect was 

ascribed to a depletion flocculation interaction of the emulsion droplets induced by the 

presence of the O/W aggregates. He reported results for the effect of changing the 

emulsion droplet size and the type of nonionic surfactant. One purpose of the present 

study was to investigate the effects of changing the size of the microemulsion 

aggregates in the continuous phase of the emulsion. This has been achieved through 

changing the temperature at which the emulsion is prepared. 

Three microemulsion droplet sizes were investigated corresponding to R'.,., Q* 

values of 43,18 and 7. The relevant parameters corresponding to these droplet 

compositions are tabulated below in Table 7.1. 

Table 7.1 

R'water Temp cc /w t% t nm /mN m-1 

43 17.0 1.5±0.4 13.7 0.045 

18 26.0 3.0±0.4 6.5 0.36 

7 40.0 5.4±0.8 3.1 1.14 

Figure 7.4 shows the variation of this%) with surfactant concentration in the oil for three 

different temperatures. For this comparison the emulsions were prepared separately at 

each surfactant concentration i. e. method I. Consequently Figure 7.4b is identical to 

Figure 7.3. For the three microemulsion droplet sizes, the values of ta5%) are seen . to 

pass through maxima corresponding approximately to the cµc in each system. Water 

resolution was only observed at surfactant concentrations less than the cµc. 
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Figure 7.4a. 

Variation of t(15%) with surfactant concentration in heptane. The emulsions were 

prepared by method I. Temperature = 17.0°C, R'w�er = 43. 
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In Figure 7.4a, the results from emulsions prepared with oil and water phases that had 

been pre-equilibrated for 18 hours are also presented. The two sets of data are seen to be 

in excellent agreement. This indicates that an equilibrium surfactant distribution is 

reached within a few minutes for these systems. The observed dependence of the 

emulsion stability on the surfactant concentration is therefore not a consequence of a 

changing surfactant distribution with time. The effects of the different microemulsion 

droplet sizes on the rate of oil phase separation may be judged by comparing the 

concentration of surfactant which is required to reduce tt15%) from the maximum to half 

that value. Figure 7.4 suggests that the R'ý, a, ýr = 43 microemulsion droplets produce the 

greatest accelerating effect and that droplets of R'Wa, e, = 18 and 7 produce similar rate 

enhancements. Additionally, the maximum value of t(ls%) decreases with decreasing 

microemulsion size and increasing cµc. 

The results shown in Figure 7.4 were obtained using emulsions prepared 

separately at each surfactant concentration and temperature. Although the mean 

emulsion drop sizes were judged to be similar, the observed effects may be due to 

slightly differing emulsion size distributions. In order to overcome this ambiguity in 

interpretation, the resolution experiments were repeated using an alternative method of 

preparing the emulsions. 

Y In the second method, method II, a large volume of stock emulsion containing 

surfactant at a concentration close to the cµc (--0.5 wt% > cµc) was prepared at each of 

the three temperatures investigated. The oil : water ratio of the emulsion was 2: 3. The 

emulsion was divided into 10 cm3 aliquots and 2 cm3 samples of pre-equilibrated W/O 

microemulsions were added with hand shaking but no additional homogenisation. The 

final oil : water ratio was approximately 1: 1 as in the previous emulsions prepared by 

method I. In this way, a series of emulsions of constant initial drop size distribution 

(equal to that in the stock emulsion) but containing different concentrations of 

microemulsion droplets were obtained for each temperature. -The average emulsion drop 
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size was confirmed using optical microscopy. The sizes were determined after 

approximately 15 minutes of preparation and then subsequently after four days. The 

results for each temperature are shown in Figures 7.5,7.6 and 7.7. For emulsions 

prepared with concentrations of surfactant less than the cµc, the initial emulsion drop 

diameter was of the order of 1 µm. For 17°C a slightly larger initial drop size was 

apparent. After four days the emulsion drops had grown extensively (-25 - 50 pm) and, 

as previously mentioned, some resolution of both water and oil was observed. For 

surfactant concentrations slightly greater than each cµc, the initial drop sizes were of the 

order of 1 pm and very little drop growth was observed at each temperature after four 

days. For emulsions containing high concentrations of surfactant (equivalent to high 

concentrations of microemulsion droplets), the initial average emulsion drop size was 

again approximately 1 pm. However, large flocculated structures were seen which co- 

existed with regions of oil phase devoid of drops. After four days the emulsions 

prepared at 17 and 26°C showed only slight signs of drop growth, whereas the emulsion 

prepared at 40°C contained drops in the range 5- 10 µm. 

Variation of t(15%) with surfactant concentration is shown in Figure 7.8 for 

emulsions prepared by method H. The pattern of behaviour is similar to that obtained 

when the emulsions were prepared by method I. It appears therefore, that the 

acceleration in oil phase separation rate after the cµc is not associated with changing 

emulsion drop sizes. 

Using method II, since different stock emulsions were used for the different 

temperatures the size distribution may vary between the three temperatures. It is of 

interest here to compare the oil resolution accelerating effect of different microemulsion 

sizes and to do this it is necessary to ensure a constant emulsion droplet size for the 

different temperatures. This was achieved by preparing a global stock emulsion at 26°C, 

splitting it into aliquots, which were then used for the series of resolution experiments at 
different temperatures following the addition of different microemulsion droplet 

226 



Figure 7.5. 

Photographs of emulsions prepared by method II at 17.0°C, R', yazer = 43. Bar = 25 . im. 
(a). 1.2 wt%, t= 15 mins. (b). 1.2 wt%, t=4 days. 
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Figure 7.6. 

Photographs of emulsions prepared by method II at 26.0°C, R',,,,. = 18. Bar = 25 p. m. 
(a). 2.5 wt%, t= 15 mins. (b). 2.5 wt%, t=4 days. 
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Figure 7.7. 

Photographs of emulsions prepared by method II at 40.0°C, R',,. ei = 7. Bar = 25 µm. 
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Figure 7.8a. 

Variation of t(15%) with surfactant concentration in heptane. The emulsions were 

prepared by method H. Temperature =17.0°C, R'wacu = 43. 
. _.. 60 

t(15%) /hours 

8 

Figure 7.8b, temperature = 26.0°C, R'wamr =18. 

369 12 15 
[surfactant] in oil /wt% 

Figure 7.8c, temperature = 40.0°C, R'wacer 

t(15%) /hours 

I 

0 3 

46 
[surfactant] in oil /wt% 

= 7. 

69 12 
[surfactant] in oil /wt% 

230 

15 18 



concentrations (method III). Thus, in method III the same emulsion was used for the 

different temperatures, whereas in method II different stock emulsions were used at 

each temperature. Since the c tc varies with temperature, some slight adjustment of the 

surfactant distribution within the emulsion must occur when the temperature of the 

emulsion is altered. The stock emulsion temperature was not raised to obtain the 

temperature corresponding to a microemulsion droplet composition corresponding to 

R'water =7 since this would cause the cpc to increase beyond the surfactant 

concentration in the original stock emulsion thereby making it unstable. This method 

was therefore restricted to microemulsion droplets of composition R'wuer = 43 and 18 

only. The results are shown in Figures 7.9a and 7.9b. As in methods I and H, the 

microemulsion droplets accelerate the oil phase resolution. The accelerating effect of 

the different microemulsion droplet sizes now appears similar i. e. for both droplet sizes, 

lets%) falls to 50% of its maximum determined value. for the addition of -5 wt% 

surfactant. However, since the aggregation numbers are different for R'wuu = 43 and 18 

aggregates (Nags = 5700 and 1000 respectively), the concentration of microemulsion 

droplets is different in each case. If the results are compared at the same concentration 

of microemulsion in the continuous phase, then the larger aggregates produce a greater 

enhancement in the rate of oil resolution. 

The emulsion behaviour can be summarised as follows. 

(1)" For emulsions prepared by all three methods, water resolution is only 

observed for surfactant concentrations less than the cµc. At higher surfactant 

concentrations, the emulsions resolve to give a W/O microemulsion phase and a highly 

concentrated emulsion. 

(2). For each system investigated, maximum emulsion stability with respect 

to oil phase resolution is observed at a surfactant concentration approximately equal to 

the cµc. 
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Figure 7.9a. 

Variation of t(15%) with surfactant concentration in heptane., The emulsions were 

prepared by method III. Temperature =17.0°C, R'w,, t, r = 43. 
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(3).. , For a fixed concentration of microemulsifled surfactant, the accelerating 

effects of R'w, = 43 and 18 microemulsion droplets on the oil phase resolution rate are 

similar. However, when the two systems are compared at the same concentration of 

microemulsion droplets, an enhanced rate is observed for the emulsion containing larger 

microemulsion aggregates in the continuous phase. 

7 .3 The Depletion Flocculation Interaction. 

As mentioned earlier, Aronson (86) has observed a similar enhancement in the 

rate of droplet creaming for O/W emulsions induced by the presence of surfactant 

aggregates in the continuous phase. He ascribed this effect to a depletion flocculation 

interaction. This type of interaction has previously been invoked to explain the effects 

of non-adsorbing polymers added to the continuous phases of various emulsion systems 

(97,199,200), ' Similarly, it has also been used to interpret the flocculation of 

polystyrene latex spheres by polymers (201,202), and by nonionic surfactant aggregates 

(203). It therefore seems plausible that a similar effect is operating in the case of W/O 

emulsions studied here. 

In . the previous section the effect of increasing the concentration of 

microemulsion droplets in the continuous phase of W/O emulsions was investigated. 

Additionally, the size of the microemulsion aggregates was systematically varied and 

the results indicated that the oil phase separation rate was rather insensitive to the 

aggregate size (for a fixed concentration of aggregated surfactant). In this section, these 

observations are discussed to see if they are consistent with a mechanism of depletion 

flocculation. 

The original depletion flocculation concept was developed by Asakura and 
Oosawa some 35 years ago (87,88). In recent years however it has received an 
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increasing amount of attention (85,202 - 204). The basic model, initially set up by 

Sperry to explain the flocculation of polystyrene latices by polymers (202) and later 

extended by Aronson to account for micellar effects (86), is as follows. The dispersed 

emulsion droplets are considered as large, non-deformable spheres in a continuous 

phase containing small, spherical, non-deformable, non-adsorbing surfactant aggregates 

(W/O microemulsion droplets in this case). The geometry associated with this model is 

shown below in Figure 7.10. (The relative sizes of the emulsion and microemulsion 

droplets are not to scale). * 

Micrcxmulsiun 
droplet 

Surfactant 
monolaycr 

Emulsion dnylctti 

Figure 7.10 

When the emulsion droplets approach sufficiently close such that the spacing bctwccn 

them H, is less than 2(r + S), the centres of gravity of the microcmulsicm aggregates arc 

excluded from this region defined by the area AK. 

AK=nh' (7.1) 

`For the purposes of this discussion, it is not necessary to take account of the adsorbed film 

thickness (S) and recasting the model without it would lead to some simplification of the equations. This 

was not done as these calculations were made using a computer program designed to allow the inclusion 

of other interaction terms for which inclusion of the adsorbed film was necessary. 
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AR =n [(a +r+ 8)2 - (a + H/2)2J (7.2) 

This causes an osmotic pressure between the droplet-free zone and the bulk 

continuous phase containing the microemulsion droplets. This osmotic pressure then 

serves to force the emulsion drops closer together. The magnitude of this attractive force 

is given by 

Fosm = Posm AR (7.3) 

where Pos,,, is the osmotic pressure of the particle solution. The attractive potential Vd, is 

then given by 

Vd = 

H 

m 

Fosm dH 

substituting AR -n [(a +r+ 5)2 - (a + H/2)2] 

1H 
2( 

PO8if1 AR dH 
2(r+&) 

(7.4) 

H 
Vd = 1C Posm [(a +r+ 6)2 - (a + H/2)2] dH (7.5) 

2(r+b) 

The depletion interaction energy of the two emulsion drops is therefore given by 

Vd = -( 2n Posm a3/3) [ [2(1 + r/a)3 + (1 + Hi2a)3 - 3(1 + r/a)2 (1 + H/2a)] 

+ 6/a [3(6/a) + 6(r/a) (S/a) + 6(r/a) + 6(r/a)2 + 2(8/a)2 - 3(H/2a) (S/a) 

- 6(H/2a)- 6(H/2a) (r/a)] ] (7.6) 

In the treatment of Aronson, the following expression was used for the osmotic pressure 

of the micellar solution 
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' Po,,, = (C R T/M) (1 + 2Gp) = (C R T/M) (1 + 20) (7.7) 

where C is the concentration of aggregated surfactant in g/cm3, M is the molecular 

weight of the surfactant aggregates, p is the surfactant aggregate density (taken to be 

equal to 1 for the W/O microemulsions considered here), 0 is the volume fraction of 

microemulsions and R and T have their usual significance. This expression, which 

appears to have been chosen somewhat arbitrarily, is appropriate for fairly dilute 

solutions and corresponds to spherical particles with some degree of mutual attraction 

(the coefficient of 0 for hard spheres with no mutual attraction is 4). The overall 

equation for the depletion flocculation interaction energy arising from non-adsorbing 

spherical, micellar or microemulsion aggregates is then simply obtained by substituting 

this expression for P°Sm into equation 7.6 above. A simple computer program was 

written to evaluate the interaction energies for choices of parameters appropriate to the 

experimental conditions. 

The depletion interaction energies were calculated for a separation H equal to 25 

i. e. for two emulsion droplets in contact. Figure 7.11 shows the dependence of the 

contact interaction energy on the emulsion droplet size as a function of the 

concentration of aggregated surfactant. For the purposes of these calculations, 5 was 

taken to be 2.5 nm, (consequently H=5 nm) and the temperature was kept constant at 

26°C which corresponds to R'w,,, r = 18 and a microemulsion droplet radius of 6.5 nm. It 

is evident that substantial attractive forces are associated with the exclusion of 

microemulsion aggregates. The interaction energy increases with the concentration of 

microemulsion droplets in the continuous, phase and is larger for the larger emulsion 
drops. Since it has been reported that interaction energies of only a few kT are sufficient 

to flocculate dispersions (205), the process appears adequate to account for the 
destabilisation observed in the experimental results of section 7.2. 
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Figure 7.11. 

Theoretical contact depletion interaction energies as a function of surfactant 

concentration in the continuous phase for different emulsion droplet radii. Parameters 

used in the calculation are given in the text. 
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The effect of varying the microemulsion droplet size was also investigated 

experimentally for emulsions of approximate diameter 1 µm. This has been modelled 

for the three microemulsion droplet compositions, R'waýr = 7,18 and 43 which 

correspond to radii of 3.1,6.5 and 12.7 nm respectively. The results are shown in 

Figure 7.12. For a fixed concentration of aggregated surfactant, the theory predicts that 

smaller microemulsion aggregates should lead to an increased attraction between 

emulsion droplets. This arises from there being a greater concentration of smaller 

droplets present at a fixed concentration and this outweighs the smaller effect of the 

individual droplets. The size dependence however, is contrary to the experimental 

observation that for a fixed concentration of aggregated surfactant the different 

microemulsion droplet sizes accelerate the oil phase resolution to approximately similar 

extents. 

This apparent discrepancy has been investigated further by using an alternative 

expression for the osmotic pressure. If the microemulsion droplets are assumed to 

behave as hard spheres, as has been suggested for systems at the solubilisation phase 

boundary (206), the following equation (207,208) is more appropriate than the virial 

expansion used by Aronson. 

Posm = (C R T/M) I(1 +0+ 02 - $3)/(1 - 0)3] (7.8) 

Calculated values of the contact interaction energy using this more realistic expression 

produces the curves shown in Figure 7.13. The effect of changing the microemulsion 

droplet size is now predicted to be relatively small. This is in agreement with the 

experimental findings. 

Although it appears that these results for W/O emulsions and Aronson's data for 

O/W emulsions are reasonably consistent with the predictions of the depletion 

flocculation model, the possibility of other interactions cannot be rigourously 
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Figure 7.12. 

Theoretical contact depletion interaction energies, assuming a virial expansion for 

the osmotic pressure, as a function of surfactant concentration for the three 

emulsion conditions investigated. Parameters used in the calculation are given 
in the text. 
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Figure 7.13. 

Theoretical contact depletion interaction energies, assuming a hard sphere expression 

for the osmotic pressure, as a function of surfactant concentration for the three 

emulsion conditions investigated. 
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discounted at this stage. The surfactant monolayer coating the emulsions drops is 

essentially planar on a molecular scale whereas the monolayer coating the 

microemulsion droplets is highly curved. This difference in curvatures causes the 

interfacial tensions and monolayer compositions of these monolayers to be different 

(38). Hence it is possible that the interactions of emulsion-emulsion, microemulsion- 

microemulsion and emulsion-microemulsion surfaces are all different. On this basis an 

alternative explanation of the results described here may be that the microemulsion 

aggregates adsorb at the emulsion drop surfaces and may "bridge" two emulsion drops 

causing the observed flocculation effects. This "bridging" mechanism has previously 

been observed for systems containing polymers at low surface coverages (97). Higher 

surface coverages are observed to sterically stabilise the emulsion droplets. This may 

also be expected to occur at high concentrations of microemulsion droplets. To 

completely cover the surface of 1 pm diameter droplets requires between 2.5 and 

5.0 wt% of aggregated surfactant for the microemulsion sizes investigated here. 

However, since no stabilisation has been observed at the highest concentrations of 

aggregated surfactant investigated (-20 wt%), it appears therefore that the bridging 

interaction seems less likely than the depletion mechanism. 

7.4 Stability of W/O Emulsions Prepared with Triglyceride / Heptane + 

Water + C12E4. 

In Chapter five it was shown that the main effect of incorporation of triglyceride 

into the oil phase was to increase the critical microemulsion concentration. For 

concentrations of MCT greater than about 25%, the one phase W/O microemulsion 

stability region was also shifted to slightly higher temperatures. Results from an 

investigation into the stability of W/O emulsions formed with 50% and 75% MCT in 
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heptane are presented in this section. An equilibrium R'a�w value of 18 was chosen for 

each system to allow comparison with the corresponding 100% heptane system. 

Parameters relevant to this composition for both systems are compared to those for 

heptane alone as the oil phase in Table 7.2 below. 

Table 7.2 

System Temp. Ccc /Wt %i nm yj mN m-1 

0% MCT 26.0 3.0 ± 0.4 6.5 0.36 

50% MCT 27.3 10.3 ± 1.0 6.5 0.29 

75% MCT 33.7 16±1.5 6.5* 0.23 

* The hydrodynamic radius of R', w. ca = 18 microemulsions in 75% MCT, was assumed to be the 

same as that for 50% MCT. 

Figure 7.14a shows the variation of the time required for 15% oil resolution as a 

function of surfactant concentration for 50% MCT in the oil phase. The emulsion was 

prepared by method I. The behaviour is qualitatively similar to that observed for 

heptane alone as the oil phase. It is clear that the maximum stability is again observed 

close to the cµc which is now shifted to 10.3 wt%. It is interesting to observe that the oil 

resolution is much accelerated for this system, occurring in minutes rather than hours. A 

similar trend is observed when different microemulsion concentrations are added to 

portions of a stock emulsion, (i. e. method II), as shown in Figure 7.14b. The emulsion 

droplet size for this system was determined by optical microscopy to be approximately 

1 µm. Resolution of water was observed for surfactant concentrations below the cµc. 

However, as in the case of heptane as the oil phase, no resolution was seen at higher 

concentrations over a monitoring period of five days. 

Emulsions prepared with 75% MCT as the oil phase show a qualitatively 

different behaviour. Relatively rapid resolution of both oil and water phases is observed 
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Figure 7.14a. 

Variation of t(IS%) with surfactant concentration in 50% MCT. 

Temperature = 27.3°C, R',,,, a = 18. The emulsions were prepared by method I. . 
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at all surfactant concentrations. Figure 7.15a shows the oil resolution versus time plots 

as a function of surfactant concentration for emulsions prepared by method I. For 

surfactant concentrations close to or slightly greater than the cµc, the oil phase is seen to 

resolve steadily until approximately 60% resolution is achieved. At this point resolution 

of the oil phase virtually ceases for a time dependent upon the concentration of 

surfactant present in excess of the cµc. Resolution of oil then starts again as separation 

of water commences as seen in Figure 7.15b. 

This interesting effect appears to indicate that for surfactant concentrations at or 

slightly in excess of the cµc, coalescence can only proceed after approximately 60% of 

the oil phase has resolved. This corresponds to an emulsion drop volume fraction of 

approximately 0.70 in the sedimented emulsion which is similar to a value of 0.74 

expected for cubic close-packing of non-deformable spheres. For this triglyceride 

concentration, the close proximity of emulsion drops leads to rupture of the stabilising 

monolayers and rapid resolution of water is observed. The concentration of aggregates 

in the continuous phase of the emulsion is seen to affect the time taken for the close- 

packed structure to be achieved. This subsequently determines the length of the 

induction period before water resolution is observed. This is displayed in Figures 7.16a 

and 7.16b where the time taken for 25% of the oil and water phases to resolve is shown 

as a function of surfactant concentration. The time t(25%) is plotted here since the 

resolution rates are very fast and t(15%) times were too short for reasonable accuracy. 
Maximum stability with respect to sedimentation and coalescence again occurs close to 

the cµc. The figure also highlights the fast oil resolution followed subsequently by 

coalescence of the dispersed aqueous phase. Drop size determinations could not be 

performed for these systems due to their highly unstable nature. 
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Figure 7.15a. 

Oil resolution curves for W/O emulsions prepared with C12E4 + 75% MCT + water 

.r= 
18) for different surfactant concentrations in the oil. at 33.7°C, (R'w,, 
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Water resolution curves corresponding to the emulsions outlined in the above 

legend. 
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Figure 7.16a. 

Variation of t%) for oil resolution with surfactant concentration in 

75% MCT. Temperature = 33.7°C, R',. w, = 18. The emulsions were prepared by 

method I. 
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Figure 7.16b. 

Variation of water resolution (droplet coalescence) with surfactant concentration 

for the emulsions outlined above. 
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7.5 Conclusions. 

From this study of W/O emulsions stabilised by C12E4 several important 

observations have been made relating microemulsion properties to emulsion stability. 

M. For all emulsions prepared with concentrations of surfactant less than the 

cµc, rapid resolution of both water and oil was observed. This is thought to be due to 

incomplete adsorption of surfactant at the oil-water interface. 

(2). For emulsions prepared with surfactant at concentrations greater than the 

cµc, breakdown occurred primarily through a mechanism of droplet sedimentation. The 

concentration of surfactant required for maximum stability with respect to oil resolution, 

is plotted in Figure 7.17 against the critical microemulsion concentration for all systems 

investigated. The solid line shows a slope of unity. It is clear that maximum emulsion 

stability occurs at a surfactant concentration approximately equal to the cµc for the 

different surfactant systems investigated. 

(3). The rate of oil phase resolution is accelerated by the presence of W/O 

microemulsion droplets in the continuous phase. For heptane as the oil phase the 

acceleration was observed to be rather insensitive to the size of the microemulsion 

aggregates for a fixed concentration of aggregated surfactant. These observations were 

shown to be reasonably consistent with a depletion flocculation mechanism if the 

microemulsion aggregates were assumed to behave like hard spheres. 

(4). Increasing the cµc of the surfactant in the oil phase, either through the 

addition of MCT or by changing the temperature, was observed to produce a decrease in 

the stability of the emulsion. This is demonstrated in Figure 7.18 where the maximum 

value of the time for 15% oil resolution is plotted against the cµc for all the systems 
investigated. In the case of the highest cµc studied (75% MCT, cµc - 16 wt%), the 

emulsion was highly unstable and resolution of both oil and water was observed. Since 
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Figure 7.17. 

Correlation between the C12E4 concentration at which the slowest oil resolution 

is observed and the system cµc. 
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Figure 7.18. 

Correlation between the maximum t(15%) oil resolution (log scale) and the 

system cµc. 
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the maximum value of t(15%) occurs close to the cµc where the microemulsion droplet 

concentration is effectively zero, the differences between the systems are presumably a 

consequence of some property of the monolayer stabilising the emulsion droplets. A 

possible explanation may be that, for low cµc systems, Marangoni tension gradients 

induced by emulsion droplet sedimentation act so as to resist the sedimentation process 

and hence slow down the oil phase resolution. Higher concentrations of surfactant in the 

oil phase i. e. higher cµc values, are expected to relieve the tension gradients and hence 

increase the rate of oil phase resolution. 
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7.6 Preliminary Observations of the Effects of BSA on the Stability 

of W/O Emulsions. 

In commercial emulsion systems, stabilisation is rarely achieved by low molar 

mass surfactants alone. Frequently, macromolecules are also present which contribute to 

the overall stability of the product. In the case of food emulsions, these may be proteins 

or polysaccharides e. g. in margarine, the W/O emulsion is stabilised through a 

combination of monoglycerides and milk proteins (60). 

Earlier in section 4.4.1, the effect of BSA on the position of the excess water 

solubilisation phase boundary was determined for water-in-heptane microemulsions 

stabilised by C12E4. In this final section, preliminary results for the effect of this protein 

on the stability of the corresponding macroemulsions are presented. As will be seen, the 

effects of added protein are complex and cannot be explained at present. At this 

preliminary stage, only the observations are reported. 

Emulsions were prepared at 14.5°C which corresponded to a microemulsion 

droplet composition R'W,, t,, of approximately 43 for the range of BSA concentrations 

investigated. Although the R',,, ate, value is the same as that used for the no-protein 

systems, the temperature is shifted slightly due to the presence of the buffer. The c tc 

was previously determined to be virtually independent of protein concentration and was 

estimated to be 1.5 ± 0.5 wt%. The emulsions were prepared by method II, the initial 

stock emulsion being prepared with 2.4 wt% C12E4 in the oil and the aqueous phase 

containing the protein in 50 mM phosphate buffer at pH 7.0. The effect of the 

concentration of microemulsion aggregates was investigated for 0,10 and 50 mg/ml 

BSA in the aqueous phase. The initial emulsion drop size was estimated, by microscopy 

to be of the order of 1 gm in each case. 

As was observed for the systems described in section 7.2 (i. e. containing no 

protein or phosphate buffer), water resolution was only observed for surfactant 
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concentrations below the cµc (1.5 wt%). For these surfactant concentrations, rapid oil 

resolution was also seen. For concentrations in excess of 1.5 wt% only resolution of the 

oil phase was observed with no water phase separation occurring over a monitoring 

period of fourteen days. As seen in Figure 7.19, the stability (t(15%) of the oil phase) of 

the two protein containing systems passes through a maximum upon increasing the 

surfactant concentration. However, the surfactant concentrations corresponding to the 

maxima are significantly higher than the cµc for these BSA containing systems. 

Additionally, the oil phase resolution rates in each case are faster than those observed 

previously for water alone as the dispersed phase. 

The cµc of the surfactant in the resolved oil phases was checked to see if it was 

in agreement with that found previously by turbidity titration. This was performed by; 

(i) extracting samples of the resolved oil phase and measuring the water content by Karl 

Fischer titrations, and (ii) determining the change in absorbance of samples of the oil 

phase upon warming to 30°C (i. e. detecting the change in turbidity upon crossing the 

solubilisation phase boundary). From these analyses the cµc for both protein 

concentrations was determined to be within the range 1.6 - 2.2 wt% in agreement with 

the values determined from the microemulsion phase studies. This check demonstrates 

that a significant fraction of the surfactant is not bound to the BSA dissolved in the 

aqueous phase. This finding is consistent with the protein-binding studies of 

Nishikido et al. who found that for a similar protein concentration, only four molecules 

of C12E6 were bound per BSA molecule (209). 

The effects of BSA in shifting the concentration of surfactant required for 

maximum emulsion stabilisation and increasing the rate of oil phase resolution cannot 

be explained at present. Further detailed studies are required (e. g. into the composition 

of the monolayer and the effect of pre-equilibration) before these effects may be 

understood in terms of quantitative theories. 
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Figure 7.19. 

Effect of BSA concentration on the variation of tcisq, ) oil resolution with surfactant 

concentration in heptane. The W/O emulsions were prepared by method II, 

temperature = 14.5°C, R',,, ar = 43. 
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8. SUMMARY. 



CHAPTER 8. 

This thesis has been concerned with various microemulsion and macroemulsion 

properties of mixtures of oil + water + nonionic surfactant. Initially, studies were 

performed with commercial, food type surfactants. These are complex, poorly 

characterised mixtures which upon emulsification of two phase oil-water systems were 

observed to produce highly stable emulsions. Since initial microemulsion solubilisation 

studies did not indicate their behaviour to be peculiar or specific, it was decided to use 

the more amenable pure, nonionic surfactants of the type C�Em for all subsequent 

studies. The main conclusions relating to this work are summarised below. 

(1) Microemulsions are observed to be formed in oil above a certain surfactant 

concentration, called the critical microemulsion concentration, cµc. The effect of 

several variables on the cµc have been determined. These are tabulated below in 

Table 8.1. 

Table 8.1 

Increase in Change in cµc 

Head group ethoxylation Decrease 

Alkane chain length Decrease 

Temperature Increase 

Salt concentration Increase 

An approximate correlation has been shown to exist between the cµ. c and the ratio of 

dispersed water to aggregated surfactant, R'water 

(2) For all W/O microemulsion systems investigated, an approximate linear 

dependence is observed between the droplet size and the microemulsion composition 
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(R'wata)" This suggests that the effective area per surfactant head group at the droplet 

surface remains constant. The variation of the droplet size (and hence droplet curvature) 

with temperature in a Winsor II system may be interpreted in terms of changes in the 

effective area per surfactant tail group. This may be induced through changes in the 

degree of oil penetration into the tail region. An alternative possibility is also considered 

in which changes in the droplet curvature are achieved through changes in the surfactant 

monolayer thickness. Both these limiting models are found to account for the observed 

solubilisation behaviour. In microemulsion systems, both may occur to varying extents 

to bring about changes in the preferred curvature of the surfactant monolayer. 

(3) Using an approximate relationship between the interfacial tension and the 

microemulsion droplet size, values for the rigidity parameter (K+K/2) have been 

estimated for several nonionic surfactant systems. In each case, the uncertainties in the 

values are of the same order of magnitude as the values themselves which are typically 

of the order of kT for all systems investigated. Furthermore, the rigidity modulii K and 
K cannot be estimated separately. It may be concluded for these reasons that this 

treatment is not a good method of estimating monolayer rigidity. 

(4) Incorporation of triglyceride into the oil phase dramatically increases the cµc. 

When the oil phase comprises of 75% MCT, cµc values for C12E4 of the order of 

20 wt% (-0.3 M) may be attained. The enthalpy change upon transfer of a mole of 

C12E4 from monomers in the oil phase to the aggregated state decreases from 

-42 ± 10 kJ mol-l in heptane to -26 ±5 kJ mol-1 in 50% MCT and -19 ±8 kJ mol-1 in 

75% MCT. This reflects the increasing affinity of the surfactant for the increasingly 

polar oil phase. 

Upon increasing the concentration of MCT in the oil phase above 25%, the 

maximum degree of water solubilisation is decreased. The one phase stability region is 
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also shifted to higher temperatures presumably indicating a reduced penetration of the 

oil into the surfactant tail region. For lower MCT concentrations however, the one phase 

region is shifted to slightly lower temperatures. This may now indicate preferential 

solvation of the tail region by the triglyceride molecules. 

(5) Using the technique of time-resolved fluorimetry, microemulsion droplet radii 

have been determined for several W/O microemulsion systems. The droplet sizes are 

found to be independent of droplet volume fraction and temperature at a constant R'a,, « 
value. Light scattering measurements show that the apparent diffusion coefficient of the 

droplets decreases as the temperature is decreased (on moving away from the 

solubilisation phase boundary towards the haze boundary). The combination of 

techniques shows that this is due to increasing attractive interactions between the 

droplets. 

From the determination of the first order rate constant for quenching within a 

microemulsion droplet, an estimate of the dispersed phase microviscosity has been 

given. For all systems studied, these values appear to indicate that the viscosity is 

approximately ten times that of bulk water. 

The second order microemulsion exchange rate constant is observed to be a 

minimum at the solubilisation phase boundary for all systems investigated. This 

corresponds to the situation at which inter-droplet attractions are a minimum and the 

microemulsion aggregates are closest to their natural curvature. 

For W/O microemulsions stabilised by C12E4 in heptane and 50% MCT, the 

exchange rate constants at the solubilisation phase boundaries (after correcting for the 

effects of the different bulk phase viscosities) are observed to be similar. If the energy 

required to desorb surfactant from the droplet surface is a significant factor in the 
formation in the transition state, an enhanced rate might have been expected for the 
50% MCT system since the c tc is approximately five times that in heptane. The fact 
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that this is not observed may indicate that other factors are more important in the 

formation of the transition state. One such factor may be the monolayer bending 

rigidity, K. Although the two systems exhibit similar values of (K+K/2) the large errors 

associated with these values and the relative magnitudes of the parameters K and K are 

unknown. 

(6) Microemulsion exchange rates have been determined for three surfactant 

systems for which monolayer bending rigidities have been reported (167). The exchange 

rate constants have been determined at the solubilisation phase boundaries at a droplet 

composition of R',,,,, = 8. The rate constants are observed to follow the order 

C12E5/hexane < C10E4/octane < C8E3/decane. This order parallels that reported for the 

values of the monolayer bending rigidity constants (K) for these three surfactant 

systems i. e. the exchange rate increases as the monolayer rigidity decreases. 

The surfactant monolayer rigidity may also be one of the factors expected to 

affect the rate of macroemulsion droplet coalescence. This has been investigated for 

W/O emulsions prepared with these three surfactant systems at temperatures 

, value of 8 in the equilibrium microemulsion system. The corresponding to an R'ws, 

water resolution rate is observed to decrease rapidly in the order in which the monolayer 

bending rigidity increases. A correlation appears therefore, to exist between the 

microemulsion exchange rate, the rate of macroemulsion water resolution and the 

monolayer bending rigidity. 

(7) Investigations into the stability of W/O macroemulsions stabilised by C12E4 have 

been presented. For all emulsions prepared with surfactant concentrations less than the 

c tc, rapid resolution of both oil and water phases is observed. This is thought to be due 

to incomplete saturation adsorption at the oil-water interface. For emulsions prepared 

with C12E4 in heptane or 50% MCT as the oil phase at concentrations in excess of the 
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cµc, the major breakdown mechanism operative over the experimental time scale is that 

of droplet sedimentation. This leads to a concentrated W/O emulsion being formed at 

the base of the tube. Emulsions prepared with 75% MCT however, are observed to 

breakdown by resolution of both water and oil phases at all surfactant concentrations. 

For all these systems, there is an optimum surfactant concentration at which 

maximum stability is achieved. This concentration is found in all cases to be 

approximately equal to the surfactant cµc in the oil phase. Additionally, systems with 

the lowest cµc values exhibited the highest maximum stabilities. The addition of 

microemulsion droplets to the oil phase is observed to accelerate the rate of oil phase 

resolution. For a fixed concentration of aggregated surfactant, the acceleration rate is 

observed to be rather insensitive to the size of the microemulsion droplets. These 

observations are reasonably consistent with a depletion flocculation mechanism if the 

microemulsion droplets are assumed to behave as hard spheres. 
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