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Abstract

MICROEMULSIONS 

AND THEIR RELATION TO 

SWOLLEN MICELLAR SOLUTIONS 

by

John Louis Cavallo

Mentor: Professor Henri L. Rosano

The thermodynamic stability of microemulsion systems and their relation 

to swollen micellar solutions have been investigated. The results obtained sug­

gest that the apparent path-dependent properties sometimes observed during 

microemulsion formation may be explained by the small free energy values 

involved in transforming an emulsion into a microemulsion. These results sug­

gest that the right order of mixing the various components plays a major role in 

lowering the activation energy barriers these systems must overcome during 

their formation. Based on these results it is concluded that microemulsions are 

thermodynamically stable systems.

Emulsions (5 o/w ; 1 w/o) prepared with oil, water and surfactant were 

titrated to clarity with a cosurfactant. The volume of the continuous phase was 

varied from 10 to 60 ml. The mole fractions of cosurfactant/surfactant and 

cosurfactant/continuous phase was determined at various temperatures (15 to 

55°C). At 30°C, free energy and enthalpy changes accompanying cosurfactant 

adsorption during microemulsion formation were found to vary from -19.6 to

-6.4 kJ/mole respectively. Entropy of formation changes were found to be posi-
2 2tive in 5 cases from 3.5x10" to 8.3x10' kJ/K mole and in one case negative 

-1.8xl0"2 kJ/K mole. These results indicate that microemulsion formation is a



spontaneous process, however the driving fort* is small and it may help to 

explain why the manner of combining the various components may be impor­

tant in the formation of these systems. O/W emulsions of long chain sulfate/n- 

hydrocarbon/5% NaCl were titrated to clarity (85% transmittance or better) 

with long chain dimethylamine oxide. These data confirm that microemulsion 

formation appears to be dependent on specific interactions among the constituent 

molecules at the O/W interface.

During the titration of the emulsions with a cosurfactant, just before clear­

ing the system undergoes viscosity changes. The increase and sharp decrease in 

viscosity are accounted for by the formation and resolution of filament struc­

ture into microdroplets. After each addition of cosurfactant, systems prepared 

with a constant amount of water, oil and surfactant were allowed to equilibrate 

and phase separation was observed. From these results it is concluded that O/W 

microemulsions may be described as hydropathic oleomicellar solutions since 

they correspond to a specific region of a general phase diagram.

The vapor pressure of five O/W microemulsion systems was determined as 

a function of increasing the volume of hydrocarbon in the dispersed phase using 

an isoteniscope. The five systems investigated are : 1) n-octane/Na cetyl sulfate 

(SCS)/5% NaCl + 0.01N NaOH/dodecyldimethylamine oxide (DDAO) and 2) 

four systems prepared with H20/Na dodecyl sulfate (SDS)/n-pentane, n- 

hexane, n-octane or n-decane/DDAO. At low volume fractions of hydrocarbon, 

the microemulsion droplets behave like large molecules in solution. The molecu­

lar weight and particle size of these aggregates are in agreement with particle 

size measurements determined by photon correlation spectroscopy. Beyond a cer­

tain hydrocarbon volume fraction, the droplets are less stable. The energy of 

activation corresponding to the breaking of the interfacial sheath was found to 

be between 35.2 and 20.9 kJ /  mole. The results obtained by vapor pressure 

analysis indicates that two types of microemulsion systems are possible depend­

ing on the amount of hydrocarbon in the dispersed phase.

Vapor pressure measurements on microemulsions containing hydrosoluble 

cationic or anionic polymers in the dispersed phase indicate that these molecules
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can in some cases increase microdroplet stability over larger volumes of hydro­

carbon. When anionic polymers are added to the dispersed phase, repulsive 

surfactant/polymer interactions increase microdroplet stability and prevent dro­

plet merging. With the addition of cationic polymers, droplet stability was 

reduced due to surfactant/polymer association.
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CHAPTER 1

INTRODUCTORY REMARKS

1.1. INTRODUCTION

Emulsions are formed when oil, water and surfactant are mixed together in 

the proper ratio so that one phase becomes dispersed in the other in the form of 

large particles.

Emulsions are of two types : oil-in-water (o/w) or water-in-oil (w/o). 

These systems are stabilized by the presence of amphipatic molecules called sur­

factants. These molecules have the ability to adsorb at the oil /  water inter­

face and reduce the interfacial tension y. between the oil and water phases. 

Due to the size of the particles in the dispersed phase, on the order of 100 nm in 

diameter, these systems appear milky. If the dispersed phase particles can be 

diminished in size to where the diameter is less than 1/4 the wavelength of visi­

ble light, in certain cases transparent systems are formed which are called 

microemulsions. To describe these transparent systems, terms such as swollen 

micellar solution (1), micellar emulsion (2,3), middle phase (4), unstable 

microemulsion (5) and spontaneous transparent emulsion (1) have been used. 

Therefore, it is evident that the exact definition of the term microemulsion is 

still debatable and no one universal definition exists.

Microemulsions are defined in the broadest sense as transparent dispersions 

of oil, water and surfactants. These systems are of two types ; oil-in-water 

(o/w) where oil is dispersed in a water continuous phase or water-in-oil (w/o) 

where water is dispersed in an oil continuous phase. In this thesis the systems 

which are defined as microemulsions are transparent dispersions of either o/w or

1



w/o prepared as suggested by Schulman (6-9) by titrating initial coarse emul­

sions with a cosurfactant until they spontaneously clear. During the 

transformation of an emulsion (opaque) into a microemulsion (transparent), the 

interfacial area greatly increases as the size of the dispersed phase droplets 

decreases, with little or no mechanical work required. In general, the dispersed 

phase is made of particles with radii on the order of 10 nm, resulting in the sys­

tem being transparent.

The question of whether microemulsions are thermodynamically stable or 

unstable systems has been considered for some time. It was pointed out in 

1981 by Rosano (5) that only specific component combinations can produce 

transparent systems. In addition, it was realized that the order of preparation 

plays a significent role in the formation of microemulsion systems. For exam­

ple, emulsions prepared with 2 x l0 '3 moles of stearic acid /  2 ml n-hexadecane /  

16 ml of 0.375N KOH could be titrated to clarity spontaneously with 1ml of 

1-pentanol at 30#C. If however, the same volume of 1-pentanol was first 

predistributed in various ratios between both the aqueous and oil phases, it is 

found that the system would not spontaneously clear. From these results it is 

evident that a specific sequence must be followed in order to produce tran­

sparent systems. This fact raises the question of whether microemulsions are 

: 1) kinetically stable since in certain cases they exhibit path-dependent proper­

ties associated with their formation, or 2) thermodynamically stable while these 

path dependent properties are a reflection of activation energy barriers these sys­

tems must overcome during their formation.

Microemulsion systems have been investigated by many scientists for quite 

some time. In the remainer of this chapter, a general overview will be 

presented on the major contributions to the field of microemulsion chemistry. 

It will be shown that many inconsistencies exist as to the basic definition of the



term microemulsion. In view of these results it will be demonstrated that 

microemulsion systems are thermodynamically stable and should be called 

swollen micellar solutions.

1.2. The Schulman Microemulsion

Transparent or translucent dispersions of Immiscible liquids stabilized by 

the presenoe of amphipatic molecules have been known for some time. In 1943 

T. P. Hoar and J. H. Schulman (6), noted that : "It is well known that oil /  

alkali-metal soap (or cationic soap, such as cetyl trimethyl ammonium bromide) 

/  water systems of certain concentration exist as transparent, electrically non­

conducting dispersions, in which oil is the continuous phase. Dilution of these 

systems with excess water inverts them to oil-in-water emulsions, which are 

milky for low soap /  oil ratios and transparent for sufficiently higher soap /  oil 

ratios. The essential conditions for their formation are : 1) a high soap/water 

ratio and 2) the presence of an alcohol, fatty acid, amine or other non-ionized 

amphipathic substance in mole fractions approximately equal to that of the 

soap. When these conditions are met, transparent oil-continuous dispersions 

were formed and found to be quite stable, showing, however, a slight Tyndall 

effect. The theoretical size of these droplets were found to be 200 A in diame­

ter, in good accordance with the optical properties of these dispersions. Since 

these systems are the water-in-oil analog of the hydrophilic "swollen" micelle, 

they were conveniently termed the "oleopathic hydro - micelle". In a review 

lecture delivered by Schulman (7) in 1954, he spoke of the work on emulsions 

being carried out at Cambridge University entitled "Emulsions : Control of Dro­

plet Size and the Phase Continuity in Transparent Oil - Water Dispersions Sta­

bilized By The Addition of Soap and Alcohol." Schulman stated that, "coarse 

emulsions of nonpolar oils and water stabilized by a soap such as potassium



oleate, may be titrated to transparent fluids by the addition of a short chain 

alcohol". In 1959 Schulman, Stoeckenius, and Prince (8) called these oil-in- 

water or water-in-oil optically isotropic systems "microemulsions". The 

structure of these oil-in-water systems was investigated using a high resolution 

electron microscope. In order to use this technique to investigate oil-water 

microemulsion systems, the oil droplets were made resistant to the hot focused 

electron beam by staining them with osmic tetroxide. The oil droplets seen at 

high resolution were completely spherical and became more uniform in size as 

the droplets became smaller. Droplets of 200 A in diameter were clearly 

observed at magnifications of 40,000 or 80,000. Considerable attention was 

given to the influence of the chemical potential of both the alcohol and the oil 

phase molecules upon the formation of microemulsions stabilized with oleate 

soap and long chain alcohols. It was shown that oil-in-water microemulsions 

were formed only when the chain length of the alcohol tail was at least as long 

as the oil phase molecules. This suggested that the oil phase molecules could 

penetrate the mixed surfactant/cosurfactant film due to strong association 

among the long alcohol tails and the oil phase molecules. Such penetration 

would spontaneously increase the pressure ir, of the interfacial film. The 

mechanism of formation proposed by Schulman (9), was that during the 

preparation of these systems, surfactant and cosurfactant would form a mixed 

film at the oil /  water interface that would reduce the interfacial tension y t 

below zero, resulting in a metastable negative value, of y ,. This effect would 

produce the free energy necessary to increase the interfacial area resulting in 

spontaneous microemulsification.

1.2.1. NEGATIVE INTERFACIAL TENSION

The concept of negative interfacial tension as advanced by Schulman (8) is



5

based on the thermodynamic equation which relates the interfacial tension to 

the oil /  water interfacial tension and the spreading pressure of the amphipathic 

agents present at the interface. The interfacial tension y*, in the presence of a 

mixed film is given by

>1

7i  =  V o / »■“  ( 1 * 0

where yot is the o/w interfacial tension without the film present and rrt is the 

two-dimensional spreading pressure of the film. According to this equation if 

IT, >  yo/ due to the absorption of soap or alcohol molecules at the interface or 

penetration by oil phase molecules, a negative free energy variation - yf dA (dA 

■= the change in interfacial area) would be available to increase the surface area 

after two or more droplets have coalesced. This was considered to be the con­

dition for the spontaneous formation of microemulsions. Such systems have 

been characterized by droplet diameters of 80 to 800 A (7,9,16), optical iso­

tropy, faint light scattering and long term stability. If however, ir* < y , only 

a macroemulsion would form. Droplet diameters of magnitude 10,000 A are 

usually observed while the system appears milky white, and achieves equili­

brium by separating into two phases. Energy input in the form of mechanical 

work (agitation or homogenization) may temporarily increase the total interfa­

cial area but is not capable per se of changing the values of t t , or y , . At 

equilibrium, if the value of y,- becomes zero, by virtue of uncrowding of the sur­

face molecules and a loss of pressure at the Interface, dispersion and not separa­

tion will be the final equilibrium condition (5). If the concept of zero interfa­

cial tension is accepted, thermodynamically stable dispersions would result, 

since no decrease In free energy would accompany droplet coalescence.

Cooke and Schulman (16) later realized that extremely high film pressures 

were required in order to produoe a negative interfacial tension. Using the



duplex film technique Schulman and Montagne (9) have shown that oil 

molecules have the ability to penetrate films of stearic acid when 2-amino-2- 

methyl-1 -propanol was added to the underlying aqueous subphase. To form 

a duplex film, a mixture of hydrocarbon and surfactant are spread together on a 

Langmuir trough, creating two interfaces (i.e., oil/water and oil/air ) which 

behave independently of one another. The direct measurement of the meta­

stable negative interfacial tension at the oil/water interface is impossible to 

determine since the interface would immediately break up and spontaneously 

emulsify. However if a countertension is placed on an interfacial measuring 

device (for example a Wilhelmy plate) to support the interface and prevent sur­

face breakup, rr, can be directly calculated by

V i V o / «■ Vo /  1,' V o / a TTrf ( 1 . 2 )

To produce a negative interfacial tension tt, would have to be greater then 50

dynes/cm if n-hexadecane is used as the oil phase ( yo/w -  50 dynes/cm and

yola «= 29 dynes/cm ). The measured pressure nd would than only have to be 

43 dyne/cm. Values higher than 43 dyne/cm were found if stearic acid and 

n-hexadecane were spread on an aqueous phase containing 2-amino-2-methyl- 

1-propanol at pH = 10.4. This, data indicates that oil molecules are able to 

penetrate mixed interfacial films during microemulsion formation, reducing the 

interfacial pressure required for microemulsion formation. This technique 

also gave strong evidence that in some cases, hydrocarbon molecules could be 

ejected from mixed films of soap and alcohol at the high film pressures neces­

sary to reach negative interfacial tension values.

Prince (17) fully acknowledged the concept of negative interfacial tension 

suggested by Schulman. However, he also realized that since yo/ was in gen­

eral high (~ 55 dynes/cm for aliphatic hydrocarbons and - 35 dynes/cm for ben­
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zene), extremely high surface pressures were required to achieve the negative 

interfacial tension values necessary for spontaneous microemulsification . He 

concluded that yolw in Eq. 1.2 could be replaced by (y0, u. )0, the reduced 

oil/water interfacial tension due to a fraction of alcohol disolved in the oil con­

tinuous phase. This idea is represented by

Vi = (%/» )a -  v  (1.3)

From this equation, the film pressure required to reduce the interfacial tension 

to negative values were in effect much lower than previously thought and more 

easily attainable.

The models presented by Schulman clearly demonstrate the concept of 

negative interfacial tension. However, they do not seem to be conceptually 

valid, since yk = 0 alone does not require the dispersed phase to be distributed in 

spherical droplets as is found in microemulsions (10). It is well known that 

in oil/water/surfactant systems, cylindrical and lamellar micelles also exist in 

the equilibrium state. What differentiates these liquid crystalline phases from 

microemulsions is the type of molecular interactions a1 the interphase. To 

insure the formation of dispersed spherical droplets, a low interfacial tension 

and a high pressure gradient across the flat interphase has been shown to be 

responsible for interfacial curvature (15). The model proposed by Schulman 

to explain the pressure gradient is demonstrated by the mixed film theory.

1.2.2. MIXED FILM THEORY.

The essential feature of the mixed film theory is to consider the interfacial 

film as a liquid, two dimensional third phase in equilibrium with both oil and 

water. In 1955 Schulman and Bowcott (7) postulated that this film could be 

represented as a duplex film, i.e., one having different properties on the water
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side than on the oil side (15). They pointed out that at the interphase, 

different surface pressures, ttw and vol may exist on either side of the film. To 

alleviate the surface pressure built up at a flat interphase, curvature of the film 

would result in the direction of the smaller value of w, until the pressure on 

both sides of the film become equal. In the case of va > 7rwt the curvature of 

the interfacial film will be towards itw , producing a droplet of encapsulated 

water characteristic of w/o microemulsions. In the case of iru. >  ir0, an encap­

sulated oil core would result, characteristic of o/w  microemulsions. Clearly, 

the driving force for this behavior is the pressure gradient existing on either side 

of the interfacial film. This mechanism is illustrated in Fig. 1.1.

Clearly the mixed film theory predicts that surface pressures at the inter­

face depend to a large extent on the interactions between the hydrophobic and 

hydrophilic portions of the surfactant molecules. If for example, the hydro- 

phobic portion of the surfactant is bulky relative to the hydrophilic group, the 

hydrophobic portions tend to crowd one another forming a higher surface pres­

sure at the oil side of the film. In this case bending occurs to expand the oil 

side forming a w /o microemulsion. In the case of surfactants with relatively 

bulky hydrophilic groups, crowding occurs at the water side of the interphase, 

producing a curvature towards the oil side of the film, leading to the formation 

of an o/w microemulsion. A quantitative theory based on lateral stress gra­

dients resulting from the difference in swelling of the heads and tails across the 

interphase has also been suggested by Robbins (18). The stress gradients were 

expressed in terms of physically measurable quantities, namely, surfactant 

molecular volume, interfacial tension and interfacial compressibility. Further, 

relating the pressure difference across a curved interphase to the activity of 

water in a w /o microemulsion, Robbins established a criterion for spontaneous 

water uptake without postulating a negative interfacial tension.
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A lcohol

FIGURE 1.1 Diagram illustrating the mechanism of curvature of a 
microemulsion film. Redrawn from Ref. (24), Fig.4., by cour­
tesy of the Journal of the Society of Cosmetic Chemists.
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The two theories proposed by Schulman have experienced successive periods 

of fashion and rejection. Although the Schulman model represents an adequate 

qualitative description of the forces occurring at the interface, it neglects any 

terms which involve entropy effects and curvature energies. Ruckenstein and 

Chi (22) considered the free energy of microemulsion formation AGm to consist 

of three contributions : AGi an interfacial energy term, AG2 an energy of interac­

tion between the droplets term and AG 3 an entropy of dispersion term account­

ing for the dispersion of the dispersed phase into the continuous phase. The 

interfacial free energy term AG i was considered to consist of two contributions :

1) the creation of an uncharged surface ( given by the product of the area 

created and the specific free energy of the interface ) and,

2) a contribution due to the formation of electric double layers ( given by the

interfacial area and the specific free energy due to the creation of an electri­

cal double layer ).

The double layer contribution was determined using the Debye-Huckel approxi­

mation. To calculate AG2, a pairwise additivity of interaction potentials was 

assumed and for AG3, a lattice model was used to determine the number of 

configurations of the droplets in the continuous phase. By varying AGm with 

the radius R, various states could be distinguished which illustrate a transition 

from kinetically stable (considered by Ruckenstein to be unstable systems) to 

thermodynamically stable microemulsions depending on the droplet radius. 

This suggests the existence of an optimum droplet radius in which the free 

energy of the system is a minimum value. It will be demonstrated that 

entropy effects alone are not enough to account for microemulsion formation, 

while a more complete description should include a term describing interfacial 

flexibility.



Ruckenstein (19) has shown that thermodynamically stable microemul­

sions can form when the negative free energy change due to the entropy of 

dispersion of the globules in the continuous phase combined with the " dilution 

effect" overcomes the positive product of the low interfacial tension and the 

large interfacial area produced. The dilution effect is defined as the negative 

free energy change generated as a result of the decreased concentration of the 

surfactant and cosurfactant in the two bulk phases due to adsorption at the 

interface. As a result of the dilution effect, the chemical potential of the sur­

factant and cosurfactant in the two bulk phases are both reduced. Tamlon 

and Prager (23) then showed that, in the absence of any other interaction 

effects, the entropy term may impose certain phase transitions ; when the 

amount of surfactant available is decreased, they predicted that the microemul­

sion would separate into two phases ( oil rich and water rich).

1.3. THE FLEXIBLE INTERFACE

Studies on the interfacial film of birefringent microemulsions close to the 

isotropic microemulsion droplet region have provided detailed information on 

the undulations and high flexibility of the interfacial film. De Gennes and 

Taupin (25) have shown that the interfacial film undulates because of its high 

flexibility and that the amplitude of the undulations is limited by the interac­

tions between adjacent lamellae. Free energy expressions for these interactions 

have been determined, which include attractive (van der Waals) and repulsive 

interaction terms (24,26). For fluid/fluid interfaces, it has been shown that 

the value of the interfacial energy y, dominates system behavior and any effects 

due to curvature energies represent only minor corrections to the overall system 

behavior. The curvature energy can be represented as
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where K is the rigidity constant of the film and has the dimensions of energy, R 

the radius of curvature and R0 the spontaneous radius of curvature, i.e., the 

radius of curvature that the film would adapt in the absence of any interactions 

(24,25).

Di Meglio (26) has determined the rigidity constant K for lamellar systems 

close to the isotropic microemulsion region by the spin labelling technique. 

This technique consists of studying the electronic paramagnetic resonance of a 

nitroxylde radical probe. The probe is grafted on the alkyl chain of the surfac­

tant molecule whose alkyl chain length is identical to one of the surfactant 

molecules at the interface. When one probe per thousand surfactant molecules 

is used, no perturbation of the interfacial film is observed. The systems 

investigated were composed of sodium dodecyl sulfate (SDS) /  1-pentanol /  

cyclohexane /  water. The water/surfactant ratio was 2.5 (by weight). These 

systems were prepared by : 1) varying the swelling ratio (oil/water ratio) while 

remaining at the linear border of the lamellar phase (to insure that the chemical 

components of the film remain constant) and 2) by varying the amount of 

cosurf actant at a fixed swelling ratio. It was found that, as the swelling ratio 

or cosurf actant concentration is increased, the amplitude of the undulations also 

increases leading to a decrease in the rigidity of the interfacial film, and to the 

existence of very curved defects. Since the rigidity constant K was found to 

decrease upon the addition of cosurfactant, it was concluded that a basic role of 

the cosurfactant was to reduce the rigidity of the interfacial film, aiding in the 

resolution of lamellar phase systems into an isotropic microemulsion.

The dynamic role of the cosurfactant in lowering the interfacial tension 

during the titration of a coarse emulsion into a transparent dispersion has been 

investigated by Rosano (5). It has been pointed out that during the addition 

of a cosurfactant to an emulsion of either o/w  or w/o, excess cosurfactant accu­
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mulates at the oil/water interface during transport, reducing the interfacial ten­

sion to well below the positive equilibrium value. The surfactant retards the 

cosurfactant interfacial transport, while a prolonged low interfacial tension 

helps in the formation of a large increase in the interfacial area. Eventually, 

yj regains a low positive value responsible for the resolution of the system into 

microdroplets. When the cosurfactant is a short chain alcohol, not only is the 

interfacial tension reduced, but a disorder at the interface is also induced (14).

Mitchell and Ninham (20) investigated the importance of the geometric 

packing of the surfactant film and its relation to microemulsion formation. 

These authors pointed out that the nature of the aggregates formed depends on 

the packing ratio given by V / au lc where V is the partial molecular volume, a0 

the head group area of the surfactant molecule, and lc the maximum chain 

length. Incorporation of a cosurfactant into these surfactant aggregates pro­

duces a "wedge effect" which increases the mean volume per surfactant molecule 

without affecting appreciably a0 or lc . Consequently, V / a0lc would increase 

with addition of cosurfactant. The packing ratio is effected by many factors 

which include the ionic strength of the solution, pH, temperature and the 

hydrophilicity of the head groups. It has been shown that the nature of the 

microemulsion can be explained in terms of the packing ratio. If V / a 0lc 

increases with temperature ( resulting in a decrease in a„ ) hydrocarbon solubil­

ity in nonionic surfactant systems should increase until V/  aBlc reaches a value 

of 1 where phase inversion would be expected to occur. At higher tempera­

tures, w/o microemulsions would be expected and the solubility of water would 

decrease as the temperature rises.

During the International Symposium on Surfactants in Solution (Lund, 

Sweden, 1982), M. Kahlweit suggested that coordinated studies be carried out 

between different groups on a particular microemulsion system. This led to



14

the formation of the European Microemulsion Group. The system chosen for 

collaborative work within this "Lund Project" was p-octylbenzene sulphonate /  

1-butanol /  water /  toluene or n-decane. To ensure sample uniformity 

between the groups investigating these systems, a special batch of sodium octyl- 

benzene was prepared by P. Bothorel’s group in Bordeaux for the Lund Project.

As part of this group Lindman et al. (27) carried out Fourier-transform 

n.m.r. self diffusion measurements and multifield C-13 n.m.r. relaxation meas­

urements. These two techniques are both sensitive to the degree of structure 

in the system but in very different ways. The self-diffusion technique is a 

convenient method for the detection and measurement of the lateral displace­

ment of matter. It is based on the fact that within a micelle, molecular 

motion is almost as rapid as in a liquid hydrocarbon and likewise in a reversed 

micelle, where water molecules and counterions are very mobile. The situation 

is slightly different for lamellar liquid crystals, where the motion of all the 

components appears to be very rapid in the direction of the lamellae, while in 

the perpendicular direction, translational diffusion is found to be slow. It 

appears to be a general feature of amphiphilic systems that all components 

move freely within a specific domain. It is characteristic of amphiphilic sys­

tems that there is typically a rather sharp spatial separation between hydro­

philic and hydrophobic regions. For such systems the passage of a molecule or 

ion between different regions is an extremely improbable event and thus occurs 

slowly. Consequently, in studies of self-diffusion over macroscopic distances, 

diffusion can be rapid or slow depending exclusively on the geometrical proper­

ties of the inner structure of the phase. If a phase is water-but not oil con­

tinuous, one expects diffusion of hydrophobic components to be rapid and 

hydrophilic components to be slow. For the case of an oil-but not water con­

tinuous structure, the converse situation should apply. Bicontinuous phases
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should therefore exhibit rapid diffusion of all the components in all directions. 

These spectrosoopic results indicate that very few microemulsion systems actu­

ally exhibit self-diffusion behavior consistent with closed droplet structures as 

has been suggested to exist by many investigators (3,5-11,14,15). The one 

exception is the AOT (sodium di-2-ethyl-hexylsulphosuccinate) /  water /  

hydrocarbon system where the closed water-in-oil structure exists over the 

whole isotropic solution region. C-13 relaxation measurements were per­

formed on the isotropic region of the sodium octylbenzene sulphonate /  1- 

butanol /  toluene /  water system. This technique gives quantitive information 

on the local chain dynamics and packing of the surfactant molecules at the 

interface. The results show that the motion of the alkyl chains is as rapid as 

the motion of the liquid hydrocarbon and emphasizes that a substantial fraction 

of the surfactant molecules are oriented with a marked motional anisotropy. 

These results also suggest that hydrophobic-hydrophilic interfaces are very 

flexible and can change direction extensively within a few nanoseconds.

The study was further carried out for the atypical three-component sodium 

octanoate-octanoic acid-water system (28). This system although not a true 

microemulsion, was chosen as a model in an attempt to determine the structure 

of microemulsions. The results indicate that at low water content, there is 

substantial disorder of the hydrocarbon chains with marked motional restric­

tions near the polar head group. These results support the idea that well 

defined complexes are formed for low water content while at higher water con­

tent, this simple model with a closed water domain does not apply.

The stability of emulsion and microemulsion systems does not appear to be 

dependent only on the value of the y ,, but mainly on the structure of the sur­

factant film surrounding each droplet (11). For a given oil/surfactant pair, 

cosurfactant steric requirements determine the volume of the dispersed phase



16

that can be stabilized. These systems are oil-and cosurfactant-dependent. 

Both the structure and chain length of the surfactant and cosurfactant have a 

striking influence on the structure of the microemulsion formed. Surfactant, 

cosurfactant, the nature of the oil and aqueous phase are four interacting vari­

ables that determine the size of the dispersed phase droplet when microemul­

sions are formed.

1.4. PERCOLATION IN MICROEMULSION SYSTEMS

The concept of percolation transition is often used in interpeting the electri­

cal conductivity observed for w /o microemulsion systems. In systems com­

posed of a random distribution of particles, a percolation transition signifies the 

formation and existence of an infinite cluster of particles. This transition has 

been shown to become more and more probable as the dispersed phase volume 

and temperature are increased (29). Recent measurements have shown that a 

sharp rise in electrical conductivity results as the system approaches a liquid-gas 

transition due to the clustering of droplets (30).

Safran (31) has investigated the percolation behavior of spherical particles 

with short-ranged attractive interactions using Monte Carlo simulations. A 

model based on short-ranged attractions was motivated by the fact that the 

neutron-scattering structure factor can be fitted to a model of square well 

attractions. A Standard Metropolis algorithm was used for systems of 108, 

508 and 2048 particles in a cubic box with periodic boundary conditions. The 

Metropolis Monte Carlo algorithm, developed originally for the equilibrium 

behavior of a dense gas or liquid, is one example of an important sampling tech­

nique and is based on a particular method for generating configurations which 

satisfy a particular probability density equation.

The Monte Carlo method refers to a general technique of estimating the
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value of multidimensional integrals by sampling with the use of random 

numbers. The Monte Carlo method represents the physical or mathematical 

system in terms of some sampling procedure which satifies the same underlying 

probability laws as the system being studied. The Monte Carlo algorithm 

begins with some initial configuration of the particles, and subsequently, e very 

large number of configurations typical of the equilibrium condition is generated. 

For a system at equilibrium, the probability of it being in a state with associ­

ated energy U is proportional to the Boltzmann factor, i.e., exp(-/3U) where 

J3=(*fc7’)_1. In the Monte Carlo procedure the particles are moved according to 

a criterion which guarantees that a given configuration occurs with probability 

proportional to exp(—0LO for that configuration. Properties can then be 

evaluated based on averaging of the appropriate quantity over all the 

configurations, where equal weights are assigned to all configurations (32).

The results obtained by Monte Carlo simulations on spherical particles 

indicate that an increased interaction strength € between the particles may either 

raise or lower the volume fraction (f>p required for percolation to occur. It has 

been reported that when the dispersed phase volume is increased, the percolation 

threshold is decreased. Safran (33) has shown that for a system to percolate, 

pairs of particles must have shells that overlap. Thus particles with a greater 

shell to core ratio have a greater percolation probability for pairwise overlap ; 

their percolation threshold is lowered. However, it was shown in certain cases, 

an increase in the interaction strength is analogous to a decrease in the shell-to- 

core ratio. It has been reported that an increase in e 1) results in the promo­

tion of pairwise overlap, but 2) may render the cluster more compact, thus 

requiring a greater dispersed phase volume <f>P for percolation to occur.

In addition to the effect of temperature via the translational entropy of the 

globules, thermal fluctuations of the internal dergees of freedom of the globules
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exist as well. The entropy of the Interface results in globules whose size and 

shape depart from the ideal spherial shape. The existence of these shapes i.e., 

the ability of the globules to change its internal structure - differentiates 

microemulsions from systems such as solid colloids.

The probability that an arbitrary deformation of the globules will occur in 

thermal equilibrium is proportional to the Boltzmann factor exp_Ar/ T where AF 

is the energy cost of the deformation. This energy cost has been determined 

by Safran (34). It should be noted that these fluctuations are not dynamical 

fluctuations of individual globules, as has been treated by Ljunggren and Eriks­

son (35), but rather fluctuations from the ideal monodispersed sphere in an 

ensemble of droplets. The importance of such a system is the mechanism 

whereby such ensemble fluctuations occur via collisions in which the globules 

may exchange surfactant and/or dispersed phase molecules between adjacent 

ensemble clusters giving rise to a percolation transition.

1.5. THE THESIS RESEARCH STATEMENTS

The question of whether microemulsions are thermodynamically stable or 

unstable has been investigated for quite some time. Rosano et al. (5) have 

demonstrated that only specific component combinations can produce 

microemulsions. In particular, it was found that the right order of mixing the 

various components ( i.e., oil, water, surfactant and cosurfactant ) must be fol­

lowed in order to produce transparent systems. When the order of combining 

the components was varied, in some cases, these transparent systems were not 

obtained. This important experiment led these authors to conclude that, 

microemulsions prepared by titrating coarse emulsions spontaneously to clarity 

are thermodynamically unstable systems. This conclusion was based on the 

fact that some microemulsion systems exhibited path-dependent properties asso-
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dated with their formation.

In light of the accepted opinion at the time that microemulsions prepared 

by titration are thermodynamically unstable systems, the study presented in 

this thesis was undertaken to present a different view on the stability of 

nticroemulsion systems. A series of microemulsions, mainly of the o/w type 

were selected for investigation. The basic hypothesis was that these systems 

were considered to be thermodynamically stable. Once this assumption was 

postulated, the thermodynamic properties associated with microemulsion for­

mation were determined, i.e., the free energy, the enthaply and entropy of for­

mation. Based on these results, it will be demonstrated that the free energy 

associated with microemulsion formation are small negative values and there­

fore, the driving force in transforming an emulsion into a microemulsion is a 

small quantity. The entropy of dispersion involved in microemulsion forma­

tion are in agreement with the large increase in interfacial area upon microemul­

sion formation. The positive values clearly demonstrate the result of the 

increased interfacial area during the transformation of an emulsion into a 

microemulsion. From these results it is concluded that when the right order 

of combining the various components of the system is followed, conditions 

favorable for dispersion occur. In addition, the right order of mixing the com­

ponents probably lowers the activation energy barriers these systems must 

overcome during their formation. These results demonstrate that the path- 

dependent properties associated with microemulsion formation first reported by 

Rosano et al. (5) probably reflect higher energy barriers of formation due to the 

order in which the components are mixed. In view of these results it is con­

cluded that microemulsions prepared by titration appear to be thermodynami­

cally stable systems.
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CHAPTER 2

MICROEMULSION SYSTEMS:
FREE ENERGY, ENTHALPY AND ENTROPY

OF
FORMATION

2.1. INTRODUCTION

The most significant difference between emulsions (opaque) and microemul­

sions (transparent) lies in the fact that putting work into an emulsion or 

increasing the surfactant concentration usually improves their stability. This 

is not the case with microemulsions whose formation appears to be dependent 

on specific interactions among the constituent molecules. If these interactions 

are not realized, neither the work imput nor increasing the surfactant concentra­

tion will produce a microemulsion. On the other hand, once the conditions are 

right, spontaneous formation occurs and little mechanical work is required (1).

Recently, evidenoe has been presented that some microemulsion systems 

may not be thermodynamically stable (2). This conclusion was based on the 

differences in the observable results when the order of mixing the components 

oil, water, and surfactant were changed. It was proposed that there may be 

two inherently different classes of microemulsion systems. One class consists 

of thermodynamically stable systems which form spontaneously upon the addi­

tion of a cosurfactant, and the other consists of kinetically stable dispersions 

which can be stable for long periods of time.

In this chapter the mechanism of microemulsion formation will be investi­

gated. Special emphasis will be placed on the thermodynamic properties

23
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associated with their formation. These systems will then be related to 

specific regions on a simple phase diagram proposed by Shinoda (8).

2.2. EXPERIMENTAL

2.2.1. CHEMICALS

n-Octane, n-decane, n -dodecane, n-tetradecane and n-hexadecane were all 

99%+ (gold label) (Aldrich Chemical Co, Milwaukee, WI 53233). Sodium 

myristyl sulfate (Cyclo Chemicals Corporation, Miami, FL 33166), sodium 

cetyl sulfate (Henkel Chemical Co., Minn., MN.). Sodium dodecyl sulfate, 

potassium hydroxide, toluene and 1-pentanol (Fisher Scientific Co., Fair Lawn 

NJ 07410), were all reagent grade. Octyl and nonylphenolethylene oxide 

compounds were all 100% active (GAF Corp, New York, NY 10020). Dode­

cyl, tetradecyl and hexadecyldimethylamine oxide, (Onyx Chemical Co, Jersey 

City, NJ 07302), were all 30% active. Freshly distilled water was used in all 

preparations and all glassware was first thoroughly cleaned with a fresh sul­

furic acid /  potassium dichromate solution.

2.2.2. METHOD OF PREPARATION OF TRANSPARENT SYSTEMS

Microemulsion systems were prepared in water-jacketed beakers main­

tained at constant temperature, using the titration technique (3). An initial 

c.iarse macroemulsion was prepared from an oil /  surfactant mixture added to 

an aqueous phase. The system was then titrated to clarity using a cosurfac­

tant delivered from a microburette. Continuous stirring was maintained 

throughout the titration process to insure homogeneous mixing. Percent 

transmittance was measured as the system started to clear using a Bausch & 

Lomb Spectronic 20 spectrometer at 520 nm.

The two methods of preparation used were :
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1) oil /  surfactant and water were mixed together in just the right ratio to 

form the best initial emulsion. The amount of surfactant required was 

estimated by geometric considerations. The total interfacial area A,

(assuming spherical droplets are formed) is given by

>

A = n t r~  4irr2x a  (2.1)

where

n = number of surfactant molecules

cr = cross-sectional area occupied by the surfactant molecules at the o/w 

interface ( K /molecule )

r = radius of the dispersed phase droplets (A)

a = total number of droplets of the dispersed phase

The total volume of the dispersed phase is given by

V = y77r 3x a (2.2)

combining equations 2.1 and 2.2, an expression relating the number of molecules 

of surfactant to the volume of the dispersed phase is given by

_ 3V 
r cr (2.3)

The number of grams of surfactant is then given by

X =  <JMW  — ,—  X n  (2.4)
6.02* 1023 "Wee“f amale

From equation 2.4, the minimum amount of surfactant required to produce the 

best initial emulsion was determined. This emulsion was then titrated to 

clarity with a second surfactant (cosurfactant),
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2) the cosurfactant is first predistributed in various ratios between oil and 

aqueous phases before combining them.

When these two methods were used it was found that the manner of combining 

the components could affect the formation of the dispersion. From these 

results, it appears that the formation of these spontaneously-forming tran­

sparent systems may be, in certain cases, path-dependent (4).

2.2.3. MICROEMULSION SYSTEMS INVESTIGATED

Five o/w and one w/o emulsions were titrated to clarity (transmittance > 

90%J with a cosurfactant. Three of the o/w systems investigated were 

prepared with both nonionic surfactants and cosurfactants ; see Table 2.1.

Oil-in-water microemulsion systems were also prepared with n-octane, n- 

decane, n-tetradecane and n-hexadecane hydrocarbon oils /  5% NaCl + 0.0IN 

NaON (pH -  11.2) /  sodium dodecyl sulfate (SDS) or sodium myristyl sulfate 

(SMS) or sodium cetyl sulfate (SCS). These systems were titrated to clarity 

with dodecyl, tetradecyl or hexadecyldimethylamine oxides.

2.2.4. VISCOSITY AND PERCENT TRANSMITTANCE

In a water-jacketed beaker maintained at 30°C, an emulsion consisting of

2.0 ml n-decane /  0.5 ml nonylphenol-1.5-EO + 0.5 ml nonylphenol-4-EO /  35 

ml water was titrated to clarity with nonylphenol-10- EO. Upon each addi­

tion of nonylphenol-10-EO, percent transmittance and visoosity (Brookfield 

Synchro-Lectric Model LVT, Stoughton, MA) were determined.

2.2.5. PHASE VOLUME AND PARTICLE SIZE DETERMINATION

Volumes of upper and lower phases were determined for fifteen individual 

systems prepared with 2.0 ml n-octane /  0.5 ml nonylphenol-1.5-EO + 0.5 ml



TABLE 2.1

SYSTEMS
CONTINUOUS

PHASE
DISPERSED

PHASE
SURFACTANT COSURFACTANT

1 water 2 ml n-octane
0.5 ml C9phenol-1.5-EO 
+ 0.5 ml C9phenol-4-EO

Cjphenol-9-EO

2 water 2 ml n-decane
0.5 ml C9phenol-1.5-EO 
+ 0.5 ml C9phenol-4-EO

C9phenol-10-EO

3 water 2 ml n-hexadecane
0.5 ml C9phenol-1.5-EO 

+ 0.5 ml C9phenol-4-EO
C9phenol-9-EO

4 toluene 2 ml water 1.98 X 10 s M SDS 1-pentanol

5
saline 

0.375 N KOH
2,3 ml n-hexadecane 2.3X 10'* M stearic acid 1-pentanol

6 5% NaCl saline 1 ml n-decane 1 gm. SDS DDAO

TABLE 2.1. Microemulsion systems investigated.
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nonylphenol-4-EO /  30 ml water. To each system increasing amounts of 

nonylphenol-9-EO were added. Each of the systems were shaken thoroughly 

and then stored in graduated cylinders for 30 days at room temperature (22°C). 

At equilibrium it was found that depending on the amount of nonylphenol-9- 

EO added, phase separation was observed. A Philips EM 300 electron micro­

scope at 60 kV and a Coulter Sub-Micron Particle Analyzer Model N4, (Coulter 

Electronics, Inc. Hialeah, FL), were used to determine the structure and mean 

droplet diameter of the lower water phase as a function of increasing the con­

centration of octylphenol-10-EO.

2.2.6. ELECTRON MICROSCOPY SAMPLE PREPARATION

Samples investigated by electron microscopy were prepared using the nega­

tive staining technique. Formvar-coated grids were prepared with a 0.5% 

Formvar solution. A drop of the lower phase solution was placed on the 

Formvar-coated grid and allowed to dry. The excess solution was absorbed 

with a No. 1 filter paper. A drop of a 5% uranyl acetate solution was then 

placed on the grid. After 5 seconds, any excess solution was again absorbed 

with the filter paper. The grid was then allowed again to dry in air for 10 

minutes prior to examination with the EM.

2 3 . RESULTS

2.3.1. LONG CHAIN D1 METHYL AMINE OXIDE MICROEMULSIONS

Microemulsion systems were prepared with sodium dodecyl sulfate, 

sodium m yristyl sulfate or sodium cetyl sulfate /  n-octane, n-decane, n- 

dodecane, n-tetradecane or n-hexadecane /  20 ml of 5% NaCl + 0.0IN NaOH /  

and titrated with dodecyl or tetradecyl or hexadecyl dimethylamine oxides ( see 

Table 2.2). It was observed that with sodium cetyl sulfate, n-octane produced
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TABLE 2.2

Na cetyl sulfate

LCDAO C8 CIO C12 C14 C16
C16 NC NC NC NC NC
C14 5.5(90%)* NC NC NC NC
C12 3.0(88%) NC NC NC NC

Na m yristyl sulfate

LCDAO
C16
C14
C12

C8
NC

6.6(100%)
3.6(96%)

CIO
NC

6.9(95%)
5.4(97%)

C12
NC

7.8(92%)
NC

C14
NC

7.3(96%)
NC

C16
NC
NC
NC

Na lauryl sulfate

LCDAO
C16
C14
C12

C8
9.0(100%)
3.3(90%)*
1.8(99%)

CIO
NC

2.1(98%)
3.3(100%)

C12
NC

3.0(90%)
NC

C14
NC

4.0(88%)
NC

C16
NC
NC
NC

TABLE 2.2 1 ml. hydrocarbon /  20 ml of 5% NaCl + 0.01 N NaOH /  1 gm 
long chain sodium sulfate /  titrated w ith 30% active long 
chain dimethylamine oxide (LCDAO). Notation : ml. of cosur­
factant as 100% active are reported. Percent transmittance @ 
520 nm, n -  Viscosity . * = Thick gel. Temperature -  30°C.
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a transparent gel. For sodium myristyl sulfate, transparent systems were 

more prevalent for all oils used except n-hexadecane. No microemulsions 

were formed when hexadecyldimethylamine oxide was used as a cosurfactant. 

With sodium dodecyl sulfate, microemulsion systems were obtained, again no 

transparent systems were formed when n-hexadecane was used as the oil phase.

23.2. THERMODYNAMIC PROPERTIES

Figure 2.1 represents a typical plot of the minimum volume of 

octylphenol-9-EO and various volumes of aqueous phase, required to titrate an 

emulsion consisting of 2.0 ml n-hexadecane /  0.5 ml nonylphenol-1.5-EO + 0.5 

ml nonylphenol-4-EO spontaneously to clarity at 45° C and at 55 C. For 

example, at 45° C, if an initial emulsion containing 30 ml of water was titrated, 

the system remained milky until 1.5 ml of octylphenol-9-EO had been added. 

Beyond this volume of cosurfactant, the system remained clear. The same 

process was repeated with various volumes of water (continuous phase) and a 

straight line was obtained. The values of the slope (ml of octylphenol-9-EO 

per ml of water) and intercept (ml of octylphenol-9-EO at zero ml water) were 

determined using a linear regression process. The mole fractions X* of 

octylphenol-9-EO in the continuous phase and at the interface Xj were deter­

mined by equations 2.5 and 2.6.

(2.5)

(2.6)

where

ni « number of mole of cosurfactant at the o/w interface
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FIGURE 2.1 2ml n-hexadecane /  0.5ml nony 1 phenol-1.5-EO + 0.5ml 
non y I phenol-4- EO /  variable volume of w ater /  titrated to 
c larity  w ith octylphenol-9-EO at 45°C and 55°C.
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n, = number of moles of surfactant

nb -  number of moles of cosurfactant in the bulk phase

na -  number of moles of aqueous phase

It is assumed that all the surfactant molecules are at the o/w  interface and there 

is no surfactant in the bulk phase, therefore, ns *= 0. This reduces equation 

2.6 to

Using the thermodynamic relationship expressed by equation 2.8, for ideal solu­

tions

the free energy change AG accompanying the adsorption of octylphenol-9-EO at 

the interface during the transformation of a primary coarse emulsion into a 

transparent system was determined. Since the adsorption of cosurfactant 

results in the transition of an emulsion into a microemulsion, these values actu­

ally correspond to the change in free energy accompanying microemulsion for­

mation. The same procedure was repeated at various temperatures. Plot­

ting the change in free energy vs. temperature, the entropy change accompanying 

cosurfactant adsorption was calculated using

Table 2.3 shows the calculated values for the free energy, enthalpy and entropy 

for the six systems investigated at 30' C. All thermodynamic properties 

were calculated using the computer program shown in Appendix A. Table 2.4

(2.7)

AG =—RT In (2.8)

(2.9)
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TABLE 2.3

SYSTEM AG AH AS
(kJ/mole) (kJ/mole) (kJ/K mole)

1 -17.4 -6.8 3.5X10"2
2 -18.1 -6.0 4.0X10‘2
3 -19.6 -25.0 -1.8X1 O'2
4 -6.4 18.7 8.2X10-2
5 -14.8 8.7 7.8X10-2

_ _  6
-13.9 11.3 8.3x10-2

TABLE 2.3 Free energy, enthalpy and entropy changes corresponding to 
the adsorption of cosurfactant at the interface for 5 o/w  and 
1 w /o  microemulsion systems.



temp.

°C

vol.

n-hexadecane,ml

v o l . 

1-pentanol,ml

vo l.  1-pentanol/ml 
2

aqueous phase x 10

moles of 1-pentanol/ 

mole K s tera te "a1

xb x

103

G,

kj/mol

25 2.30 1.0401 1.4150 4.1709 0.8066 2.8819 -13.978

30 1.15 0.9010 1.1375 4.0607 0.8024 1.8882 -15.264

30 2.30 0.8947 1.3058 3.587 0.7820 2.1678 -14.854

35 2.30 1.1353 1.1561 4.524 0.8199 1.9192 -15.532

40 2.30 1.188 0.9771 4.7638 0.8265 1.6242 -16.240

43 2.30 0.8815 1.7259 3.5346 0.7795 1.8652 -14.749

. 45 2.30 1.2675 1.1647 5.08356 0.8356 1.8535 -16.178

50 2.30 1.4989 1.7259 6.0104 0.8574 1.8506 -16.509

TABLE 2.4 Tabulated data fo r system 4 of Table 2.1.
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shows the tabulated results obtained by titrating system 4 to clarity with 1- 

pentanol at various temperatures. It is interesting to note that in one experi­

ment where the volume of n-hexadecane was reduced from 2.3 to 1.15 cc, it was 

found that the volume of 1-pentanol required to produce an abrupt rise in 

transmittance was very similar in both cases.

2.3.3. VISCOSITY AND PERCENT TRANSMITTANCE DURING 

MICROEMULSION FORMATION

Relative viscosity and percent transmittance for a system prepared with

2.0 ml n-decane /  0.5 ml nonylphenol-1.5-EO + 0.5 ml nonylphenol-4-EO and 

35 ml water were measured upon addition of nonylphenol-10-EO, shown in Tig.

2.2. Upon addition of 2.5 ml of cosurfactant the viscosity increased to 40 cps 

and filaments were first observed while the system was being stirred. A max­

imum viscosity of 110 cps was reached when 3.10 ml of cosurfactant was 

added. Filaments were still observable up to 4.2 ml of nonylphenol-10-EO. 

The viscosity of the system then decreased upon further addition of 

nonylphenol-10-EO and the system cleared at 4.85 ml. Upon further addi­

tion of nonylphenol-10-EO, the system remained clear (95% transmittance) but 

the viscosity again increased.

2.3.4. PHASE VOLUME CHANGES

Fig. 2.3 shows the change in phase volume for fifteen individual systems 

prepared with 2 ml n-octane /  0.5 ml nonylphenol-1.5-EO + 0.5 ml 

nonylphenol-4-EO /  30 ml water and various amounts of octylphenol-9-EO. 

Initially, the systems started out as two phases, both the upper and lower 

phases being clear. By adding octylphenol-9-EO, the upper phase started to 

become milky and increased in volume. When 1 ml of this cosurfactant was
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added, a one phase system was obtained. Addiion of still more cosurfactant 

caused the upper phase to start to decrease in volume as the lower phase began 

to clear (i.e., resolution into a microemulsion). The particle size of the lower 

phase region for each system was determined. It was found that the particle 

size decreased as the concentration of octylphenol-9-EO was increased.

2.4. DISCUSSION

2.4.1. MICROEMULSION FORMATION

Rosano et al. (4) have shown that the formation of transparent systems is 

affected by many factors, including 1) the type and composition of the surfac­

tant and cosurfactant, 2) the dispersed phase volume, and 3) the structure of 

the oil. For a system prepared with 2.0x10"3 moles stearic acid, 2.0 ml of oil 

and 16 ml of 0.375 N KOH, it was found that out of fifty-two alcohols, only 

five produced transparent o/w systems (transmittance >  79%). These results 

illustrate that only specific component combinations can produce microemul­

sions. As seen in Table 2.2, emulsions prepared with various long chain 

sodium sulfates, saline and oil, only specific combinations will produce tran­

sparent systems when titrated with a long chain dimethlyamine oxide as a 

cosurfactant.

For the six systems in Tables 2.1, investigated, it was found that the free 

energy values are all negative, indicating that the transformation of an emulsion 

into a microemulsion is a spontaneous process. However, the driving force 

for these processes is small which may explain why the method of preparation 

sometimes affects their formation. Since the free energy values are small, the 

correct order of preparation probably lowers the activation energy barriers these 

systems must overcome during their formation. Experimentally, the first 

consideration in the preparation of these transparent systems seems to be that
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enough primary surfactant has to be present to cover the interfacial area and 

that the primary emulsion be as finely dispersed as possible. The method of 

preparation used must produce the best kinetic conditions favorable for the 

dispersion of the dispersed phase into a microemulsion (5).
t

Microemulsion formation involves : 1) a large increase in the interfacial 

area (for example, it was determined based on geometric considerations that a 

droplet of radius 120 nm will disperse into 1728 microdroplets of radius 10 

nm, a 12-fold increase in the interfacial area), and 2) the formation of a mixed 

surfactant /  cosurfactant film at the oil /  water interface responsible for a very 

low transitory interfacial tension. It is reasonable to assume that droplet 

dispersion would increase the total entropy of the system while the formation 

of a mixed surfactant /  cosurfactant film at the droplet interface would have a 

negative effect on the systems total entropy. For the systems investigated, the 

entropy values were found to be positive with one exception (SYSTEM 3). In 

view of the results obtained, it is concluded that microemulsions are thermo­

dynamically stable systems. The occasional path-dependent properties some­

times observed can thus be explained in terms of the energies the particular sys­

tem must overcome during formation.

During the transformation of an initial coarse emulsion into a microemul­

sion, under dynamic conditions, changes in the system viscosity seem to be a 

basic characteristic leading to microemulsion formation. This effect is 

observed in particular for systems prepared with both nonionic surfactants and 

cosurfactants. Figure 2.2 illustrates the change in viscosity and percent 

transmittance for a system prepared according to SYSTEM 3 and titrated to 

clarity with nonylphenol-10-EO. Initially, a coarse milky emulsion of low 

viscosity is formed. By adding cosurfactant, the viscosity increases and 

reaches a maximum value (15). Within this region the system remains milky
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and filament structures are observed throughout. By adding more cosurfac­

tant, the viscosity decreases to a minimum value, at which point the system 

spontaneously clears (95% transmittance). It is interesting to note that once 

the system becomes transparent, further addition of cosurfactant does not 

decrease the transmittance. Rosano et al. (4) have shown- that the percent 

transmittance of microemulsions prepared with stearic acid /  n-hexadecane /  

0.375 N KOH titrated to clarity with 4-methylcyclohexanol, decreases once the 

capacity for cosurfactant of the aqueous phase and the interface is exceeded. 

Since both sites are saturated, the excess cosurfactant penetrates the interfacial 

film and dissolves in the oil phase. For o/w systems this means an increase in 

droplet size and a concomitant decrease in transmittance. For nonionic surfac­

tant systems (SYSTEMS 1, 2 and 3), once maximum transparency is reached, 

the excess cosurfactant increases the system bulk viscosity probably because of 

further cosurfactant adsorption on the droplet surfaces and/or formation of 

micelles in the bulk phase.

Emulsions made of 1.95% sodium dodecylsulfate /  3.75% 1- butanol /  

46.3% toluene and varying weight percentages of a stock 48% sodium chloride 

solution were prepared (6). Below 4.7% sodium chloride, a 2-phase system 

was formed with an upper clear oil phase and a lower milky aqueous phase, 

displaying oil-in-water emulsion characteristics. Above 6.4% sodium chloride, 

a water-in-oil emulsion dispersion started to form, indicated by the milky 

upper oil phase and clear lower aqueous phase. In the region between 4.7 and 

6.4% sodium chloride, a 3-phase system with a clear upper oil phase, a clear 

lower aqueous phase and a middle surfactant phase was obtained. Within the 

three-phase region, filament structures were observed if the system was gently 

shaken. The formation of the filament structures seems to be due to the ultra 

low values of the y, within this region. When the overall change in the inter­
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facial tension of the upper and lower phases was plotted against sodium 

chloride concentration, it was found that the value of yk between the o/w 

microemulsion and the excess oil phase decreased simultaneously as y, between 

the microemulsion and the excess water phase increased. The value of the 

interfacial tension was at a minimum within the 3-phase region (23, 24). It 

seems that achieving low yt values is a necessary step in microemulsion forma­

tion. Once the value is sufficiently low ( <  10"3 dynes/cm ) spontaneous 

dispersion occurs with little or no mechanical work required. However, the 

resolution of the system' into stable microdroplets seems to be accompanied by 

an increase in yt to a small positive value. It also is worth noting that phase 

separation rates also varied as a function of salt concentration. Fastest 

separation was reported for the system in which the middle phase contained 

equal volumes of oil and water. It has been suggested by Robbins (7) that 

spontaneous microemulsification occurs in the middle of the three-phase region 

and as a result, the middle phase is transparent or transluscent.

2.4.2. THE ROLE OF THE COSURFACTANT

Addition of a cosurfactant seems to be a basic requirement to microemul­

sion formation. During the preparation of microemulsions under dynamic 

conditions, (the titration method) two basic questions should be addressed : 1) 

what is the role of the cosurfactant in microemulsion formation and 2) are these 

systems undergoing phase volume changes as a function of increasing the cosur­

factant concentration ? Recently, spectrosoopic evidence (22) has indicated 

that the role of the cosurfactant is to reduce the rigidity of the interfacial film, 

allowing for the transition from a well-organized lamellar phase toward an iso­

tropic microemulsion. For microemulsions prepared with stearic acid /  n- 

hexadecane /  0.375 M KOH and 1-pentanol, it is evident that the ratio of the 

number of moles of I-pentanol to stearic acid at the interface varies from 3.6:1
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to 6:1 as shown in Table 2.3 (30). From film penetration monolayer experi­

ments it is well known that the presence of alcohols in the film produces an 

expanded monolayer (31). The presence of alcohols at the interface results in 

a liquefaction of the interface while reducing the interfacial rigidity. In many 

cases investigated, transitions from emulsion to microemulsion are also accom­

panied by phase changes as the system resolves itself into microdroplets. Fig. 

2.3 illustrates the phase volume behavior for SYSTEM 2 as the concentration of 

octylphenol-10-EO is increased. Upon the addition of octylphenol-10-EO, the 

upper phase starts to become milky and increases in volume. Once a total of 1 

ml is added, a one-phase system is obtained. Within this region the system is 

milky, birefringent, and filament structures are prevalent throughout the sys­

tem. As the cosurfactant concentration is further increased, the upper phase 

volume starts to decrease simultaneously as the lower phase begins to clear. 

When just the right amount of cosurfactant is added, a 1-phase transparent o/w 

system is obtained.

The results obtained indicate that as the cosurfactant concentration is 

increased, a phase inversion process is a necessary requirement for the resolution 

of an emulsion prepared with nonionic surfactants into a microemulsion. 

Upon the addition of a cosurfactant to an initial emulsion, the droplets in the 

lower phase start to elongate and reach a maximum length (formation of 

filament-like structures) at the point of phase inversion. Using electron 

microscopy, the lower phase region approaching the point of phase inversion was 

investigated. This technique allows the structure of the lower phase to be 

determined as a function of cosurfactant concentration.

For the staining of fats or proteins in biological tissues, osmic tetroxide is 

used among other heavy metal oxide complexes as a staining agent (29). The 

tissue is then bedded in a polymer such as methacrylate or alkyl esters of this



compound, which does not change volume appreciably on polymerization. 

The entire system is then microtomed into sections 300-900 A. in thickness and 

the structure is investigated by electron microscopy. It was considered that 

this technique could be used to investigate o/w microemulsion systems. It 

was found that o/w microemulsions could be successfully stained if the oil or 

surfactant contained a number of double bonds in conjugated form, which were 

reactive towards the metal oxides. For the microemulsions investigated by 

electron microscopy, both the surfactant and cosurfactant contain a ring with 

conjugated double bonds available for complexation with the metal oxides used 

for staining. The bonds of the surfactant and cosurfactant can therefore 

interact with uranyl acetate structuring the surfactant and cosurfactant 

molecules intermolecularly in a type of uranyl acetate polymer. Fig. 2.4 a, b, 

c, shows three photo-micrographs taken of the lower phase of Fig. 2.3 as the 

concentration of octylphenol-10-EO was increased from 0.6 to 0.9cc. Fig. 2.4a 

shows a picture of the lower phase structure for a system containing 0.6cc of 

octylphenol-10-EO. It is observed that throughout this phase, small struc­

tures are present. As the concentration of octylphenoI-10-EO is increased to 

0.8cc, the droplet size increases and jagged filament structures are formed, as 

seen in Fig. 2.4b. The increase in droplet size is due to the uptake of oil by 

the water phase since the system is becoming more hydrophilic upon increasing 

the cosurfactant concentration. When the structure of the lower phase is 

examined for 0.9cc of octylphenol-10-EO, a randomized filament network is 

observed. Distinct filament structures are no longer visible, giving rise to a 

bicontinuous structure in the region of phase inversion. At this point it 

should be mentioned that if equal volumes of oil and water are used, this phase 

inversion would actually correspond to a three-phase system. Beyond the 

phase inversion point, the particle size of the lower phase was found to decrease



FIGURE 2.4a Photomicrograph of lower aqueous phase fo r a system con 
taining 0.5 cc octylphenoI-9-EO.



FIGURE 2.4b Photomicrograph of system containing 0.8 cc octylphenol-
9~EO. *

u>



FIGURE 2.4c Photomicrograph of system containing for 0.9 cc 
octylphenol-9-EO.
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as shown in Fig. 2.3, supporting the idea that as the cosurfactant concentration 

is increased, filament structures start to break into smaller fragments until 

finally microdroplets are formed (17,22). ' This effect was observed to be a 

fundamental characteristic of systems prepared with nonionic surfactants. 

The particle size distribution data plotted in Fig. 2.3 is shown in Fig. 2.5a, b, c, 

d, and e. Figure 2.5b is an example of the correlation function used to deter­

mine the particle size of Fig. 2.4a.

2.4.3. MICROEMULSIONS AND THE SHINODA PHASE DIAGRAM

The phase diagram shown in Fig. 2.3 represents a special case of a general 

phase diagram suggested by Shinoda (20) illustrating the change of solution 

behavior of a surfactant with the hydrophilic-lipophilic balance (HLB). For a 

system prepared with equal volumes of oil and water plus a lipophilic surfac­

tant (or surfactant mixture), Fig. 2.6 shows that at equilibrium a 2-phase sys­

tem is obtained with a clear lower aqueous phase and a milky upper oil phase. 

When the system becomes more hydrophilic, a three-phase system is formed, 

with upper and lower phases clear and a middle surfactant phase. On further 

increasing the hydrophilicity, again a 2-phase system is formed, with a milky 

lower aqueous phase and clear upper oil phase. The same basic trend in 

solution behavior is observed for nonionic surfactants if the temperature is 

increased, resulting in a decrease in the HLB value. For ionic surfactants, if 

instead of increasing the temperature, the salt concentration is increased 

(decreasing the HLB) the solution behavior will also show 2-to 3-to 2-phase 

behavior as previously mentioned (6, 24).

This schematic diagram can be related to Fig. 2.3. In the initial prepara­

tion of our o/w emulsion systems, only 2 ml of oil was used with a larger 

volume of water. Therefore, half of the diagram in Fig. 2.6 should be con­

sidered (represented by the dotted line). For a primary emulsion prepared
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S A M P L E  I D  =
T E M P E R A T U R E  =
V I S C O S I T Y  ®
R E F R A C T I V E  I N D E X "  1 . 3 3 7

0093 
2 0  D E C  C 

. 0 1 9 5  P O I S E .  .

M E A N  D I A M E T E R "  
9 5 %  L I M I T S

1 3 . 4  N M  
1 3 . 3  T O 1 3 . 5  N M

S T A N D A R D  
D E V I A T I O N  

G O O D N E S S  O F  
F I T  

D I F F U S I O N  
C O E F F I C I E N 1

3 . 0  N M

1 . 3

1 . 6 4  E - 7
C M * * 2 / S E C

M
B
E
R

R
A
C
T

0

* ii
* U5

P A R T I C L E  D I A M E T E R  t N M )

P A R T I C L E  D I A M E T E R  
N U M E R I C  D I S T R I B U T I O N

R A U  D A T A

S A M P L E  I D 0 0 9 3

1 0 2 O F S A M P L E  > 1 7 . 3 N M

2 5 2 O F S A M P L E  > 1 5 . 1 N M

5 0 % O F S A M P L E  > 1 3 . 1 N M

7 5 % O F S A M P L E  ) 1 1 . 6 N M

9 0 % O F S A M P L E  > 1 0 . 7 N M

A  ■ 1 - . . 4 9 E + l
B  = - 1 . 2 3 E - l
C 2 . 5 7 E - 4
M U 2  = 2 . 2 4 E  +  6
G A M M A 5 . 7 0 E  +  3
M U 2 / G A M M A  S O ® 6 . 7 1 E - 2

3 2  C H A N N E L S
S A M P L E  T I M E  * 1 0 . 7  M I C R O - S E C
P R E - S C A L E 8
R U N  T I M E  = 2 0 S E C O N D S
E N D  O F  R U N  * 1 8 4 4 S E C O N D S . ,
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with a small o/w volume ratio, and a lipophilic surfactant (or surfactant mix­

ture), upon titrating the system with a hydrophilic cosurf actant the HLB value 

increases. Increasing the HLB value results in the upper phase volume increas­

ing, until a 1 -phase system is formed (filament structures are observed). 

Upon further increasing the systems HLB, a 1-phase transparent o/w - 

microemulsion is obtained. Therefore, it is concluded that microemulsions of 

the o/w type correspond to systems in the lower right side of Fig. 2.6 while 

microemulsions of the w /o type correspond to systems in the upper left region. 

It is concluded that a more appropriate term to describe transparent o/w  sys­

tems would be to consider them as swollen micellar solutions. In the case of 

transparent w/o systems, they should be described as Inverted micellar solu­

tions as is illustrated in Fig. 2.6.

Using Fourier transform proton and carbon-13-pulsed-gradient-spin-echo 

(PGSE) NMR techniques, Lindman, Stilbs, and Moseley (9) have investigated 

seven microemulsion systems by determining the multicomponent self-diffusion 

coefficient for systems prepared with oil /  water and surfactant and a cosurfac­

tant of either short or long chain alcohols. They reported that, for the ionic 

surfactant /  short chain alcohol /  hydrocarbon /  water-type system, 1) no dis­

tinct separation into hydrophobic and hydrophilic domains was observed ; 2) 

these systems show no extended aggregates ; and 3) the internal interfaces were 

determined to be flexible and highly disorganized, an idea already suggested by 

de Meglio (16). Microemulsions formed with nonionic surfactants of the 

polyethyleneoxide type, hydrocarbon and water, are probably similar in struc­

ture to those formed with short-chain alcohols. Microemulsions prepared 

with long-chain alcohols are somewhat different in structure and form distinct 

droplets of water in a hydrophobic medium. However, in some cases a bicon- 

tinuous structure may also occur. In a review article, de Gennes and Taupin
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(14) have also concluded that a flexible interface is an absolute requirement to 

maintain some microemulsion-type systems, an idea already advanced by Schul- 

man (25). Kahlweit (18) et al. have studied the phase behavior of ternary 

systems (H20  /  oil /  nonlonic surfactant) and quaternary systems (H20  /  oil- 

nonionic surfactant /  electrolyte). In the case of ternary systems the tem­

perature was varied, while for quaternary systems the salt concentration was 

varied. Their results verified that maximum mutual solubility between oils 

and surfactants may be explained in terms of "simple" phase behavior with 

respect to the existence of a tricritical point in ternary systems. Chatenay et 

al. (17) have found that for polyphasic systems away from the three-phase 

domain, the interaction between the droplets is hard sphere-like, while in the 

middle of the three-phase region, the structure is bicontinuous as evidenced 

from conductivity measurements. These studies therefore indicate that not all 

interfaces fall into the same classical picture of well-organized oil or water dro­

plets with distinct boundaries. What is seen is that internal interfaces have 

either a quite limited spatial extension or are very dynamic and flexible in 

nature, breaking up and reforming at a very high rate, or both. These data 

suggest the possibility of two distinct types of microemulsion systems depend­

ing on the interactions associated with the dispersed phase droplets.

Other structural models have been proposed to describe the structure and 

formation of microemulsions. Taupin and co-workers (10) have presented a 

model of hard oil and water globules with a relatively sharp transition between 

them ; Scriven (11) one of a complex periodic three dimensional networks of 

both oil and water continuity ; and Talman and Prager (12), one of hard ran­

domly arranged polyhedra ; while Friberg (13) proposed a random structure 

with varying curvatures. Robbins (19) has shown that for a w/o microemul­

sion system, the activity of the water in the droplet core must be reduced for
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the water to flow into the droplets. This effect was readily verified by water

vapor pressure measurements. Based on vapor pressure analysis of o/w 

microemulsions, two distinct regions of transparency seem to exist (26). The 

droplet structures are that of encapsulated noninteracting droplets for low 

volumes of hydrocarbon, while a dynamic equilibrium between the breaking 

and reformation of droplet interfaces has been found to exist for higher 

volumes. Similar behavior has also been suggested by Weatherford (27) for 

w/o systems.

In the following chapter, the vapor pressure of o/w microemulsion systems 

will be investigated as a function of increasing the dispersed phase volume. 

Vapor pressure analysis will be used to investigate the possibility of droplet 

interactions in o/w microemulsion systems as the dispersed phase volume is 

increased.
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CHAPTER 3

VAPOR PRESSURE MEASUREMENTS
OF

O/W MICROEMULSION SYSTEMS

3.1. INTRODUCTION

In the previous chapter the mechanism of microemulsion formation was 

demonstrated. It was shown that emulsions could be spontaneously titrated 

to clarity with an appropriate cosurfactant. Individual systems were 

prepared containing a constant amount of n-octane, nonylphenol-1.5 + 4-EO (a 

lipophilic surfactant mixture), water and increasing amounts of nonylphenol- 

10-EO (a hydrophilic cosurfactant). These systems were allowed to equili­

brate for 60 days at 22°C during which time phase separation occurred (1). 

Upon the addition of cosurfactant, a 2-phase system is formed (milky upper oil 

phase and a clear lower aqueous phase). Increasing the cosurfactant concen­

tration resulted in the upper phase volume increasing and the formation of a 

lamellar phase containing filament-like structures. Upon further addition of 

cosurfactant, the volume of the upper phase starts to decrease resulting in the 

formation of a I-phase transparent o/w microemulsion. Under dynamic con­

ditions (i.e., when the emulsion is being titrated to clarity in a water-jacketed 

beaker), the phase volume changes described are never observed. While the 

system is being continuously stirred, what is observed is that an opaque emul­

sion becomes spontaneously clear (2). These results indicate that emulsions 

prepared with a lipophilic surfactant mixture can be transformed into 

microemulsions when titrated with a hydrophilic cosurfactant i.e., by changing 

the hydrophilic-lipophilic balance (HLB). In the case of w /o microemulsions,

60
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the same type of behavior is observed if the initial emulsion is prepared with a 

hydrophilic surfactant and titrated with a lipophilic cosurfactant. These 

microemulsions were then related to a phase diagram proposed by Shinoda (3) 

which shows the surfactant behavior in a 1:1 oil-water mixture as a function of 

> temperature, salt concentration and HLB. It was concluded that microemul­

sions of the o/w or w/o type correspond to specific regions of this diagram and 

that these systems become transparent as the lamellar phase filament structures 

become resolved into microparticles.

It is evident that only specific component combinations can produce a 

microemulsion. In addition, the components must be put together In just the 

right order. When this procedure is followed, thermodynamically stable 

microemulsions form spontaneously (2), Surfactant type, cosurfactant type 

and the nature of the oil phase are three interacting variables that determine the 

size of the dispersed phase particles when microemulsions are formed.

In order to determine the structure of the dispersed phase, the colligative 

properties of microemulsion systems have been investigated and various struc­

tural models have been proposed (4-9). For the dispersed phase Schulman (2) 

has suggested that the best description is one of droplets surrounded by a mixed 

surfactant film. However, recent evidence now suggests that a more dynamic 

situation seems to exist for microemulsion systems. Weatherford (14) has 

shown using vapor pressure analysis that for a w/o diesel fuel system prepared 

with a surfactant mixture of oleyldiethanolamide, diethanolamine and 

diethanolammoniumoleate, two regimes of differing phase behavior exist as the 

water content is varied. These results suggest a transition from an inverted 

micellar solution, at low water concentrations, to a microemulsion, at a higher 

water content. It was suggested that a dynamic equilibrium exists between 

the breaking and reforming of the droplets when the water content is high.



62

This transition has also been investigated by Eicke (20) for the 

AOT/isooctane/water system. Based on photon correlation spectroscopy, it 

was demonstrated that when the ratio of surfactant to cosurfactant is below 

3.7, these systems behave as inverted micellar solutions. In this case the water 

core is highly structured within the aggregates by hydrogen bonds. For larger 

volumes of water, a well-defined water core is surrounded by a surfactant 

monolayer. These systems behave as either micro or macroemulsions depend­

ing on the volume of water. Droplet interactions have also been investigated 

by Cazabat (16) using electrical conductivity, electrically induced birefringence, 

and self-diffusion measurements on fluorescent probes. The systems investi­

gated were ternary w/o microemulsions prepared with water /  benzene /  decyl- 

dimethyl ammonium chloride and quaternary w/o microemulsions containing 

sodium dodecyl sulfate (SDS) /  toluene /  water and 1-butanol or 1-pentanol. 

These results indicate that at low water concentrations, the dispersed phase is 

composed of identical spherical isolated droplets, while at higher concentrations, 

the structure of the dispersed phase depends on the interactions between the 

droplets, which are in some cases attractive, resulting in an overlap of droplet 

interf aces.

In this chapter the vapor pressures of five o/w microemulsion systems are 

investigated in order to develop a physical model applicable to our transparent 

systems. The existence of a vapor pressure and its increase with temperature 

are consequences of the Maxwell-Boltzmann energy distribution. Even at low 

temperatures a fraction of the molecules in a liquid have, because of the energy 

distribution, energies in excess of the cohesive energy of the liquid. This frac­

tion increases rapidly with an increase in temperature. This implies that a 

liquid with a larger cohesive energy (a large molar heat of vaporization) will 

have a smaller vapor pressure than one with a small cohesive energy. The
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systems investigated were prepared with a constant amount of water, sodium 

cetyl sulfate (SCS) or sodium dodecyl sulfate (SDS), dodecyldimethylamine 

oxide (DDAO) and various volumes of n-pentane, n-hexane, n-octane or n- 

decane. The results obtained indicate that depending on the volume of n- 

octane in the dispersed phase, two distinct microemulsion regions exist. For 

low volumes of n-octane the system was found to be composed of isolated 

noninteracting droplets, while for higher volumes, evidence of a merging 

dynamic system of overlapping droplet interfaces were found. It is 

hypothesized that since microemulsions consist of the stable dispersion of one 

phase (oil for o/w microemulsions) in a continuous phase, the vapor pressure 

behavior of these systems should be similar to those of regular colloidal solu­

tions, whereby the vapor pressure of the system is less than that of the continu­

ous phase. Based on the vapor pressure data, microemulsion droplet molecular 

weight, radius, heat of vaporization and activation energy values were deter­

mined.

Using the titration technique (1,10) the stoichiometry of SCS/DDAO at the 

droplet interface was determined in the two microemulsion regions by titrating 

o/w emulsions prepared with a constant amount of n-octane and SCS to clarity 

with DDAO while varying the aqueous phase volume. This plot represents 

the minimum volume of DDAO required to transform an emulsion into a 

microemulsion. From the slope and extrapolated intercept values, the mole 

fraction of DDAO in the bulk and at the droplet interface was determined. 

From these values the free energy associated with microemulsion formation and 

the entropy of mixing were then calculated for microemulsions containing 0.5 

and 1.4 ccof n-octane.
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3.2. EXPERIMENTAL 

3^.1. Chemicals

n-Pentane and n-hexane (Eastman Kodak Co.) ; n-octane and n-decane 

(99%+ gold label) and sodium dodecyl sulfate (SDS) (Aldrich Chemical Co.) ; 

sodium cetyl sulfate (SCS) (Henkel Chemical Co., Minn., MN.) ; and dodecyldi- 

methylamine Oxide (DDAO) 30% active (Onyx Chemical Co.). Potassium 

hydroxide and sodium chloride (Fisher Scientific Co.) were both reagent grade. 

Freshly distilled water was used in all solution preparations.

3.2.2. The Systems Investigated

Five o/w microemulsion systems were prepared using the titration tech­

nique (2,7,10). Initial coarse emulsions were prepared by mixing together 

various amounts of oil, water and surfactant in a water-jacketed beaker main­

tained at 25°C. The emulsions were titrated to clarity (transmittance >  85%) 

with DDAO. A teflon magnetic stirring bar was used to insure complete mix­

ing. The systems investigated are seen in Table 3.1. Systems 1 - 4  were 

prepared with 20 cc HzO and system 5 was prepared with 20 cc of 5% Nacl + 

0.01 N NaOH (pH = 11.2).

3.2.3. The Isoteniscope Method

Vapor pressure measurements were determined with an isoteniscope 

attached to a water jacketed condenser. In the cases where volatile oils were 

used, a refrigerated water bath maintained the condenser at 5°C to insure com­

plete condensation of the oils. A vacuum pump attached to a dry ice trap was 

used to reduce the pressure within the system. A schematic illustration of the 

experimental setup is shown in Fig. 3.1.
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TABLE 3.1
SYSTEMS OIL SURFACTANT

(lgm)
DDAO 

(ml active)
1 n-pentane SDS 1.2
2 n-hexane SDS 1.8
3 n-octane SDS 2.4
4 n-decane SDS 3.7
5 n-octane SCS 3.7

TABLE 3.1 Five o/w  microemulsions systems investigated. Notation : Na 
dodecyl sulfate (SDS), Na cetyl sulfate (SCS) and ml of 30% 
active dodecyldimethylamine oxide (DDAO) used.
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FIGURE 3.1 Diagram Illustrating the experimental setup used to deter­
mine vapor pressure.
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The microemulsions investigated were placed in the isoteniscope and sub­

merged in a water bath. A teflon magnetic stirring bar was used to maintain 

gentle stirring. The systems were allowed to boil for 10 minutes to evacuate 

any excess air that may be present. The bath was slowly cooled with ice 

chips until an equilibrium between the liquid and vapor was obtained. The 

pressure within the system along with the temperature of the water bath were 

then recorded. The pressure was then reduced and the same procedure was 

repeated. Using the Clausius - Clapeyron equation

Po R (3.1)

where

p and pa are the vapor pressures at T and T0 

AH, the heat of vaporization 

R the gas constant

the vapor pressure p and heat of vaporization was determined. In this case, pQ 

= 1 atm was used as a reference; then the normal boiling point of the liquid was 

given by T0.

3.2.4. PHOTON CORRELATION SPECTROSCOPY

Microemulsion droplet size were determined by photon correlation spec­

troscopy (PCS). The apparatus used is described in Ref. (13) and a schematic 

diagram is shown in Fig. 3.2. Light from an argon ion laser at 488 nm was 

focused on the sample in a glass cuvette maintained at constant temperature 

(20°C) by a Lauda water circulator. The intensity of the scattered light was 

detected at 90 degrees to the incident beam with a Hamamatsu (Middlesex, NJ) 

photomultiplier tube.
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For particles in Brownian motion, droplet radii are determined from a
(2 )second order correlation function g (r) , where r is the delay time. This func­

tion decays exponentially with delay time according to

g<2)(T)=jB(l+<?;rT) (3.2)

where

B = the base line 

T = the inverse correlation time

A = a constant between 0 and 1 determined by the system.

r  is given by 2Dq2, where D is the translational diffusion coefficient and q is the 

scattering vector given by q » 4w n/\sin(0/2) ; n is the refractive index of the 

solution, 0 is the scattering angle and X is the vacuum wavelength of the 

incident light. The diffusion coefficient D is then related to the droplet radius R 

by the Einstein- Stokes expression:

D = - ¥ L  ( 3  3 )
6777]/?

where

k -  Boltzmann’s constant.

■t) -  the viscosity of the microemulsion 

T -  absolute temperature.

In the case of a polydispersed system, the correlation function does not 

exhibit simple exponential decay, but is instead a superposition of exponentials. 

It is then possible to extract the mean decay time I" and /ij* second 

moment of T about T . By a cumulants analysis technique, the average
n

radius (actually the z-average radius) is found from TQ while the ratio ^ 2 ^ 0  

is an index of polydispersity. For droplets whose size distribution is gaussian 

with a mean radius of RQ and standard deviation o, the fractional width of the
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distribution is approximately related to the index of polydispersity by

The correlation function was accumulated in a 60 channel photon auto-
*

correlator and initially displayed on an oscilloscope. The sampling time was 

adjusted to obtain exponentially decaying correlation functions which were col­

lected by a DEC PDP-8 minicomputer and subsequently analyzed by the tech­

nique of multiple linear regression (cumulants analysis) on a VAX 11/780 

mainframe computer. The light scattering apparatus was calibrated with a 

standard, monodisperse sample of polystyrene.

3.2.5. SURFACE TENSION MEASUREMENTS

Surface tension measurements of sodium cetyl sulfate and dodecyldimethy- 

lamine oxide solutions were determined with a Rosano Tensiometer (Arenberg- 

Sage), equipped with a sandblasted platinum blade. A stock lx  10'2 M solu­

tion of DDAO:SCS in a 3.7:1 molar ratio was prepared. From the stock solu­

tion, subsequent dilutions were made. The surface tension of each solution 

was determined after the systems were allowed to equilibrate for 2 days at 

25°C. A plot of the surface tension vs log c can be seen in Fig. 3.3. All 

glassware was thoroughly cleaned with a freshly prepared potassium 

dichromate/sulfuric acid solution and rinsed with distilled water.

3.2.6. INTERFACIAL TENSION MEASUREMENTS

The interfacial tension y, as a function of the logarithm of the concentra­

tion was determined for systems prepared with an aqueous 3.7:1 DDAO:sodium 

cetyl sulfate mixture and n-octane at 25°C, see Fig. 3.4.
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The systems were prepared by mixing 70 cc of the aqueous mixture and 20 

cc n-octane in 100 cc pyrex dishes. A teflon blade attached to a microforce 

transducer-amplifier (Sandborn, Model 311 A) was submerged in the lower 

aqueous phase and slowly raised into the upper oil phase using a mechanical 

elevating stand. The signal from the transducer amplifier was plotted, by a 

calibrated strip-chart recorder (Sergent-Welch Corporation). For systems with 

interfacial tension values significantly low, the spinning drop method (25) was 

used to determine . Appendix B shows the program used.

3.2.7. PRESSURE - AREA MEASUREMENTS

From the interfacial tension values obtained,the pressure n  vs area per 

molecule tr was determined using the Gibbs equation. For a binary mixture 

of two different surfactant components, the Gibbs equation may be written as

dTl = Tidfij + T2dfi2 = TtRT d in e , + T2RT d lnc2 (3.5)

where rfn is the change in the surface pressure of the solution, r, is the absorp­

tion density of the surfactant component i in the mixed film, dn, is the change 

in chemical potential of component i in the system, R is the gas constant, T is 

the absolute temperature, and c, is the concentration of composition i of surfac­

tant in the aqueous solution. When the aqueous solution is fixed (i.e., ci = ac 

and c2 = ( 1  - a )  c with c being the total surfactant concentration in solution) 

Eq. 3.5 can be written as

r  —  1 1 ra Al
~ 2.303R T  aiogc

The value of tr is given by 1/ r. The minimum value of tr was determined by 

plotting n  v s c  for a 3.7:1 DDAO:SCS, n-oclane mixture. These results are 

shown in Fig. 3.5. This plot actually represents the area occupied by
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approximately four molecules, (i.e., three SCS and one DDAO). The minimum 

value of <r was found to be 45^? per molecule. This value is in agreement with 

monolayer and duplex film measurements of octadecyl sulfate and octadimethy- 

lamine oxide ( 1 2 ).

>

3.3. THEORY

3.3.1. BENDING ENERGY AND MICROEMULSION STRUCTURE

In order to understand the interactions responsible for the phase behavior 

observed in microemulsion systems, we have used a phenomenological theory 

suggested by Safran (20) based on a model of interacting globules. This 

model assumes that for an oil, water and surfactant system, all the surfactant 

is at the oil/water interface (i.e., the interface is completely saturated with sur­

factant). This assumption is based on the low solubility of oil in water and 

the surf actant in either pure oil or water. For such a system the energetics are 

governed by the energy of the surfactant layer at the oil/water interface. In 

addition, the surfactant layer is assumed incompressible compared with its 

resistance to orientational distortions (bending of the surfactant sheath) while 

keeping the area per surfactant molecule constant.

The total free energy for such a system can be expressed as

Fr =nFB -T S s,+ F AT (3.7)

where nFB is the total bending energy of all the globules of the system, SBl is 

the free energy due to the entropy of dispersion and Fat is the free energy due 

to the interaction of the droplets.

It is well known that for a given amount of surfactant, the total surface 

area is constant. The surf ace f ree energy term corresponding to the creation of 

this interface will be assumed irrelevant, since it is a constant depending on the
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amount of surfactant used in the initial preparation of the microemulsion. 

The energy of the system is then related to the curvature of the interface and 

the total bending energy is related to the sum of the curvature or bending ener­

gies of all the individual droplets composing the system. The microemulsion 

in the dilute limit can then be viewed as a collection of non-interacting globules 

of oil-in-water. The bending energy per droplet is given by

1 + 1 - 2 XT *7 p7
2

dS (3.8)

where the integral is over the surface of the globule, and R 2 are the local 

radii of curvature, p0 is the spontaneous radius of curvature which represents 

the tendency of the interface to bend either to the water side (p0 >  0 ) or 

towards the oil side (p0 <  0) of the interface. The bending is determined by 

the packing and geometry of the surfactant molecules at the interface. K and 

K' are the elastic and saddle-splay constants related to the rigidity of the inter­

facial film. The first term in Eq. 3.8 represents the bending energy of a general 

interface with spontaneous radius of curvature p0. The second term represents 

the energy required to distort the surface to a saddle shape. To minimize FB 

the saddle-splay term favors structures with equal radii of curvature, for exam­

ple spheres and lamellae instead of cylinders or ellipsoids.

The total curvature energy of the system is then given as the sum of FB 

over all the globules. It is important to mention that since the number of glo­

bules is not constant the system will choose the size, shape and number of glo­

bules that will minimize its free energy. It is assumed that for a microemul­

sion system, the curvature energy is minimized by the formation of mono­

dispersed spherical droplets of radius p(). As explained by Sarfan (20), the 

total surface area of all the globules is fixed by the incompressibility of the sur­

factant molecules at the oil/water interface. In addition, the total volume of
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all the globules is fixed by the incompressibility of the internal water or oil 

phase. Therefore for an arbitrary concentration of oil, water and surfactant 

the system cannot produce a monodispersed set of globules of radius p0. 

W hat determines the optimal size of the globules is the competition between the , 

tendency of the system to form globules of radius p0 (minimizing the^bending 

energy) and the necessity to use all the oil, water and surfactant molecules 

available to the system. Therefore only specific component concentrations can 

produce optimal droplet radii. It should also be mentioned that for a dilute 

microemulsion system, a term expressing the entropy of dispersion should be 

added to the total curvature energy expression. Since the number of droplets 

is not a constant, both the curvature energy and entropy of dispersion must be 

considered when minimizing the free energy. Incorporating a term which 

expresses the entropy of dispersion has been reported to show that small struc­

tures are favored over larger ones when microemulsions are formed.

The droplet internal bending energy per unit volume is

Fb =nFG = 1 - p /  p0 ) 2 (3.9)
P

where X  is the volume fraction of the spheres in the microemulsion and n the 

number of globules per unit volume. Equation 3.9 shows that as the globules 

grow in size, the bending energy is reduced. Addition of internal phase results 

in the excess water being phase separated out as to maintain an optimal bending 

energy.

When p=p0, the bending energy is at a minimum, the globules have their 

optimal radius of curvature and the droplets are spherical. Upon addition of 

added internal phase, the droplel radius increases. The radius cannot grow 

beyond p0. Addition of excess internal phase results in the excess internal 

phase being phase separated out. This separation has been called "emulsification
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failure instability". It results in a phase separation of spherical droplets of 

radius p=p0 coexisting with a bulk phase of excess oil or water (the internal 

phase).

3.3.2. PHASE SEPARATION AND DROPLET INTERACTION

While a complete understanding of the curvature energy is useful for 

explaining droplet size and shape, an understanding of droplet interactions can 

lead to a physical description applicable to phase separation in microemulsion 

systems. The main ideas and development of this theory are due to Safran 

(20). For simplicity, we will assume that the microemulsion globules are 

spherical. The hard-core interactions of spheres can be accounted for by the 

entropy of mixing for hard spheres

where n 0 = 4<f>p3/  3. The attractive interaction between globules can be written

as

where kb is the Boltzmann constant and T  the absolute temperature. The 

virial coefficient A  (p. T ) is

Sm = n o E <t> ( log<£ — 1 ) 402 + 5(f>3 + . . .  ] (3.10)

F a t  — ~  T A ( , p . T ) x 2 (3.11)

A ( p . T )  = n0f  [exp-"(r *T - 1  ] d 3r (3.12)

which explicitly depends on the drop-drop interaction U ( r  ,p) given by

V (r ,p) = —P~
6  r 2—4p2 2 £  + lo8 (l-i£ )r r (3.13)

where A  is the Hamaker constant and r is the distance of separation between
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the droplets. For r » 2 p, Eq, 3.13 reduoes to

U(r .pi = -16 A (p/ r ) (3.14)

Because of the drop size-dependence of the virial coefficient, as the volume frac- 

tion of droplets is varied the strength of the interactions between the droplets is 

also varied. Thermodynamically, the competition between the entropy of 

mixing and the attractive interactions between the droplets permits a collective 

" liquid/gas" phase separation to occur whereby the system separates from a sin­

gle isotropic phase into two coexisting phases of spheres dispersed in the same 

continuous phase. This transition is achieved by varying the radius p of the 

droplets. Safran (20) has shown that when the radius attains a critical value 

pc such that the virial coefficient A (pc 21, the interactions are strong 

enough so that the microemulsion can separate into a "liquid" (high number 

density of droplets) and "gas" (low number density of droplets) phases. The 

density of the two coexisting phases are determined solely by the entropy and 

interaction terms.

The radius p can not exceed the natural bending radius p0, since at that 

point single-particle emulsification-failure instability occurs. If p0 >pc, the 

liquid/gas collective instability occurs followed by emulsification-failure. As 

more internal phase is added, the system phase separates out the excess internal 

phase from the two coexisting microemulsion phases (i.e., the liquid and the gas 

phase), resulting in three phases coexisting in equilibrium. The three phases 

are two microemulsion phases in equilibrium with an excess internal phase.

In accordance with the above description on the energitics of microemulsion 

systems, a model involving the total free energy of formation per droplet Gr , 

has been derived which can be used to describe microemulsion formation. 

This expression accounts for three energy terms ; 1 ) the solvation between the
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dispersed oil phase and the hydrocarbon tails of the surfactant molecules, 2 ) the 

work required to expand the interface, and 3) the interfacial bending energy of 

the surfactant sheath surrounnding each dispersed phase droplet. This equa­

tion may be expressed by

GT = + 4irr2

The first term of Eq. 3.15 represents the solvation between the oil and the 

hydrocarbon tails of the surfactant molecules, where Gs is the energy of solva­

tion in ergs/cc. This term is negative since it represents a favorable interac­

tion. In most cases, the dispersed oil phase and the hydrocarbon tails of the 

surfactant molecules will be quite soluble in one another and therefore require 

very little energy to go into solution. The value of this solvation term G5, 

was estimated based on the free energy of mixing AGM. between octane and 

dodecane given by

AGM =R T X ^ n t i  + R T X 2\n<f>2 (3.16)

where <f>i and <f>2 are volume fractions. If it is assumed that X i - X 2 and 

<f>i~4*2 = 0-5, then M}m » 1.7x7 ergs/mole. This calculation assumes that the 

microemulsion is an athermal solution i.e., AH, = 0. This situation occurs 

when the components ( i.e., oil and surfactant tails ) of the system are similar 

in chemical nature but different in molecular size. From this assumption Gs 

was found to be 2x l0 7 ergs/cc. The second term of Eq. 3.15 represents the 

amount of work required to expand the interface, where y is the microemulsion 

interfacial tension in ergs/cm2. This value has been determined for the three 

phase microemulsion systems SDS /  toluene /  1-butanol /  saline (27) and found 

to be between 10~4  - 10' 1 dyne/cm. The last term of Eq. 3.15 represents the 

flexibility of the interfacial surfactani sheath where K is the flexibility constant

y  + K
r 0

(3.15)
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in ergs and r„ is the natural radius of curvature (determined by the geometry of 

the surfactant molecules and their association with the oil phase and the cosur­

factant). This term becomes an Important consideration when the interfacial 

tension is almost zero. For simplicity we have neglected in this model any 

terms which account for the interactions between the microemulsion droplets, 

realizing that a much more accurate free energy description should account for 

such interactions as : 1 ) the surfactant head/head repulsion and 2 ) effects due to 

the entropy of dispersion during microemulsion formation which have previ­

ously been investigated by Ruckenstein (26).

Figure 3.6 shows the change in Gr vs. r for various values of K. In all 

cases, r0 = 90 A and y  = 0.1 ergs/cm2. To a first approximation it is assumed 

that the interfacial tension is independent of r .  That is as the droplets 

increase in size the interfacial tension remains constant. It is observed that

when K is approximately 1 0 ~ 1 0  ergs, the free energy starts out positive and 

decreases to a minimum value for r  = 90 to 180 A. For r  >  180 A, Gr

increases as the droplet radius increases. When K is on the order of 10' 11 

ergs, the value of Gr  decreases continuously and no minimum is observed as r  is 

increased. These results suggest that for droplets to form, K >  10' 11 ergs, 

suggesting that a low interfacial tension is not solely responsible for microemul­

sion formation. In addition to a low y,  the interfacial rigidity must be high 

enough in order to spontaneously curve the interface and form microdroplets. 

When K 10' 1 0  ergs, the interfacial rigidity is high enough to produoe a 

minimum value in the total free energy curve required for spontaneous disper­

sion and droplet formation.

3.4. RESULTS

In this section, the main emphasis will be on the vapor pressure of O/W
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microemulsions. Using vapor pressure analysis, microemulsion droplet molec­

ular weight and size will be determined. It also will be demonstrated that as 

the dispersed phase volume is increased, emunification - failure instability 

occurs as predicted by Safran (20).

3.4.1. I n P v s l / T

The vapor pressure of each microemulsion shown in Table 3.1, was deter­

mined from Eq. 3.1, by plotting In p vs lOOOxl/T. From the slope of the line 

(-Aff,./R). the heats of vaporization were determined. The intercept at 

1000x1/T  = 0 yields a value of A H V /R T 0 . Thus from the slope and intercept, 

both A H  and T 0 can be evaluated. For water at 30°C, excellent correlation 

(98.5%) was obtained between the experimental value of AH -  45.3 kj /  mole 

and the literature value of 46.0 kj /  mole (Handbook of Chemistry and Physics, 

Weast, 57th Edition, CRC Press). Fig. 3.7 shows a typical plot for a system 5 

microemulsion (1 gm SDS /  H20  /  3.7 DDAO) containing 1 cc of n-octane. In 

all cases, a straight line was obtained with excellent correlation (>0 .99). The 

same procedure was repeated for all the systems investigated containing various 

amounts of oil.

3.4.2. Vapor Pressure vs Volume of Oil at Various Temperatures

The vapor pressure vs various volumes of n-octane was determined for sys­

tem 5 (1  gm SDS /  20 cc saline /  n-octane /  3.7 gm DDAO) between the tem­

peratures 1 5 - 4 0  °C, as shown in Fig. 3.8. It is evident that at each tempera­

ture, two distinct regions are present depending on the volume of n-octane used 

in the initial preparation of the microemulsion. Upon the addition of 0.25 cc 

of n-octane at 30 °C, the vapor pressure decreases to 25.4 mm Hg (from 32.4 

mm Hg for the zero ml oil system) and remains low up to the addition of 1.1 cc
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of octane (25.6 mm Hg). Between 1.1 and 2.2 cc of n-octane, a steady 

increase in the vapor pressure is observed. Beyond 2.2 cc of n-octane, a two 

phase system is formed and the vapor pressure reaches a maximum value of 51 

mm Hg, the sum of the individual components (i.e., n-octane 19 mm Hg and

saline 32 mm Hg) of the system.

3.4.3. Vapor Pressure vs Volume of n-Pentane, n-Hexane, n-Decane and 

two n-Octane Microemulsion Systems

Figure 3.9 shows a plot of the vapor pressure determined at 30°C vs vari­

ous volumes of oil for microemulsions prepared with n-pentane, n-hexane, n- 

octane and n-decane (see systems 1-4, Table 3.1). A basic characteristic 

observed for all the systems investigated is a significant lowering of the vapor

pressure upon the addition of small volumes of oil.

Microemulsions prepared with n-pentane show an initial lowering of the 

vapor pressure (16.5 mm Hg), then a sharp increase for volumes greater than 

0.3 cc. Microemulsions prepared with n-hexane show a similar vapor pressure 

lowering. For the n-hexane microemulsion systems, an initial lowering in the 

vapor pressure is observed; however, the vapor pressure remains low until the 

added volume of n-hexane exceeds 1 cc. Beyond this volume, a sharp increase 

in the vapor pressure is observed. Microemulsions prepared with n-octane 

and n-decane also show a significant lowering in the vapor pressure when oil is 

added. It is interesting to note that, as the hydrocarbon chain length 

increases, the minimum observed in the vapor pressure curve is also increased 

over a larger oil volume.

For a microemulsion prepared with 1 gm SDS/20 cc water/12 cc DDAO and 

various volumes of n-octane, the viscosity was determined at 22°C. It was 

observed that a maximum in viscosity was achieved when the microemulsion
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TABLE 3.3

OCTANE 15 20 25 30 35 40
(cc) CC) CC) CC) CC) CC) CC)

0.1 8.25 X 10s 6.85 X 10s 5.77 X 10s 4.95 X 10s 4.4 X 10s 3.99 X 10s
0.25 7.79 X 105 6.79 X 105 6.17 X 10s 5.9 X 10s 6.13 X 10s 7.26 X 10s
0.50 7.39 X 10s 6.34 X 10s 5.53 X 105 4.99 X 10s 4.72 X 10s 4.71 X 10s
0.75 7.98 X 10s 7.05 X 10s 6.4 X 10s 6.14 X 10s 6.34 X 10s 7.48 X 10s
1.0 8.18 X 10s 7.15 X 10s 6.41 X 10s 6.03 x  105 6.06 X 10s 6.74 X 10s
1.10 8.49 X 10s 7.36 X 10s 6.6 X 105 6.29 x  10s 6.39 X 10s 7.29 X 10s
1.25 1.45 X 10b 1.33 X 10b 1.52 X 106 1.77 x  106 2.86 X 106
1.40 6.6 X 106 6.29 X 106 6.78 X 106 1.98 x  107

TABLE 3.3 Calculated values of the G.M.W. per mole droplet for a 
microemulsion containing 20 cc of 5% NaCl + 0.01 N NaOH /  1 
gm SCS /  3.7 gm DDAO and various volumes of n-octane 
between 15-40°C.

TABLE 3.4

OCTANE
(cc)

radiusyp radiusPCS

0.1 85.4 80.8
0.25 93.2 76.8
0.5 85.8 85.6
0.75 95.1 80.5
1.0 94.3 94.4
1 . 1 96.3 115.0
1.25 161.5 198.0
1.4 540.2 958.0

TABLE 3.4 Calculated radius values for microemulsior^s prepared with  
various volumes of n-octane assuming a  * 45 A  per molecule.
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contained 0.125 cc of n-octane. Upon increasing the volume of n-octane to 0.5 

cc, the viscosity decreased and remained at a minimum value of 19 cps.

3.4.4. Molecular Weight Determinations

For microemulsions containing various volumes of n-octane, the droplet 

molecular weight was determined from the lowering of the vapor pressure (for 

system 5, Table 3.1). The experimental vapor pressure values determined 

between 15-40°C are shown in Table 3.2. Using the van’t Hoff equation

M. = R T ^  (3.17)

where;

M. ■» gram molecular weight 

R = gas constant 

T = temperature (“K )

C = solution concentration (gm/L) 

tt= P„~ P

the M. per droplet in the microemulsion was determined from the difference in 

vapor pressure between the solution containing no oil (p0), and the microemul­

sion containing various volumes of n-octane (p ).

For example, at 30°C, a system prepared with 0.5 cc of n-octane where it  -  

6.04 mm Hg, C -  159.7 gm/L and T -  303.15 °K, the M. -  4.99x 105 

grams/mole. Table 3.3 shows the values of the G.M.W.’s per droplet for 

microemulsions containing 0.1 - 1.4 cc of n-octane. Although some scattering 

is observed in Table 3.3, it is evident that as the volume of n-octane is 

increased, the apparent G.M.W, per droplet also increases.
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FIGURE 3.10 Minimum volume of DDAO vs volume of saline required to 
titra te  an emulsion prepared w ith 1 gm SCS/1 cc n-octane 
and various volumes of saline to c la rity  a t 25°C.

oc



91

3.4.5. Radii Determinations

From the values of the average G.M.W. per droplet, droplet radii were 

determined by considering that the ratio of the G.M.W. divided by S.W., (the 

average weight of associated surfactant and cosurfactant at the droplet inter­

face) gives the number of surfactant molecules at the droplet surface. For 

spherical droplets, of surface area 4 7rr2

where cr is the average cross-sectional area per surfactant molecule, droplet radii

all the surfactant absorbs at the droplet interface then the ratio of surfactant /  

cosurfactant at the interface can be determined by the titration technique 

(1,10). This is done by plotting the volume of DDAO vs the volume of 

saline, shown in Fig. 3.10. This plot represents the minimum volume of 

DDAO required to titrate to clarity a system 5 emulsion. From the extrapo­

lated intercept value, the ratio of DDAO:SCS was found to be 3.7:1 and the 

average S.W. of associated surfactant /  cosurfactant at the droplet interface is 

243.1 gm /  mole.

Table 3.4 shows the droplet radius determined from vapor pressure 

analysis assuming cr -  45/? /  molecule for increasing volumes of n-octane. 

Also shown in Table 3.4 are the radii values determined by photon correlation 

spectroscopy. Droplet radii determined by vapor pressure measurements were 

found to be in agreement with those found using PCS with the exception of the 

system prepared with 1.4 cc of n-octane, where a high polydispersity was

(3.18)

and

G.M.W. v cr 1 
S.W. 4tt

(3 19)

values were determined assuming cr = 45/? per molecule. If it is assumed that
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TABLE 3.2

OCTANE 15 2 0 25 30 . 35 40
(cc) (°C) (°C) (°C) (°C) (°C) (°C)

No oil 12.7 17.1 22.9 30.3 39.8 51.8
0 . 1 0 9.4 13.1 18.0 24.6 33.2 44.4
0.25 9.1 12.9 18.2 25.4 34.9 47.6
0.50 8 . 8 12.5 17.5 24.3 33.3 45.2
0.75 9.0 12,9 18.2 25.3 34.9 47.6
1 . 0 0 9.0 12.9 18.1 25.1 34.5 46.9
1 . 1 0 9.1 18.2 18.2 25.3 34.7 47.3
1.25 1 0 . 6 14.8 2 0 . 8 28.5 38.7 51.9
1.40 1 2 . 2 16.7 22.4 29.9 39.6 52.0
1.50 15.5 2 0 . 8 27.5 36.1 47.1 60.3
1.7 14.6 19.8 26.5 35.2 46.3 60.3
2 . 0 16.5 22.14 29.5 38.9 50.8 65.8
2 . 2 2 0 . 1 27.7 37.8 51.0 6 8 . 1 90.1
2 . 2 24.3 31.9 41.7 53.8 69.0 87.8
2.5 19.9 26.6 35.3 46.4 60.4 77.9
2.5 17.9 24.3 32.6 43.3 56.9 74.2
3.0 17.8 24.0 32.1 42.2 55.8 72.6
4.0 19.7 26.7 35.9 47.6 62.7 81.8
5.0 23.1 30.9 41.1 53.8 70.4 90.9

TABLE 3.2 Vapor pressure for a microemulsion prepared with 20 ml 5% 
NaCl + 0.01N NaOH /  1 gm SCS /  DDAO and various volumes 
of n-octane between 15-40°C.
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found.

An alternate method to calculate the droplet radius in a W/O microemul­

sion has been suggested by Weatherford (14). Based on the Kelvin equation

Using Eq. 3.21 and substituting the values of n-octane for y, Vc , p°  and p ,  the 

inner oil core radius was determined. The value was found to be 110 A, also 

in agreement with the two previous values shown in Table 3.4. It should be 

noted that the value of 110 A does not take into account the polar heads of the 

surfactants, which account for approximately 10 A.

3.4.6. Activation Energy

It is well established that with very few exceptions, the rate of a reaction 

increases (often very sharply) with temperature. The relationship between the 

reaction rate and temperature was first proposed by Arrhenius:

P
P_=e RTd<

O (3.20)

where

y *= the surf ace tension of pure water

Vc ■= the molar volume of water (cm3  /  mole)

p -  the measured vapor pressure over the microemulsion

p° = the vapor pressure of the continuous phase

the inner aqueous core diameter can be determined by

4-81ycVf (3.21)
RT  In

P

K = A  e - B J  RT (3 .22)
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where

K -  the reaction rate constant

A = the frequency factor

R “  gas constant

T = the absolute temperature

Ea -  the activation energy (kJ /  mole).

It is apparent that by determining the value of K at several temperatures, the 

plot of In vs. 1/T will yield the activation energy from the slope of the curve 

and the frequency factor from the value of the intercept. The constant A 

may be ignored unless the temperature is high.

For the five o/w microemulsion systems investigated the activation energy 

values were determined by plotting the change in vapor pressure as a function 

of the dispersed phase volume between 15 - 40°C. It is apparent from Fig. 

3.8 that the slope of the vapor pressure curve increases with temperature. 

This increase is due to droplets breaking in solution as described by Weather­

ford (14). Therefore, as the temperature is increased, the rate of breaking also 

increases so that, K=(.$P/ 0 V)r . From the value of the slope of the line at 

different temperatures, the activation energy corresponding to the amount of 

energy required to break the surf actant sheath was determined using

, K * - E° 
" Ky R

1 _  1
T a T 2

(3.23)

where

Kj and K2 are the slope values at temperatures Tj and T2 

Activation energy values based on viscosity measurements were independently 

determined for pure n-pentane, n-hexane and n-octane. These values were
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then compared to microemulsion activation energy values determined from Eq. 

3.23 for systems containing the corresponding oils. It was found that a large 

difference exists between the two measured values. This difference may be 

related to the strength of the surf actant sheath surrounding the droplets.

3.5. DISCUSSION

3.5.1. PERCOLATION IN MICROEMULSION SYSTEMS

The concept of a percolation transition between droplets has been used to 

describe electric conductivity in disordered microemulsion systems. In systems 

containing random distributions of particles, the percolation transition signifies 

the first emergence of an infinite cluster of droplets at some critical volume of 

dispersed phase <f>d. If the particles are conducting and the background matrix 

is insulating, no conductivity will be observed for <j> <<f>d . At <f>d, there will be 

a continuous transition to the conducting state. For microemulsion systems, 

this transition is measured through the ionic conductivity. Recent measure­

ments of the conductivity of microemulsions have suggested the existence of a 

percolation threshold as a function of the volume of the dispersed phase, tem­

perature and globule size (21,22). This transition has been shown to occur 

near the "liquid-gas" phase separation region (20). Some studies have a ttri­

buted this transition to the onset of a bicontinuous phase (23). Recent scatter­

ing experiments on AOT w/o microemulsions have shown that there is no 

change in the particle size and shape as the critical point for phase separation is 

approached. These results suggest that conductivity measurements can be 

interpreted to occur at the percolation threshold and resemble the interaction 

between clusters of droplets.

The vapor pressure results shown in Fig. 3.8 indicate that microemulsions 

prepared with various volumes of n-octane in the dispersed phase exhibit two
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distinct regions of transparency. These two regions are separated by a sharp 

transition in the vapor pressure of the system. Upon the addition of n- 

octane, the vapor pressure decreases, typical of a colloidal or high molecular 

weight polymer solution. Within this region, the droplet structure is that of 

encapsulated spherical droplets surrounded by a surfactant sheath dispersed 

throughout the continuous phase. Upon increasing the volume of n-octane, 

the vapor pressure increases. This increase is attributed to: 1) the droplets 

increasing in size as a result of increasing the dispersed phase volume and 2 ) a 

dynamic equilibrium existing between the breaking and reforming of the dro­

plets in solution. As suggested by Weatherford (14), a dynamic equilibrium is 

established whereby a mass transfer of oil occurs from the droplet hydrocarbon 

core, through the annular surfactant layer to the continuous medium, and into 

the vapor phase. Hydrocarbon vapor in turn, is adsorbed by exposed transi­

tory flat surfaces of hydrocarbon core liquid released by collapsed microemul­

sion droplets, which subsequently reform into submerged droplets, thereby 

completing the dynamic cycle.

The results of Fig. 3.8 can also be interpreted by considering that when the 

droplets contain a small volume of n-octane, the hydrocarbon is strongly associ­

ated with the tails of the surfactant molecules. This interaction results in a 

highly structured core and prevents hydrocarbon vapor from being present in 

the vapor phase. Alternatively, as the volume of hydrocarbon is increased, the 

situation within the droplet core is quite different. Increasing the volume of 

n-octane results in a core showing characteristics of bulk hydrocarbon. The 

hydrocarbon vapor is free to enter the vapor phase resulting in an increase in the 

measured vapor pressure. Similar behavior has been shown to exist for 

AOT/isooctane/water microemulsions systems as the water content was varied 

(20).
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The aggregation and merging processes of droplets in w /o microemulsions 

have been investigated by Cazabat (16). For systems of low water concentra­

tion, isolated noninteracting droplets were found. At higher water concentra­

tions, droplet interactions were found to be repulsive, where the collisions are 

•short lived and no overlap occurred between colliding droplet interfaces. 

However, if the interactions are attractive, the duration of collisions were found 

to increase and transient droplet clusters were formed. The probability of 

such transient merging in ternary systems has been shown to be low ( - 1 0 ’ 3  per 

collision ). For quaternary systems the merging probability between droplets 

is quite high (- 1 ) indicating that the interactions between droplet cores play an 

important role in these systems.

It is well known that surfactants in solution can form a variety of struc­

tures ranging from spherical micelles to lamellar structures. During the 

preparation of the microemulsion systems investigated in this study, viscosity 

changes were observed for systems containing relatively small volumes of n- 

octane. Viscosity values as high as 180 cps were noted for a microemulsion 

containing 0.125 cc of n-octane. The viscosity progressively decreased and 

remained at 19 cps for systems prepared with more than 0.5 cc of n-octane. 

The increase in viscosity can best be explained by the formation of lamellar 

structures composed of associated SDS/DDAO present throughout the continu­

ous phase. The formation of these structures is responsible for an overall 

increase in the system viscosity along with the binding of bulk water. As the 

volume of n-octane is increased, it was found that the viscosity decreased. 

This effect results from the resolution of the lamellar structures into droplets 

dispersed throughout the continuous phase. The formation of the lamellar 

structures and the formation of a large number of droplets in solution contri­

butes to the initial decrease observed in the vapor pressure. Once the system is
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completely resolved into droplets, it behaves as an ordinary colloidal dispersion, 

exhibiting a decreased vapor pressure.

3.5.2. ACTIVATION ENERGY BASED ON VAPOR PRESSURE MEASURE­

MENTS

The effect of temperature on the slope of the curve of vapor pressure vs, 

volume of n-octane is demonstrated in Fig. 3.9. It is observed that for sys­

tems containing greater than 1 .1  cc of n-octane, the slope increases as the tem­

perature is increased. The increased value of the slope is related to the break­

ing and reforming of the surfactant sheath surrounding the droplets. The 

slope can be interpreted as a change in pressure with respect to the radius 

(QP/ dr)/-. In a recent publication (15) it was demonstrated from sedimenta­

tion experiments that a fixed amount of surfactant will cover only a constant 

total interfacial area. Within this constraint, a change in the dispersed phase 

volume will cause the droplets to swell, shrink or change in number. Conse­

quently, when the volume of n-octane increases, the radius increases while the 

number of droplets decrease. Since (.QP/Qr)r was found to increase with 

temperature this change must therefore be related to the strength of the sheath 

around each droplet. The activation energy determined from Fig. 3.9 using 

Eq. 3.23 was found to be 35.2 kJ /  mole. This value is significantly higher 

than activation energy values determined for pure n-octane obtained through 

viscosity measurements by plotting ln*r} vs. 1 /T. The activation energy value 

calculated for pure n-octane was found to be 8 . 8  kJ /  mole. Activation energy 

values for pure n-pentane and n-hexane have also been determined from viscos­

ity measurements and found to be 6.3 and 7.5 kJ/mole respectively. When 

these hydrocarbons are microemulsified with water, SDS and DDAO, the activa­

tion energy values were found in both cases to be 20.9 kJ/mole. These results 

clearly demonstrate that when hydrocarbon oils are encapsulated by a
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surfactant sheath, more energy is required in order for the hydrocarbon to 

penetrate the sheath. The difference between the pure component activation 

energy and those for the microemulsion systems must therefore reflect both the 

strength and rigidity of the interfacial sheath.

3.5.3. HEAT OF VAPORIZATION

Depending on the volume of oil used in the dispersed phase, different dro­

plet structures are present. These two regions are clearly demonstrated in Fig. 

3.11 which shows the heat of vaporization A/Zv as a function of the volume of 

n-octane in the dispersed phase. The observed discontinuity in the slope 

undoubtedly reflects the differences in the physical structure between the dro­

plets present within the encapsulated and dynamic regions. For systems con­

taining less than 1.1 cc of n-octane, AHv increases. Since droplets within this 

region are quite stable, more energy is required to vaporize the n-octane. Sys­

tems containing greater volumes of n-octane show a decrease in AHv since the 

droplets within this region are in a dynamic equilibrium and less stable. 

Thermodynamically, one would expect that since the droplet structures are 

quite different, the free energy of formation AG/, corresponding to microemul­

sions in the encapsulated region, should be significantly different than in the 

dynamic region. Interestingly enough, the AG/ values were found to be 17.0 

kj /  K mole for a microemulsion prepared with 0.5 cc and 18.3 kj /  K mole for 

a microemulsion containing 1.4 cc of n-octane. These results demonstrate that 

the AG/ values are independent of the dispersed phase volume. Nevertheless, 

based on vapor pressure analysis the structures are very different.

3.5.4. INTERFACIAL FLEXIBILITY

De Gennes and Taupin (17) have described microemulsions based on struc-
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tural models which divide the micromemulsion into consecutive cubes of linear 

length £ randomly filled with either oil or water. The model also takes into 

account the film flexibility and rigidity of the Interfacial film. Safran (18) 

has determined that a more complete description of microemulsions can be 

obtained by introducing a term which takes into account the curvature energy 

of the surfactant layer. Recently, di Meglio has determined the rigidity con­

stant K for a lamellar phase system prepared with sodium dodecyl sulfate 

(SDS) /  cyclohexane /  water and 1-pentanol close to the isotropic microemulsion 

region using the spin labelling technique (19). The systems investigated were 

prepared at 1) a constant swelling ratio ( oil/water ratio ) while staying at the 

linear border of the lamellar phase and 2) by varying the concentration of 1- 

pentanol at a fixed swelling ratio. The results obtained indicate that as the 

concentration of 1-pentanol was increased, the amplitude of the undulations at 

the interface also increased, resulting in a decrease of the rigidity of the interfa­

cial film.

Rosano (27) has reported that if one plots the overall change in interfacial 

tension y  of the upper and lower phases for the three phase system 

SDS/toluene/1-butanol/saline, y  is at a minimum within the three phase region. 

In order to produce the finest dispersion y should be as low as possible, but 

when y is to low separation rapidly occurs. A low value of y is necessary for 

dispersion but does not produce interfacial curvature. Since y  must regain a low 

positive value for any degree of microdroplet stability, the interfacial ridigity 

must be higher than for lamellar phase systems where K = 10"14 ergs has been 

reported (19).

For the systems investigated by vapor pressure analysis, the structure of 

the interfacial film in the encapsulated and dynamic region of Fig. 3.9 has been 

determined. It was found that the ratio of DDAO:SCS varied as the dispersed
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phase volume increased. A microemulsion prepared with 0.5 cc of n-octane 

was found to contain a 1.1:1 DDAO:SCS ratio while a 5:1 ratio of DDAO:SCS 

was found for a system containing 1.4cc of n-octane. For each system the 

entropy of mixing ASm was determined from

ASm = - N A R X A \nXA - N b R X b \nXb (3.24)

where

Na andNb are the total number of moles of surfactant and cosurfactant

XA andXjj are the mole fractions of surfactant and cosurfactant

. The ASm value in the encapsulated region was found to be 6.0 J /  K while in the 

dynamic region the value of ASm is 8.8 J /  K. These values strongly suggest 

the idea that a major role of the cosurfactant is to induce disorder at the inter­

face. From these results it was concluded that as the interfacial film became 

more flexible the probability of droplet merging increased.

Droplet stability and its effect on vapor pressure can also be explained by 

considering results based on sedimentation measurements (15) for o/w 

microemulsions. It has been shown that for a given amount of surfactant, the 

total interfacial area remains constant, regardless of the amount of oil present. 

When the volume of oil exceeds the capacity of the surfactant to stabilize it, the 

droplets increase in size. Therefore, a critical amount of surfactant is required 

to form a stable microemulsion. For the system investigated, it seems reason­

able that stable encapsulated droplets are formed when the volume of oil is 

small since there is a sufficient amount of surfactant molecules present in order 

to form a stable interfacial film around each droplet. When the volume of 

oil exceeds the amount of surfactant present, the interfacial film is weakened 

and the droplets become less stable and can merge. In reference to the results 

presented here, this effect is shown by the increased vapor pressure as the



volume of oil is increased.
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CHAPTER 4

THE
EFFECT OF POLYMERS 

ON THE VAPOR PRESSURE 
OF

O/W MICROEMULSION SYSTEMS

4.1. INTRODUCTION

In the previous chapter, it was demonstrated based on vapor pressure 

analysis that o/w microemulsions clearly exhibit two distinct regions of tran­

sparency depending on the volume of hydrocarbon in the dispersed phase. For 

low volumes of hydrocarbon, encapsulated noninteracting droplets are formed 

in solution, while for higher volumes of hydrocarbon, a dynamic merging equili­

brium exists whereby the droplets are continuously breaking and reforming.

The need to understand the stability of colloidal dispersions has been the 

central motivating factor in the study and development of colloidal science. 

The concept of stability in this context is generally understood to mean kinetic 

stability, i.e., stability imposed by a strong repulsive barrier acting against con­

tact between the suspended particles (1).

London-van der Waals dispersion forces are at the origin of the tendency of 

colloidal systems to coagulate and aggregate. The sources of repulsive forces 

needed to stabilize the dispersion against these attractive forces are usually of 

two types;

1) coulombic repulsion due to electric charges on the particle surface, i.e.,

electrostatic interactions between the ionic double layers surrounding the

1 0 6
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particles

2) static repulsion introduced by large molecules or polymers adsorbed on 

the particle surface.

In this chapter, the effect of dissolved polymers in the continuous phase of 

o/w  microemulsions will be investigated in order to demonstrate the effect these 

large molecules have on the droplet interactions. Both anionic and cationic 

polymers will be investigated. It is hypothesized that polymers added to the 

continuous phase of microemulsion systems may reinforce the encapsulated dro­

plets or prevent the droplets to some extent f rom merging. If the presence of 

polymers in the aqueous phase can alter the droplet interactions, this effect 

should be demonstrated by vapor pressure analysis.

4.2. EXPERIMENTAL

4.2.1. CHEMICALS

Polymer JR-400, a quaternary water-soluble cationic nitrogen-substituted 

cellulose ether, (Union Carbide Corp.) and sodium carboxymethlycellulose 

(CMC), a low viscosity anionic water soluble polymer, 99.5% purity (approx. 

Mol. Wt. 90,000), (Hercules Inc.) were used. The hydrocarbon, surfactant and 

cosurfactant used were previously described.

4.2.2. PREPARATION OF POLYMER MICROEMULSION SYSTEMS

In a water-jacketed beaker maintained at 25°C, initial emulsions were 

prepared containing 15 cc of water, 1 gm. SDS and various volumes of n-octane. 

These emulsions were titrated to clarity (92% T @ 520 nm.) with DDAO. To 

these transparent systems 5 cc of a 0.1% JR-400 or 0.1% CMC polymer solution 

was added. At the concentration of polymer used, no viscosity changes were 

observed. In all cases the systems remained transparent upon addition of
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polymer. The microemulsions were then throughly stirred for 15 minutes to 

ensure complete mixing.

4.3. RESULTS

4.3.1. MICROEMULSIONS INVESTIGATED

Figure 4.1 shows the vapor pressure of an o/w microemulsion for various 

volumes of n-octane in the presence and absence of polymer dissolved in the 

aqueous phase. Curve A represents the vapor pressure behavior of a 

microemulsion prepared with 1 gm. SDS /  20 cc water /  3.7 gm DDAO and 

various volumes of n-octane. As previously discussed the vapor pressure 

decreases upon addition of n-octane. The structure of the droplets within this 

region is thought to be that of encapsulated droplets surrounded by a 

surfactant/cosurfactant sheath. Increasing the volume of n-octane results in 

the existence of a dynamic equilibrium of merging droplets and an increase in 

vapor pressure. The vapor pressure increases until separation of oil and water 

occurs, i.e., a two-phase system is formed.

Curve B demonstrates the vapor pressure behavior of a microemulsion 

prepared with 1 gm. SDS /  15 cc water + 5 cc of 0.1 % Polymer JR-400 /  2.4 gm 

DDAO and increasing amounts of n-octane. It is observed that upon addition 

of 0.25 cc n-octane the vapor pressure decreases to approximately 24 mm Hg 

and remains low up to the addition of 0.5 cc. When the volume of n-octane 

exceeds 0.5 cc, a sharp increase in vapor pressure results. For a microemulsion 

prepared with 0.8 cc n-octane, a maximum vapor pressure of 41 mm Hg is 

reached. The vapor pressure was found to remain high up to the addition of 

1.3 cc.

Curve C represents the vapor pressure of a microemulsion prepared with 1 

gm. SDS /  15 cc water + 5 cc of 0.1 % CMC /  3.7 gm DDAO and various
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volumes of n-octane. It is observed that when CMC is added to microemul­

sions containing large volumes of n-octane, the vapor pressure is reduoed com­

pared to microemulsions prepared in a pure aqueous phase. For 1 cc of n- 

octane, it can be seen that the v,apor pressure is approximately equal to that of a 

microemulsion prepared in pure water. Increasing the volume of n-octane does 

not result in a sharp vapor pressure increase. It is interesting to note that 

phase separation was observed for microemulsions prepared in pure water con­

taining 2 cc of n-octane, but was not seen for microemulsions containing CMC. 

These results clearly demonstrate that the droplet interactions in microemulsion 

systems can be strongly influenced by the addition of polymers. The influence 

can in some cases result in stabilization or destabilization of the microemulsion.

4.4. DISCUSSION

The results shown in Figure 4.1 demonstrate that cationic or anionic poly­

mers added to the continuous phase of o/w microemulsion systems can 

significantly influence drop-drop interactions over a wide range of oil volumes. 

Surface tension measurements on solutions of Polymer JR in water, show that 

the polymer is weak surface active. At a level of 0.1%, the polymer was 

found to reduce the surface tension of pure water by ca. 4 dyn/cm (2). This 

small reduction of the surface tension of water suggests that the polymer is 

very active in the bulk phase.

Using surface tension data, Goddard (2) has demonstrated that addition of 

Polymer JR caused a marked decrease in the surface tension of SDS surfactant 

solutions at low concentrations. It was suggested that in certain cases, com­

plexes would form between cationic polymers and anionic surfactants. This 

interaction would modify the polymer and render it more surface active by 

adsorption of surfactant "head-head" onto cationic sites along the polymer
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chain. Modification of the polymer was demonstrated by an increase in the 

overall viscosity of the system.

4.4.1. MICROEMULSION INTERACTION WITH POLYMER JR

Addition of Polymer JR introduced to the continuous phase of an o/w 

microemulsion prepared with water /  SDS /  n-octane and DDAO seems to have 

a destabilizing effect on the microemulsion droplets. For relatively small 

volumes of n-octane, the vapor pressure was found to sharply increase leading 

to a breakdown of the microemulsion and eventual phase separation. It was 

thought that addition of a cationic polymer to a microemulsion prepared with 

an anionic surfactant, the polymer would "wrap-around" the microemulsion 

droplets and enhance their stability over larger volumes of n-octane. Contrary 

to the expected results, destabilization of the microemulsion occurred. These 

results are in agreement with the formation of complexes formed between the 

cationic polymers and SDS. Adsorption of SDS onto the cationic sites along 

the polymer chain reduces the amount of surfactant at the o/w interface. 

The complexation between Polymer JR and SDS reduces the droplet stability.

4.4.2. MICROEMULSION INTERACTION WITH CMC

Microemulsion systems prepared with CMC in the aqueous phase are 

shown to exhibit a stabilizing effect when compared to microemulsions prepared 

in a pure water continuous phase or a continuous phase containing Polymer JR. 

Figure 4.1 shows that when CMC is added 1o the continuous phase of a 

microemulsion containing large volumes of n-octane, the vapor pressure Is lower 

than for microemulsions prepared in a pure water phase. Since there is no 

association between the surfactant and the anionic polymer, there is no deple­

tion of the surfactant at the o/w interface. In addition, since both surfactant
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and polymer are anionic, they produce a repulsive interaction. This interac­

tion aids in keeping the surfactant at the o/w interface while enhancing the dro­

plet stability.

The interaction between hydroxyethylcellulose and SDS using surface ten­

sion measurements has been investigated by Goddard (2). Surface tension 

measurements clearly show that there is little or no association between 

hydroxyethylcellulose and SDS in the bulk phase. These results are based on 

the fact that when hydroxyethylcellulose is added to an SDS solution, no appre­

ciable surface tension lowering occurs. This suggests that microemulsions con­

taining CMC in the aqueous phase contain only unassociated CMC. Free CMC 

in the bulk phase should therefore exhibit a repulsive interaction between other 

CMC molecules and the anionic surfactant heads of the microemulsion droplets. 

This effect should interfere with microemulsion droplet merging resulting in 

stable microdroplets over larger volumes of hydrocarbon. Figures 4.2 and 4.3 

show the interaction between microdroplets in the presence of cationic or anionic 

polymers.

4.4.3. THE EFFECT OF POLYMERS AND ACTIVATION ENERGY

If CMC added to microemulsions stabilizes the droplets, the activation 

energy required to break the surfactant sheath surrounding the droplets should 

be slightly higher than in the absence of CMC.

The activation energy for microemulsions prepared with CMC in the 

dispersed phase was determined from Eq. 3.20 between 15-40°C. The results 

clearly demonstrate that in the presence of CMC, microemulsion droplets are 

significantly stabilized as shown by the vapor pressure curve in Fig. 4.1. The 

activation energy was found to be 35.4 kj/mole. This value clearly demon­

strates a stabilizing effect over microemulsions prepared in pure water, where



FIGURE 4.2 M icrodroplct behavior in solution A) w ater continuous 
phase, B) w ater + Polymer JR.



HGURK 4.3 Microdrojilct behavior in a w ater + CMC solution.
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the activation energy was found to be 31.5 kj/mole. Due to 

surfactant/polymer association, activation energy values for microemulsions 

prepared in the presence of Polymer JR were not obtained since these systems 

rapidly separated.

Activation energy barriers to coalescences between two stabilized w/o 

microemulsion droplets have been determined (3). As two droplets approach 

each other, the interfacial film surrounding each of the drops begin to mix. As 

the monolayers mix, solvent is dispersed from the interfacial layers, causing an 

increase in free energy as the film becomes locally more concentrated in surfac­

tant and cosurfactant. When such a change in composition increases the free 

energy, the drops will be stabilized against coalescences. Systems where the 

dispersed phase volume was increased from 1.0 to 1.44 ml while keeping the 

droplet radius at 25 A and a constant amount of surfactant caused an energy 

change of 2kT. Systems with the smaller dispersed phase volume were found 

to have the higher energy barriers aganist coalescence since the concentration of 

surface active components at the interface is higher.

These results demonstrate that microemulsion systems can be made 

inherently unstable under certain conditions. In the presence of anionic poly­

mers, droplet interactions are reduced while a high concentration of surfactant 

remains at the droplet interf ace.
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CHAPTER 5

CONCLUSION

Transparent ternary, quaternary and polyphasic systems have all been 

called microemulsions. There is disagreement as to whether these systems are 

thermodynamically stable or not. For the quaternary systems Coil /  water /  

surfactant /  cosurfactant) investigated in this study, it is concluded that 

microemulsions are thermodynamically stable systems. However, the order 

of preparation has been shown to play a major role in their formation. It 

was also shown that microemulsion formation is a spontaneous process. This 

was demonstrated by showing that the free energy of transforming an emulsion 

into a microemulsion is a small negative value. Since this value is small, the 

driving force for these processes is also small and seems to indicate why a 

specific order must be followed when preparing these transparent systems. 

These results indicate that when the correct order of mixing is followed, the 

activation energy barrier these systems must overcome during their formation is 

significantly lowered. Microemulsion formation cannot simply be accounted 

for by thermodynamic properties alone. Although all the free energy values 

were found to be negative, both positive and negative values were found for the 

enthalpy while one negative entropy value was obtained. These results indi­

cate that other effects should be considered to explain microemulsion formation.

Viscosity and phase volume measurements indicate that microemulsions are 

formed by the resolution of filament structures into microdroplets. The 

microemulsion equilibrium phase diagram obtained was found to be similar to a 

simple phase diagram showing the surfactant behavior in an oil/water system. 

It was concluded that transparent systems of the oil-in-water type should be 

classified more appropriately as swollen micellar solutions.

117
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The term microemulsion seems to be an unfortunate term to describe these 

transparent systems. The word microemulsion can only designate a tran­

sparent emulsion. It is well known that significant differences exist between 

these two types of systems. The formation of a microemulsion does not 

depend on the amount of surfactant or mechanical work put into the system as 

is the case for emulsions. In 1943 Hoar and Schulman called these tran­

sparent solutions of the w/o type oleopathic hydro-micellar solutions. In the 

case of o/w systems the term hydropathic oleo-micellar solution was used. In 

view of the results presented in this thesis, it is felt that these terms are more 

appropriate to describe transparent systems.

The vapor pressure measurements of o/w microemulsion systems suggest 

that two distinct regions of transparency exist depending on the dispersed phase 

volume. It has been shown that for small volumes of hydrocarbon, stable 

encapsulated droplets exist in equilibrium with the continuous phase. The 

size of these droplets was determined by vapor pressure analysis and found to 

be in good agreement with that obtained using photon correlation spectroscopy. 

For larger volumes of hydrocarbon, a dynamic equilibrium has been shown to 

exist, resulting in a mass transfer of hydrocarbon, caused by droplets breaking 

and reforming in solution. This fact also suggests that there are two types of 

microemulsion systems.

For a given o/w microemulsion formulation, it was found that as the 

volume of oil was increased two situations occur : 1) individual droplets are 

formed up to a given volume of oil and 2) for larger volumes of oil, a transition 

region occurs where droplets merge and/or reform simultaneously, resulting in a 

bicontinuous system or phase separation. The heat of vaporization was found 

to increase up to the volume of octane corresponding to the beginning of droplet 

merging. This increase suggests that the octane/surfactant tails form rela-
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lively strong associations. In the region where droplet merging exists, the 

activation energy corresponding to the amount of energy required to disperse 

octane in the vapor phase was found to be 35.2 kj/mole vs. 8.8 kj/mole for 

pure octane determined through viscosity measurements. This result sup­

ports the idea of a* structured oil/surfactant sheath surrounding the droplets. 

The heat of vaporization within this region was found to decrease, suggesting 

that less energy is required to vaporize the core hydrocarbon due to droplet 

merging.

The free energy model proposed for microemulsion formation involves 

three energy terms : 1) the energy of solvation between the oil and the surfac­

tant tails, 2) the energy required to expand the interface and 3) a term which 

accounts for the interfacial flexibility. This model demonstrates that in order 

for microdroplet formation to occur, the interfacial rigidity must be higher than 

the rigidity of lamellar phase systems in order for interfacial curvature to form 

microdroplets.

Studies on three phase SDS/toluene/l-butanol/saline microemulsion sys­

tems have indicated that the interfacial tension is a minimum within the three- 

phase bicontinuous region. As the two phase (o/w or w /o) microemulsion 

region is approached, it was shown that the Interfacial tension increased to a 

small positive value resulting in microdroplet formation and stability. The 

systems which have been investigated indicate that as the dispersed phase 

volume is increased : 1) the droplet interfacial flexibiltiy increases and 2) the 

interfacial tension decreases. These results suggest that as the interfacial 

flexibility is increased, attractive interactions between the microdroplets result 

in the formation of merging droplet clusters leading to a bicontinuous structure 

as the dispersed phase volume is increased.



APPENDIX A

Computer Program To Determine The Thermodymamic 
Values o f M icroemulsion Formation

c This is a program to determine delta G, delta S, and delta H 
c through a linear least square fitting of 
c two variables. T he input is as follows, a file named 
c thermo is created and the first line of the file must be 
c the density, the molecular weight of the cosurfactant and the 
c molecular weight of the surfactant. The second and following 
c lines are the x and y values used to determine the linear fitting 
c and the temperature of the experiment. The program will reorder and 
c output the values in a ascending order according to the 
c temperature.

dimension x(200),y(200),t(200),sigmam(20),sigmab(20) 
dimension xxi(200),yi(200),tj(200),tp(20) 
dimension xi(20),xb(20),slope(20),b(20),delG(20),tt(20) 
character* 10 thermo
data t/200*0.0/,sigmam/20*0.0/,sigmab/20*0.0
data slope/20*0.0/,b/20*0.0/
kk=0
nn-0
jj-0
nnk-100 
nn j-20

4 write(6,750)
750 form at(/’ write the name of the data file: ’,$)

read(5,710)thermo 
710 format(alO)

iffthermo.ne.’ ’)goto 5 
write(6,740)

740 formatC file name is a blank’)
goto 4

5 open( 1,file-thermo) 
open(2,file-’john’) 
write(6,510) 
write(2,5l0)

510 form at(/’ write the density, mw of cos, and mw of surfac. ’/ )
read( 1 ,*,err=70)den,amw.x2 
write(6,550)den,amw,x2 
write(2,550)den,amw,x2 

550 format(4x,f7.3,5x.f8.1,6x,f7.1/)
write(6,500) 
write(2,500)

120
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500 formatC write the values of x, y, and temperature ’/ / )  
do 10 i-=l ,100
readtl,*, end=14,err*=70)x(i),y(i).t(i) 
kk-kk+1 

10 continue
14 call sort(x,y,t,nnk.kk,xxi,yi,tj,tp,nnj) 

do 720 i=l,kk
write(6,540)i ,x( i ),y (i ),t( i) 
write(2,540)i,x(i),y(i),t(i)

540 format(5x,i5,4x,f6.2,6x,f7.2,7x,f8.1)
720 continue

ki~l 
closet 1)

15 jj=jj+l 
if(t(jj).ne.t(jj+l))goto 25 
goto 15

25 nn=nn+1
call linear(ki,jj,nnk,x,y,slope(nn),b(nn),sigmam(nn),sjgmab(nn))
x b( nn )=slope( nn )*den/am w* 18
xi( nn )=b( nn )*den/am w
xd=xi(nn)+l/x2
xi(nn)=xi(nn)/xd
delG(nn)=-8.314*(273.15+t(jj))*alog(xi(nn)/xb(nn))
delG(nn)=delG(nn)/1000.
tt(nn)=t(jj)
ki-jj+1
if(t(jj+l ).eq.0.0)goto50 
goto!5

50 call linear(l,nn,nnj,tt,delG,entrpy,bint,sm,sb)
Temp=30.0
delG30=Ternp*entrpy+bint
entrp=-entrpy
delH30-delG30+(Temp+273.15 )*entrp
write(6,560)
write(2,560)

560 i o rm att////)
write(6,520) 
write(2,520)

520 form at(/6x,’ T (oC) slope intercept xb xi 
1 deltaG CkJ) ’) 

do 60 i=l,nn
write(6,530)i,tt(i).slope(i),b(i),xb(i),xi(i),delG(i)

60 wrile(2,530 )i,tt( i ),slope(i ),b( i ),xb( i ),xi( i ).delG( i )
530 form att/ 2x,i3,2x,f5.1,3x,lpel0.3,2x,el0.3,2x,el0.3>2x,el0.3,

12x,el0.3,2x,el0.3) 
writet6,600) 
writet2,600)



600 form at(///5x,’ delta G \4x,’ -  ’,5x,’delta H \4x,’ -\5x, 
l ’(T + 273.15)’,3x,’*’,4x,’delta S ’) 

write(6,700) 
writet2,700)

700 format(7x’ (kJ) \14x,’ (kJ)’,17x,’(oC)’,12x,’tkJ/ K)’)
write(6,6l0)delG30,delH30,Teinp,entrp 
write( 2,610 )delG30,delH30,Temp.entrp 

610 form at(/4x,lpel0.3,l Ix,el0.3,13x,0pf5.2,10x,lpel0.3,//)
write(6,590) 
write(2,590)

590 form at(///9x,’ STD slope’,4x,’STD intercept’)
do 40 i= 1 ,nn
wr ite(6,640)i,sigmam(i),sigmab(i) 
wri te(2,640)i ,sigmam( i),sigmab(i)

640 f ormat(/3x,i3,4x, 1 pe 10.3,5x ,e 10.3)
40 continue

writet6,650) 
write(2,650)

650 form att//,4x,’entropy’,5x,’intercept’,4x’STD entropy’,5x,’STD
1 intercept’) 

writet6,660)entrp, bint ,sm ,sb 
writet2,660)entrp,bint,sm,sb 

660 format(/,2x,lpel0.3,3x,el0.3,4x,el0.3,5x,el0.3)
writet6,670)

670 fo rm att//’ lpr john ’)
closet 2) 
stop

70 write(6,570)
570 form att’ there is an error in the input data')

closet 2) 
stop 
end

c &&&&&&&&&&&&&&&& &&&&&&.&&&
subroutine lineartin,kn,indx,x,y,slope,b.sigmam.sigmab)
dimension xtindx).y(indx)
kk=kn-in+l
sumxy=0.0
sumx=0.0
sumy-0.0
sumx2-0.0
do 20 i-in,kn
sumxy-sumxy+x(i)*y(i)
sumx-sumx+xti)
sumy-sumy+yti)
sumx2-=sumx2+xti)*xti)

20 continue
slope-kk*sumxy-sumx1|‘sumy
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d=kk*sumx2-sumx*sumx 
if(d.eq.O.O)then 
writet 6,40) 
writet 2,40)

40 form att/’ value of the slope is undefined, denominator is O’) 
return 
end if
slope-slope/d
b-sum y,|tsumx2-sumx*sumxy
b-b /d
sigmay-0
do 30 i-in.kn
sigmay-sigmay+t y (i )-slope*x( i )-b)**2 

30 continue
iftkk.le.2)then
write(6,50)kk
write(2,50)kk

50 form att/’ Number of points are \i3 ,\ STD cannot be calculated’)
return 
end if
sigmay-sigmay/(kk-2)
sigmam=kk*sigmay/d
sigmab-sigmay*sumx2/d
sigmam-sq rtt sigmam )
sigmab=sq rt(sigmab)
return
end
subroutine sort(x,y,t,index,n,xi,yi,tj,ti,np)
dimension x(index),y(index).ttindex)
di mension xi( index) ,y it index ),t jt index ),tit np)
knn=l
kl=0
do 20 j=l,n 
tmin=m inlttmin,t(j)) 
tmax-maxl (tmax,t(j)) 
xi(j)-xtj) 
yi(j)=y(j)
tjtj)=t(j)

20 continue
tit 1 )=tmin 
tdum-l.OelO 
do 30 i-2,np 
do 40 j- l,n
if(tj(j).gt.ti(i-l).and.tj(j).lt.tdum )tdum =tjtj)

40 continue
ti(i)-tdum  
knn-knn+1



if(tdum.eq.tmax)goto 80 
tdum-lOelO 
continue
do 50 i=l,knn
do 60 j- l ,n
if(tj(j).ne.ti(i))goto 60
ki-kl+I
x(kl)«xi(j)
y(kl)=yi(j)
t(kl)=tj(j)
continue
continue
return
end



APPENDIX B

Computer Program To Determ ine The Interfacial Tension 
Values Using the Spinning Drop Method

character*80 name
dimension diameter(50),period(50),tension(50) 
k—0
writet 0,100) 
read(5,90)name 

90 for matt a80)
write(0,101) 
read(5,*)temp,rindx 
writet 0,102) 
readt 5 ,* Menup ,den I r 
writet0,103)

100 form att’ write the name of the solution’)
101 form att’ write the temperature and lower phase refractive index’)
102 form att’ write the upper phase and lower phase density ’)
103 form att’ write the diameter of the drop and the period [end with 0)

)
110 k-k+1

readt5,*,end-120 )diameter(k),periodtk) 
if(diameter[k).le.0.0)goto 120 
goto 110

120 k-k-1 
difden-abstdenlr-denup) 
do 121 l- l ,k
radius-diameter[i)/( 100*2*rindx) 
omega-2*3.1415927*1000/periodti)

121 tension(i)-difden*(omega**2)*tradius**3)/4 
writet6,130 )name

130 form att//,6x,a80)
write(6,140 )temp,rindx 

140 formatt/,4x'temperature- ’,f7.2,5x,’refractive index- \f8.5)
writet 6 ,150)denup,denlr 

150 form att/,4x’upper phase density- ’,f7.5,5x,’lower phase density- ’
& ,f7.5) 

write(6,l60)
160 form att/,t7 ’tension (dynes/cm)’,6x,‘diameter tcm /100)’,4x,'period

&(msec/rev)’,/) 
do 200 i- l,k
w ritet 6,170 )tension( i) ,diametert i) .periodt i)

170 formatt t7,lpel3.6,18x,0pf6.3.9x,lpel2.5)
200 continue

125
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call average(k,tension) 
stop 
end

c
subroutine average(n,y) 
dimension y(n) 
average4value-0.0 
std4deviation«*0.0 
do 122 k - l ,n

122 average4value-average4value+y(k) 
average4value«average4value/n 
do 123 k-1 ,n
sqind4deviation= (y(k) - average4value)**2 
std4deviatlon- std4devIation + sqlnd4deviation

123 continue
std4deviation« sqrt(std4deviation /  (n-1)) 
write(6,250)average4value,std4deviation 

250 format(/,6x,’average-* ’,lpel2.5,6x,’standard deviation-* + /-’
& el2.5,/,/) 

return 
end

c &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
c
c title name NCS + OCTANE 10-3M
c temperature, lower phase refractive index 23 1.33 
c densito of lower and upper phase .7 1.0 
c diameter of the drop and period (cycle) 12.378 17.47 
c idem 12.272 17.49
c to end the file code 0 0


